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Chromatin Isolation by RNA Purification
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Chu et al., Mol. Cell, 2011; Simon et al., PNAS 11



Detection of RNA-DNA hybrids

R-loop RNA/DNA tripplex

Chromatin purification
Protein removal
R-loop digestion

RNA fragmentation

IP with specific RNA/DNA
S9.6 Ab followed by RNAseq l

!
/CT%

RNA/DNA Separation of DNA
hybrid from free RNA
Enrichment of DNA-associated RNA / \l

- ... S

- SPRI (Solid Phase Reversible
Immobilization) - based paramagnetic ,_/ /
bead size selection § |r

= -

- DNA-IP using anti-DNA Ab
SPRI-size selection DNA-IP

Cetin at al, RNA, 2019



PARS: Parallel Analysis of RNA Structure

measuring RNA structural properties by deep sequencing

- PARS confirmed for known RNA structures
- used to establish structures of > 3000 yeast transcripts
- unexpected conclusion: coding mRNA regions are more structured than UTRS!

/ in o folding \
a
Vi é RMasa V1 digestion E 31 nucleasa digastion

@
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9 5P
l Random fragmentation l Random fragmentation

5P 5 OH h ﬁﬁ’ OH
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W1 profila 31 profila
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Kertesz et al., Nature, 2010
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PARS: Parallel Analysis of RNA Structure

volecular cell - Genome-wide Measurement of RNA Folding Energies
Moalecular Cell 48, 169-181, October 26, 2012
Yue Wan,'! Kun Qu,'® Zhengging Ouyang,'2® Michael Kertesz,® Jun Li,* Robert Tibshirani,* Debora L. Makino,®
Robert C. Nutter,® Eran Segal,”* and Howard Y. Chang'*
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Arabidopsis Transcriptome™
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CLASH (intra- and intermolecular RNA-RNA interactions)

Crosslinking
Ligation and
Sequencing of
Hybrids
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T g
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RNA B
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RNA A ENAB

Kudla et al., PNAS, 2011
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MARIO (intra- and intermolecular RNA-RNA interactions)
Mapping RNA interactome in vivo

o S - Desired chimeric products
o r--_..-z m Barcode
Z S RNA1 RNA2 P7
= — ——
P5  e——

5
k + wz Incomplete products

BS RNA2 P7

|

mmm |[lumina PE primer 1.0
mmm ||lumina PE primer 2.0

mmmm | inker
E'iﬁ\ 3’ e 5’_&\ m—s- P5-specific fwd primer
g-\ q‘ QO" m— P7-specific rev primer
L 3 N d 3 N m=s- | inker-specific rev primer

(1) cross-linking RNAs to proteins
(2) RNA fragmentation, protein denaturing and biotinylation
(3) immobilization of RNA-binding proteins at low density
(4) ligation of a biotinylated RNA linker
(5) proximity ligation under a dilute condition
(6) RNA purification and RT
(7) biotin pull-down
Nguyen et al., NatComm, 2016  (8) construction of sequencing library

F Y
v
L
o
|
|



RNA-seq-based methods for mapping RNA
structures, RNA-RNA and RNA-DNA interactions

' Enzymatic
Chemical
probing

Enzymatic

probing ¢ l Ligation

)
Z,

§ UV365nm @
Psoralen l L ga‘ti oh
derivatives

l Ligation
Enzymatic VS genome
cut

ngatlon

" 47 One RNA
VS genome

Nguyen et al, TiG, 2018



RNA structure in vivo: SHAPE,
gﬁgg srlg zgl’w__r/t!r ﬁsed structure probing
ée ec !‘ve ydroXxyl Acylation and Primer Extension
SHAPE-seq: SHAPE followed by RNA-seq
PARIS: Psoralen Analysis of RNA Interactions and Structures
SPLASH: Sequencing of Psoralen crosslinked, Ligated, and Selected Hybrids

LIGR-sed: LIGation of interacting RNA followed by high-throughput Sequencing

SHAPE chemicals: DMS, dimethyl sulfate; 1M7, 1-methyl-7-nitroisatoic anhydride
SHAPE enzymes: P1 nuclease, RNases V1 and S1
PARIS/SPLASH chemicals: psoralen; AMT, 4"-aminomethyltrioxsalen

Table 1. Transcriptome-wide RNA Structure Probing Methods

Assay Probing Agent Detection In Vitro Probing In Vivo Probing

FragSeq P1 nuclease single-stranded bases X

PARS RNase V1 and S1 paired and single- X

nuclease stranded regions

SHAPE-seq 1M7 single-stranded bases X

mod-seq DMS unpaired A& C X

DMS-seq DMS unpaired A& C X X

Structure-seq DMS unpaired A& C X X ©

icSHAPE NAI-N5 single-stranded bases X §

SHAPE-MaP 1M7 single-stranded or X X =
unbound bases 8

PARIS AMT base-paired sequence X g
partners =

LIGR-seq AMT base-paired sequence X %
partners =

SPLASH biotinylated psoralen base-paired sequence X 5

partners




PARIS LIGR-Seq SPLASH

AMT +
365 nM Irradiation

AMT +
365 nM Irradiation

Bio-Psoralen +
365 nM Irradiation

Proteinase ) RMA Extraction
RNase rRNA depletion Fragmentation
2D Gel Purification S1 digestion Bead Enrichment

EMH

Proximity Ligation

i

ED@(H

Denature
circRNA ligase

i

Reverse Crosslink RMaseR
Reverse Crosslink

fomof  Jomo}

Library Preparation
Sequencing

Ak

Proximity Ligation

EME

Reverse Crosslink

EME

Library Preparation l Library Preparation

Sequencing Sequencing

PARIS
SPLASH
LIGR

- in vivo psoralen or AMT,
intercalate into RNA duplex and
generate inter-strand adducts
between juxtaposed pyrimidine
bases upon 365 nm UV
irradiation

- ssRNAse S1 limited digest
- RNA end proximity ligation
(circRNA ligase)

- removal of uncrosslinked RNA
(ss and structured RNAase R1)

- crossling reversal (254 nm)
- RNAseq

[AMT = psoralen derivative 4 -
aminomethyltrioxalen] and

Graveley, Mol Cell, 2016



RNA structure in vivo: SHAPE, icSHAPE

iIcCSHAPE: click selective 2’-hydroxyl acylation and profiling

Single-nucleotide structure probing

SHAPE-MaP and
-seq methods

Modification-induced
mutation or termination

W L
|

I Probe-reactive nucleotides

Reactivity profile
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Low and Weeks, Methods 2010
Weidman et al, TiBS, 2016
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or rRNA depletion SHAPE-MaP

Acylation

Mapping RNA
structures and
RNA-RNA

RNase digestion I ) RNA extraction
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RNase 51
RNA fragmentation I
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Random

fragmentation
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Reverse transcription J
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PCR and NGS Biotin selection

3

—

ssDNA
circularization

S

@’
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Nguyen et al, TiG, 2018 BCR and NGS
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Second-strand
synthesis

Fragmentation and
tagging

.
l Enzyme based
In vitro PARS PIP-seq PARTE @ FragSeq ‘
PCR and NGS

In vivo MARIO ‘
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RNA-seg-based mapping of RNA structures

Sequencing based for mapping RNA structures
Method Advantages

Enzyme-based methods

PIP-seq .

PARS .

PARTE .

FragSeq .

Chemical-based methods
DMS-seq .

icSHAPE .

Structure-seq .

Mod-seq .

CIRS-seq .

SHAPE-MaP .

Reveals both protein-bound RNA regions and RNA
secondary structure.
Provides strand-specific information.

Increased sensitivity by sequencing both single- and
double-stranded regions.

Measures melting temperature.
Single-nucleotide resolution.
Preserves in vivo BNA modifications.
Can infer RNA regulatory motifs.

Simple and fast protocal.
Accompanied with modifiable software.

Identifies RNA structure in native conditions.
Single-nuclectide resolution.

Measures base flexibility.
Single-nuclectide resolution.

Single-nucleotide resolution.
Applicable to both in vitro and in vivo analyses.

Can probe structures of long RNAS in vivo.
Single-nuclectide resolution.

Single-nucleotide resolution.
Can identify structural requirements for RNA-binding
proteins.

Can be customized for different applications.
Applicable to analysis of long RNAs.

Can infer structural changes of single-nuclectide and
other allelic polymorphisms.

Nguyen et al, TiG, 2018

Limitations

* Limited resolution at small nucleotide bulges and loops.

+ RMNA was folded in vitro.

» Limited to the analysis of two bases (As and Cs).
» RMA-binding proteins can block DMS activity.

» Limited to the analysis of relatively short (~300 nt) in wiro-
transcribed RNAs.

s Limited to the analysis of two bases (As and Cs).
* RMA-binding proteins can block DMS activity.

» Limited to the analysis of two bases (As and Cs).

* |ength of the RNA must be at least ~150 nt for the randomer
and native workflow, and at least ~40 nt for the small-RNA
workflow.



RNA-seqg-based mapping of RNA-RNA interactions

Seguencing based for mapping RNA-RBMA, interactions

CLASH

hiCLIP

PARIS

SPLASH

LIGR-seq

MARIO

Nguyen et al, TiG, 2018

Stringent purification conditions remove
nonphysiclogical interactions.

Incorporation of an adaptor between two BNA
molecules increases ligation efficiency and improves
accuracy in sequence mapping.

Many-to-many mapping.

Improves signal-to-noise ratio by leveraging
biotinylated psoralen.
Many-to-many mapping.

Many-to-many mapping.

Many-to-many mapping.

Incorporation of an adaptor between two RNA
molecules increases ligation efficiency and improves
accuracy in sequence mapping.

Reports both between- and within-melecule
interactions.

Captures proximal regions of an RNA molecule in 3D.

Reveals single-stranded regions of each RNA.

Requires prior knowledge of an RMNA-binding protein.
Requires a good antibody.

Requires prior knowledge of an RNA-binding protein.
Requires a good antibody.

No in vivo crosslinking step may incur challenges in
differentiating bona fide and spurious RNA attachments.

4'-Aminomethyl trioxsalen (AMT) preferentially crossinks
pyrimidine bases and may introduce bias.

Psoralen preferentially crosslinks pyrimidine bases and may
introduce bias.

AMT preferentially crosslinks pyrimidine bases and may
introduce bias.

Loses RNA duplexes that are not associated with any proteins.



RNA-seqg-based mapping of RNA-RNA interactions

Sequencing based for mapping RNA-DNA interactions
Method Advantages

Captures proximal regions of an BNA molecule in 30.
Reveals single-stranded regions of each RMA.

Sequencing based for mapping RNA-DNA interactions

ChiIRP
CHART

RAP

MARGI

ChAR-saq

GRID-seq

Nguyen et al, TiG, 2018

Tiling the entire transcript with antisense DNA.

Tiling the RNase H accessible region by antisense
DNA.,

Tiling the entire transcript with complimentary RNA.

Many-to-many mapping.
Captures interaction at native conditions.

Many-to-many mapping.
Proximity ligation is performed in nuclei, which reduces
nonspecific interactions.

Many-to-many mapping.
Proximity ligation is performed in nuclei, which reduces
nonspecific interactions.

Limitations

* Limited to analyzing RNA at a time.
» Limited to analyzing RNA at a time.

* |imited to analyzing RNA at a time.
» Limited o analysis of long RNA.

* Require a large number (107) of cells.

» Only sequencing reads that cover the entire bridge sequence
are informative, reducing the number of informative reads.

* The informative sequence lengths on the RNA side and the DMNA,
side are both limited to ~20 bases, resulting in challenges in
unambiguous seqguence mapping.



LIGR-seq

PARIS
UVsgsnm UV33g5nm
AMT AMT
Same RNA Different RNA
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MARGI
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Imaging of nascent RNA
In living cells

smFISH - single molecules FISH . MS2/MCP labeling
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Wissink et al, Nat Rev Genet, 2019



MRNA fluorescent labeling for imaging
_9

e

A) FISH
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target RNA

B) Molecular Beacon

target RNA
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S—— ,\/g ., F1000 Res, 2016



MRNA fluorescent labeling for imaging
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FISH: Fluorescent in situ hybridization

1. mRNA bhiogenesis

6. mRNA trafficking
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RNA LOCALIZATION: FISH

(a)

% ONA probe S. cerevisiae ' CHO celis
™ L ALK A

U’ " —

% 3 e

> 5 DNA

5 antts gay/ mRNA

i e > S _Pol Il
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2 AAAAAAL

% mRNA /—-7

isASRchon:  NASCHIRARNIA GeNotion MDN1 mRNA DAPI  doxycyclin induced reporter
at transcription sites (nucleus)
(b) € . -
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Commplex guantification allows analysis of single-molecule gene expressio
e.g. transcription/splicing in real time, RNA level in single cells.

» Constitutively expressed genes are transcribed by single events separated in
time; regulated genes (e.g. by SAGA) are expressed by transcriptional bursts

» Transcription of functionally related constitutive genes is not coordinated
(regulated post-transcriptionally or post-translationally)  /Singer lab/



RNA LOCALIZATION: FISH

A | smFISH

5' 3
o & & § ¢ § ¢ & v v v v

nucleus
B | Ms2/MCP labeling
MCP-GFP
5'UTR ORF 3UTR N
GFP S
o
PP7 =
cvtoplasm f_f
(D)
A RNA-FISH intronic RNA-FISH G
RN A probes -\ <
pol Il -—\ .S
! ©
S stress granules <
- exonic
D RNA

Multi-colored smFISH:
1. Nuclear mRNAs are partially extended
2. Translating mRNAs usually do not have a

RNA detection at transcrlptlon sites
with intronic probes

High resolution

resolved circular form (no interacting 5’ and 3’ ends)
'ﬂ‘ . distance 3. MRNAs in stress granules are more
. compacted than translating mRNAs

Abbaszadeh and Gavis, Methods, 2016



RNA LOCALIZA

ION: FRAP and FLIP

FRAP - fluorescence recovery after photobleaching
FLIP - fluorescence loss in photobleaching
to analyse molecule kinetics in living cells

®

cleavage and

polyadenyla::;vyg
\ MRNA release

Edouard Bertrand, Montpellier, RIBOSYS



RNA LOCALIZATION: FRAP

cleavage and

MS2x24 polyadenylation
o ® O
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Edouard Bertrand, Montpellier, RIBOSYS



RNA LOCALIZATION: FRAP

Analysis of: - transcription rates
- 3’-end formation
- transcript release

MS2x24
® 9.9 90
»

cleavage and

polyadenyla:iyc;:?\??v

MRNA release

®

complex
mathematica
modeling -

FRAP curve

polyadenylation
™~ and release

kel
— ’IV\IV\I\I\ m ' ,

P

chl

fluorescence

transcription

» time
Edouard Bertrand, Montpellier, RIBOSYS

trx longation rate: 2 kb/mln



TREAT- 3’-RNA end accumulation during turnover
Single-mRNA imaging of RNA degradation in single cells

’J Intact
," PP7-GFP ., MS2-Halo MRNA
" STOP o
N msm:bilized 0.8 ARE, miRNA site etc.
ff xm1 & ¥-end #';7# MS2
—— L

Real-time imaging
of siRNA-mediated i
slicing

MNuclear Renilla+MS2
Cytoplasmic
3'-end Ms2

# Particles

Time
Quantification of mMRNA decay dynamics Horvathova et al, Mol Cell, 2017



TREAT- 3’-RNA end accumulation during turnover
* real-time observation of Ago2 slicing of TREAT mRNAs

PCP-GFP PKs MCP-Halo * single-mRNA imaging of RNA
degradation in single cells
LIvE

Renilla probes MS2 probes
Ago2- c:eavage

m—““@@l:m'w

Exosome Xrn1
3'-5' degradation 5'-3' degradation
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- DCP1- PB marker

Horvathova et al, Mol Cell, 2017




SU nTa.g -Translation of single mMRNAS in vivo

GFP

SunTag system

SUperNova antibody

( Protein X

peptide
epitopes

| Translation visualized by labeling nascent peptide epitopes with antibody-GFP
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MMase

Ribosome isolation
Size selection
Linker ligation

"C\ —5'adapter
h J

==Footprint
= Linker
==3'adapter

Reverse transcription =———————

Circularization
rRMNA depletion

PCR

amplification

Potential

Relative read depth

DNA
sequencing

Pause site

sORF
J_Iﬁ_lmJIIMMI.MWM

i Annotated ORF y

Ribosome Profiling
Ribosome Mapping
RiIbo-seq

In vivo analysis of translating
ribosomes and mRNAs

- transcript abundancy

- translation kinetics and
efficiency/protein synthesis rate

- polysome occupancy profiles

- co-translational processes

- combined with RNASeq-
correlations between transcription
and translation

- short and alternative ORFs

Barquist and Vogel, Ann Rev Genet, 2015



APEX and BiolD

Proximity biotin-based labeling methods

—

BiolD

« Quench
|ct|n-phenol

1 Mlnute - RNA-seq

-

& = APEX, Engineered
Ascorbate Peroxidase

28 kD r
l Outer Mitochondrial
Membrane (OMM)
N Not
Labeled”™ | apeled  Labeled
FProtein RNA

Split-BiolD

Rps2-AVI
MR
short e
biotin Rr:-hs-nw . A
| "GP biotinoyl-5-AMP %
pulse . ol
i ,
LAY
Om45

- Lyse Cells
- Streptavidin Beads

APEX

Tag

BirA®

TurbolD

MiniTurbo

BiolD2

BASU

APEX2

Williams et al, Science, 2014; Fazal et al, Cell, 2019; Trinkle-Mulcahy, F1000Research, 2020

¢ biotin-phenoxyl

biatin-phenol

o {ron

Enzyme
Activity

Biotin Ligase
{promiscuous)

Biotin Ligase
(promiscuous)

Biotin Ligase
(promiscuous)

Biotin Ligase
(promiscuous)

Biotin Ligase
(promiscuous)

Ascorbate
peroxidase

Ascorbate
peroxidase

~ N-APEX2 4
radical
‘

Split-APEX

E. Coli

E. Coli

E. Coli

A, Aeolicus

B. Subtilis

Pea
(synthetic)

Soybean
{synthetic)



APEX: applications

Protein and RNA localization RNP organization- translation, granules
Proximity Labeling of RNA Using APEX

Followed by Sequencing Translation . ** 2 . "® Stress T
\B Nuclear Lamina Comp|e><€:§ &'ﬂ'r - &"& granU|ESﬁ, &"5‘
Nucleolus—@ N — ﬂ-@ -&m 3 e, #ty-r .&" 3 p— #c}:,:.r &N,ﬂ:’
‘et ~ P L — e ~
ER Membrane o~ il s - 8- D = B
ER Lumen—g) f ﬂr T e ,,-’
€ = APEX B -
Mitochondrial Matrix \ B
Outer Mitochondrial
Membrane (OMM) N u Cl eus
HRP-KDEL ERproteins  ER-assocated RNAs "~ ERM-APEX2

cytosol

ER-associated Cytosol

ER-associated
(poly)ribosomes

(poly)ribosomes

Fazal et al, Cell, 2019; Padron et al, Mol Cell, 2019



APEX: applications

Protein-RNA (RNP) complexes

CARIC
mRNA
Metabolic
Labeling
ncRINA
‘ 4SU

365 nm UV light
(crosslink RNA-protein)

I
Q‘—AMA

click chemistry with
azide-biotin

biotin
(EWRE 2

EU l

Lyse cells

Streptavidin AP
Protease digestion and LC-MS/MS

Trinkle-Mulcahy, F1000Research, 2020

-

biotin

RaPID

biotin biotin

ligase* ligase*
AN AN

BoxB RMA Motif BoxB

l + biotin

~& ~&
¥ i

|

Lyse cells
Streptavidin AP
Protease digestion and LC-MS/MS



APEX: applications

Chromatin-associated protein complexes

ChlIP-SICAP .
chromatin
Formaldehyde
crosslinking
I d)

Shear DNA;
IP protein

antibody m
Biotinylate DNA;
Release antibody

bmhn

Capture

biotinylated DNA
on streptavidin

affinity matrix v [ g

strep

Reverse

crosslinks and
digest proteins
for LC-MS/MS

Trinkle-Mulcahy, F1000Researc

M@W

h, 2020

- ChIP

Seleclive

| solation of
~ Chromatin-
Associated
Proteins

- MS

BirA* or APEX2

CasID
Myc 2xNLS
BirA* dCas9
CASPEX
3XFLAG® V5 NLS
E> dCas9 APEX2
T2A
C-BERST
2xNLS NL FLAG® 2xNLS
dCas9 APEX2
DD



- APEX
@ AP+ @)
awp— )
R —
TurbolD
TurbolD
Biotinylated proximal
b endogenous protein
Reconstituted
Protein A To(N) split-TurbolD
AP+ )
A-B interaction C
_— AMP _@ e
Tb(C)
Biotinylated proximal
Frowin 8 endogenous protein
Mitochondria
" Cytosol
" ERlumen

T ER membrane

T Nudleus

Cho et al, Nat Protocols 2020




APEX

o~
Affinity Mass spec
0 purification Q Q analysis

—

intensity

l“l MI
mjfz
High

Proximity Iabeling O O '{ th FOUQhPUt ATCACAGTGGGACTCCT
= \

P~ sequencing CGAAGGACCAGCAGARR
T P ATGAARCATCAAACAAT
1 GAAGAGCAATCAGTCAG
HHN 0 . ‘ J\/‘\/\Q,
H
Phenoxyl radical Chemical Photo- Chromatin Direct RNA
crosslinking  crosslinking labeling with laheling

Evolved faster DTB-

dCas9-APEX2
enzyme phenol APE)(. melmlty AFE)(
KA4D/E112K/W41F g Y A34PAPEX probe -CLIP
Enhanced
ascorbate
peroxidase
I

2012 2013 2014 2015 2017 2019 2020

A
BASU fused
with chromatin

A smaller biotin ligase
from A. aeolicus

BirA* = R118GBIrA

Zhou and Zou Curr Op Chem Biol 2020

) 2 ° HyN-ﬁf Evolved faster ~ BASU from
- A - and smaller BirA*  B. subtilis
. H readers
Y
2y (4 - e o
E@Sﬁ HN }_{H , J\/\m &/\ J'I\,/\/ é{(ﬁ,
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SELEX = Systematic Evolution of Ligands by

EXponential enrichment 1990

Method of selecting RNA/DNA molecules with
desired properties (aptamers, ribozymes) based
on cycles of amplification

Library of randomized
RNA sequences (10%°)

Enriched library

Selected RNAS:
: w e
- cleave DNA i RNA “At
- ligate RNAs A AR
. ol |
- self-replicate e

- create peptide bonds

5.invitro
transcription

4. Amplification SELEX cycles

RT-PCR , -
2. washing discard -
IastI molecules that
cycle . O '
. elution do now.lnd
final molecules: : "o m 0
cloning, analysis Enrichment ..
tests "4 Mmolecules o

o that bind



RNA MISHMASH
mMRNA MODIFICATIONS

'T;G miAmBA m3C hm3C m3C m6A  mBA
. R ! 1t v AAAAAA(n)— 2> AA(n)UUU
5" UTR CDS 3" UTR 1.Deadenylation
2 Uridylation
Ha fCHS NH

& ~CHo H:C
fk ?N 5 <TN 5 N1+ 3 xEk "\.NS
OH OH OH OH OH OH iH ZH H OH

m/G m©bA mlA m>C hm>C



RNA MODIFICATIONS

meC NH; ¥ MG
mctn mPAMm A v hm=C A I meA AAAAAA
20 o ’L‘B

mathylation

HH;.

H.,-CHs Hoy - o
" ) vk, AL, HE A
@—FF‘ o _“”A_T_ A o, S—;"f;] " _ufwﬁ’ o f_nﬁ,.f: Jowe UL

F?NA editing L L on om W
med, r.r“c""" . . . . . _ . .
H N 2'-O-dimethyladenosing [mAm) No-methyladenosine (m%)  Inosine () 5-methylcytidine (m°C)
5 cap Moy
dificati on, Gl
modimcations N M, a o MM
o s o, e C L
¢ ls L
oHOH | " [Se \%—;& S e

oM OH oH oH  OH
F U N CT I O N S N'-methyladenozine (m'A) Pseudouridine (%) 5-hydroxylmethylcytidine (hm&C)
Modulation of RMNA Interdepandance

Block to Altamative structura or its - with
HEF binding splicing recognition microANA activity

“Wirtars®  Erasens
Ko7 S0 o
Ravearsible contaxt- mod.-specific Fidelity/afficiancy Effact on
specific mathylation HEF recruitmant of codon/anticodon termination of
Intaraction translation

Sibbrrit et al, WIRESRNA 2013

mRNA splicing, export, localisation, decay, translation, innate immunity




Modification Method
Dot blot®

LC-MS/MS* m R NA

TLC*
somner MODIFICATIONS
SELECT
MeRIP-gPCR#/m°®A-IP-gPCR*
m®A-seq/MeRIP-seq®
F‘A-msﬁ.-seq
m°A-CLIP/miCLIP
mCA-LAIC-seq
LC-MS/MS*
m'A-seq

m'A 1
m'A-ID-seq
m'A-MAP
Dot blot*
LC-MS/MS*
TLC

m°C Bisulfite sequencing®
m>C-RIP-seq®
Aza-IP
miCLIP
Dot blot

hm°C LC-MS/MS*
hMeRIP-seq



RNA MODIFICATION: mRNA m®%A ..

Né-methyladenosine:

* in eukaryotic mMRNAs and IncRNAs (discovered in 1970s)

e reversible, conserved
e Writers:

GCACS

1 2 3 4 5

METTL3

SOQ0AG

1 2 3 4 5 6

methyltransferase METTL3 or METTL4-METTL14 complex WLM

with WTAP (yeast Mum2) in a [G/A/U][G>A]ImE6AC[U>A>C] context

2 3 4 5 6

» erasers: demethylases FTO and ALKBHS5; readers: YTHDFXX
* occurrence 0.1-0.4% of As in mammals (~3-5 m®A sites per mMRNA)

METTL3 METTL14

LG’ + other
factors?
H
' WTAP

Readers?

fD mBA reader

methyltransferases

S. cerevisiae Ime4 DPAW  SAM-binding

| [l N |
Human METTL3
DPPW SAM-binding

| [ R

Human METTL14
Coiled-coil EPPL SAM-binding

I S [

G-rich

demethylases
Human ALKBHS
Coiled-coil

L[ = L1

A-rich

Human FTO
C-terminal domain

| O0 1N I

Dominissini at al, Nat.Rev.Genet., 2014



FUNCTIONS of m°A

il

RNA structure #1 RNA structure #2

mi%a binding protein

P Export

O > Splicing
@ Stability

Immune tolerance

Dominissini at al, Nat.Rev.Genet., 2014;
Pan, TiBS, 2013



FUNCTIONS of mMRNA m°A

Readers (or anti-readers): YTHDF2 family preferentially recognize m®A RNA
mOA can be also read by hnRNPs

o

600

M Non-m°A
500 H m®A
S. cerevisiae Mrb1 | % w00 |
5. pombe Mmi1 | g
Human YTHDF1 | [_P/Q/N-rich ] ;Em_ mRNA lifetime
Human YTHDF2 | [ P/Q/N-rich | E”“'
Human YTHDF3 | [P/Q/N-rich | .
( , Y ¢ Regulation of mRNA stability
Translation . .
and localization
@‘ - circadian clock
/\/g/ - inhibition of mM6A leads to prolonged
m’Gppp A nuclear retention of circadian mRNAS
RNA Aif and delays their nuclear exit
m’Gppp A,
« cell cycle
CQ“ - meiosis in yeast in nitrogen starvation
_ _ - development and differentiation
E:f::;?;'j:‘mnspm} Degradation - in embryonic stem cells (MESCs)
v

Dominissini at al, Nat.Rev.Genet., 2014



mOSA and mRNA STABILITY

(A) promoting deadenylation

Cap—“ AAAAAAAAAAA é -

(no m6A modification)

inhibiting deadenylation

I’—--~~‘s
Reade 50 emmmm——
£ \ \‘ .“\

111 - @ »
Cap—d AMA’ cor — T —— VU0 ——— AMAmARAAAA ’a

(mRNA destabilization) (mRNA stabilization)
Key
T - m6A Writer Eraser
affecting local secondary structure ﬁ
’ m6A switch: Onl S g
___-_-__ir‘nRNA destabilization| Cap T, AAAAAAA*
\\\ e
\\* a (mRNA is less stable)

(mRNA stabilization)

Eraser | | Writer | m6A switch: Off|

e — S |

Chen and Shyu, TiBS 2016



FUNCTIONS of m°A: pri-miRNA PROCESSING

* mOA is present in pri-miRNA regions

« METTL3 modulates miRNA expression level

« METTL3 targets pri-miRNAs for m®A methylation

* mCA in pri-miRNA is required for normal processing by DGCR8
« HNRNPA2B1 RNA-binding protein recognizes m°A sites

* HNRNPA2B1 nuclear reader recruits Microprocessor

Alarcon at al, Nature, 2015



FUNCTIONS of m°A: mRNA SPLICING

meA

SRe2 1 nuclear YTHDC1 mS%A reader
DC1

@i‘ @ YTH * interacts with SR proteins
@ SRSF3 and SRSF10
=" SReELY - facilitates/blocks binding
D@mﬂg & G of SRSF3/SRSF10 to pre-
mMRNAs

* promotes exon inclusion
of targeted mRNAS

—
—

Xiao et al, Mol. Cell, 2016



FUNCTIONS of m°A: TRANSLATION

* m®A in 5° UTR promotes cap-independent translation

* mPA in 5° UTR upregulates translation

e cellular stresses increase m°Ain 5’ UTRs

« YTHDF2 in heat shock induces m®A-dependent translation of HS mRNAs

* mSA in mMRNA body disrupts tRNA selection and translation elongation dynamics
* mPA in 3’ UTR or near stop codon contributes to alternative polyadenylation

Mormal condition Strezs conditio nﬂ ¥
4G
Mph Nucleus Mﬁ.n 45"""'4\9 .
FTO l =F?11 5 cap

-

__.-'
U“%-" g
' A cap-dependent translation
\_I/”% w
— yioplasm

Eﬁ?;;.;n_ " lr lCelIuIar stress
'—‘-.ir-EE-;“J n:ﬂ"i'TE"ﬁ'n

Cap-depandant Cap-indepeandant

@)
mRMNA translation mBMA translation ‘,AG) *
T X -
5' cap

Meyer et al, Cell, 2015;
Zhou et al, Nature, 2015; méA-mediated

Choi et al, Nat. Struct. Mol. Biol.’16 cap-independent translation




FUNCTIONS of m°A: RNAPII and TRANSLATION

Advancing Slow or
RNAPII paused RNAPII
RNAPI 0 %, WY ' -
DYNAMICS % .. Yo RNAPIL 5 * MRNA transcription rates
o wﬁ- Wcorrelate with translation

S : MTC
Association with the ¥ _ _
mbA-transferase * slow Polll results in higher

complex MTC % % level of mSA in mMRNAS

T ="+ high level m8A reduces

m6A ¢« N & Yhid¥  translation rate
low

DEPOSITION high
on mRNAs * nuclear control on protein

% % abundance
o oo
TRANSLATlON oY )
EFFICIENCY ~a:

high i

Slobodin et al, Cell, 2017



Cytoplasm

(A) (B) {c) CCR4-NOT
p DF proteins §

- DF._
5-UTR - proteins
RNAcap — @Qu‘n .,Q ":. Deadenylation
elF3 man
s
435 rRNA translation Translation activation and
initiation complex mRNA decay
mfA-mediated cap-independent ﬁ m 6 A
translation initiation {G) Cytoplasmic viruses
G_-ﬁ_g (Zika virus, ZIKV)

A Degrcation R o 2KV A MULTIPLE
o~
= T [FUNCTIONS

cytoplasmic methylation??
DF protein recruitment

Protelw %&

Viral RNA Degradarhun; Enhanced HIV-1
Blocks viral replication replication

"

{ DF proteins
Z8_7g, R
d_:b_..fm,:.. S Increased
—_— ull HIV-1

protein

DF protein-assisted expression ) _
u'a:slaﬂanafHN-l RNA Patil et al, 2017, TiCB

Nucleus (E)

(D) DC1

Q“Silenclng

protein(?) Alternative
splicing

o]

T

Sex determination and
dosage compensation
XI5T-mediated gene inflies
silencing in
female mammals

(F)

I HIV-1

Nuclear viruses (HIV)

— __,p__/" HIV RNA
_z _/@‘___
——




RNA MODIFICATION: mRNA m*A

Ni-methyladenosine m!A:

* in eukaryotic mRNAs (from yeasts to mammals)
* modified by TRMT6/TRMT61A (nuclear) or TRMT61B, TRMT10C (mitochondrial)

m'A-MAP

m'A-containing RNA fragments
m'A

Reverse
transcription

m'A
—_—
—_—

m'A induced misincorporation

Library
construction

l

Mismatch rate

[ ]
m'A

Nuclear-encoded transcripts

N w—
S'UTR CDS JUTR

Mitochondrial-encoded transcripts

Li at al, Mol Cell 2017

Dominissini et al, Nature 2017
» widespread (20% in humans)
* enriched around the start codon upstream of
the first splice site
 preferentially in more structured regions
around translation initiation sites
* is dynamic in response to different conditions
* promotes translation

Safra et al, Nature 2017
* in cytosol low in few mRNAs
* in tRNA T-loop like structures
* present also in mitochondria
* leads to translational repression
* is disruptive to W-C basepairing
» generally avoided by cells

« at mMRNA cap and 5’ UTR increases translation
 prevalent in mitochondrial-encoded transcripts inhibits translation
* in different mMRNA regions differentially impacts translation



FUNCTIONS of m>C

* synthesized by TRM4B methyltransferase

« enriched in the CG context and in downstream of translation initiation sites
» present in mMRNAs and ncRNAs, also tRNAs

e tissue specific, acts as a epitranscriptome marker

* MRNA export: NSUN2 as the methyltransferase and ALYREF as an m>C reader

Nucleus MIGPPP e
=" me

Cytoplasm

Yang et al, 2017, Cell Res



RNA MODIFICATION: internal RNA m’G
G‘%‘\_n.! — Cﬁ,h I‘ mRNA E'H_.—-AA...A

\
G-quadruplex prj-meNA Fragmentation
m'G
l METTL1 sep T 5 cap mRNA
.._/:/____\ .-__-._,.-"_"h.,___-__-___ AAH PA
= m7G
C:GGG\_A_I —_— C ~ I 1Decapping treatment l 0
— — \ R
=
DROSHA/DGCRS8 — = _ 5
Antibod 1) Reduction cap
ich yl 2) Depurination AA. A

_ m7G enrichmen 3) Hydrazidation
3 =/ premifina ’ syt 1
= a o \_/3:,__\
2 — me
N" ‘-—_—-“".-_l-\"-—_—-"'- 'AA A
E e £
() c 5
= m7G-miRNA - Migratory E g
S Genes g g
gs! 5 £
= j— 2
§ ~80 bp = single base

Cell Migration Translation Regulation

‘ m’G-MeRIP-saq|
» specific miRNAs are m’G-modified by

METTL1 « human mRNASs contain internal m’Gs
* m’G promotes miRNA processing by +some m’Gs are introduced by METTL1
antagonizing G4 in pre-miRNAs  internal m’G affect translation

(G4 inhibit pre-miRNA processing) Zhang et al, 2019, MCell



RNA I\/IODIFICATION MRNA, IncRNA pseudoU

‘\

O

ﬁl

OH OH

L
snoRNA+DKC1 HO

or
PUS

OH OH

U Y
mRNA pseudouridylation

P N AT
\F’_usl /) I\f’_usj /I

\ \

AU GUUCNANYCY

)LH'

« changes mRNA structure

- facilitates recoding by the ribosome
 stimulates translation

 when added cotranscriptionally -
affects splicing

PN
[ Pus? |
vt @

5 3

AY GUYCNANYCY

No heat

— UGUAG — —— UGUAG —
5 3 5 3
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3 5 3
UGYAG m W
3 5 3
Heat shock
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=
AT
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Pus;\' g
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G
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RNA MODIFICATION: alternative caps

) =
5'-5" ppp bridge " \ 1 m'c E
HO OH ' ! "'.. F = i
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NAD* RNA cap

Nicotinamide Adenine Dinucleotide

m’G cap NAD cap
f " 9 NH;
HN Hﬁ .’JJ\H o . ’Lh_-
- ﬂ / 00 HaN ﬂﬁ NN
HaN" NN 0-P-0-P-0—P-0 Rase \ > 9 ¢ E,J
™~ ry o o YT On_
HO ™~ OH 5 BH -

Found in bacteria (2009), S. cerevisiae (2017), mammalian cells (2017, plants (2019)
Added cotranscriptionally by RNAP or posttranscriptinally

Targets mRNA for degradation in eukaryotes, stabilizes mRNA in bacteria

Hydrolyzed by specific enzymes (DXO and NUDT families)

NAD* capped RNAs constitute only 1-5% of total RNAs

NAD* capped RNAs are more abundant in mitochondria (15% in humans, 60% in yeast)
NAD* capped RNAs are present on polysomes

NAD* cap supports translation?



ALTERNATIVE POLYMERASES

Sp Cid1l

At URT1

An CutB

An CutA

Th RET1

Xt XTUT?

| NTD*  PAP=
C2H2 ZnF p— C2HC ZnF

Scheer et al, TiG., 2016



OLIGO-URIDYLATION

PUP Poly(U) Polymerases

3’ oligouridylation
TUTase Terminal Uridylyl Transferase

1. Histone mRNA degradation (metazoans)

Normal histone
mRNA translation

Inhibition of DNA synthesis
and completion of S phase

Bidirectional histone mRNA
decay by Xrn1 and the exosome

Recruitment of TUTase
and uridine addition to 3’ end

— DIS3L2

-
-

Lsm1-7 binding to oligoU tail and
recruitment of decay factors

Mullen and Marzluff, Genes Dev., 2008



OLIGO-URIDYLATION
Histone mRNA degradation (metazoans)

Scheer et al, TiG., 2016




OLIGO-URIDYLATION

MIRNA degradation
precursors :-_-'_
C. elegans \_-... .-
exoRNase .
Uuuu DIS3L2  pre-miRNA
mature pre-let-7 degradation

2°-0-methylation 3. MRNA degradation? (plants)

il Me

_| U tailing .
A Segeaion misiL /\MC/\, oli(A)
HEN1 Arabidopsis i v :
endonucleolytic
lcleavage
Uridylation N~ ;
(Chlamydomonas) ks = p: (:
B Chlamydomonas — da‘:'i’j: \ degeadation
2U ih i °
/\:‘gﬁ _})6 8—— Destabilization 0cp29 % 8 .‘Lsm” | eyl
R . pcp! v,v S " XRN4
35 deca\y (Arabldopsis) < o TmD O
’\@ SDN1 o ??? >

35" decay (Chlamydomonas)
~"é\:) RRP6

exosome

Krol et al., Nat Rev Genet, 2010; Kim et al., Cell, 2010



OLIGO-URIDYLATION
MRNA degradation

5-3" and 3"-5" decay

S 3’-5" decay
Exosome

@ way ?
S
o ﬂg)\r m@

Lsm1-7

MX@;ml 7

Dcpl/2

Xrnl

Scheer et al, TiG., 2016



OLIGO-URIDYLATION

o

o - wmﬁ"y

16-nt size restoration

P

./\-“Wmﬂ”’“ﬁ

PABP binding

|_> Storage?
translatability?

5'-3' polarity afdegradatl

3°-5' exoribonucleases

Scheer et al, TiG., 2016



URIDYLATION

TUTases

TUTase? (mtPAP/PAPD1/Hs4) s p
TUTase?2 (GLD2/PAPD4) - o p

TUTase3 (FAPDS/TRF4-2)

TUTased [ZCCHC11/PAPD3/Hs3) e e o o s
TUTase7 (ZCCHCE/PAPDS/Hs2) L I

+ Mucleotidyl transferase domain * CCGHC-type zine finger
@ j® PAP-associated domain e[ C2H2-type zinc finger
* Inactive nuclectidyl transferase domain

Uridylation-dependet mRNA decay

2 WA(n)L»@

J' Cid1
(CutA, URT1)

3, AN A,

Depi l

‘5"! \M’Afn ’

Xmi 5
.'"’

Lee et al, Cell, 2014

Uridylation of pre-miRNAs and miRNAs
B \
ii LIN28 or
LIN28B
pri-miRNA
DROSHA- — —
Decnal ib R
TUT4/ Uuuuuuuu

'S fl

pre-miRNA
DICER-
1E R TRBP
TUT2/TUT4/
NUCLEUS TUT? CYTOPLASM

Degradation of histone mRNAs
) SLBP FhExo

ACC

ACCUUUULO

~ e
4 &5
DCP1
LSm1-7

e i~ ad®

XRN1 Exosome (PM/Scl-

DI83L2



(a) Integration of global translational conditions

UORFs = upstream ORFs 0 i -
. e

Rully upstream = Peinitistion Low (@F3kera

’ ' 3 Show
© e T D B N
— —
—

.—‘ {b) Ligand-induced ribosome stalling

Irieraced Puhr-iu':“::?:i,-f"\v
- . -

(¢} Monsense-mediated decay

'—m_m Saling

| ol 4 GOS8 4 cos

(d) Start site selection

A —
) T o

Kiozak Tenmrinatian Secondary
context context stuciue
..__.-_ i cos (E) Ribosome shunting
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small ORFs = sORFs, sPEPs, smORF
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Methods to identify sORFs and sPEPs

Bioinformatics

Sequencing techniques

Mass spectrometry

Focused peptidomics

RNA-seq
1]
T
: ~
= LU
R — m/z l
w
Rescan available MS/MS
Ribo-5eq | | | i
" / m/z || Literature search PubMed li
LL.
& Public —e ShOI:t
£ Motif motif pMotif Scan for motif
——— can for motifs
g ata m/z SEP
Genome-wide discovery of SEPs
etection codaing potentla annotation
ORF detection (l) ORF codi tential (I1) SEP tation (lII)
(a) Ribo-Seq-derived scores: (a) Disease-related genetic variation:
~[SUR[ BonT |- ~{ Bun2 FLOSS ORFScore RR5 - NCBI dbSNP
o - " -CDS w " Released - COSMIC (somatic mutations in cancer)
- — — — - E ASDRF E E 1 ribosome
lf L 1 (b) Motif-derived function:
Available prediction tools: RPFlength Frame +1+2 mRNA - pgnt?ilp dcmaints‘f_[lnéleimm, Pfam...)
- ORF finder , . - short linear motifs ( ]
— PROTEOEORMER (b) Phylogenetic conservation scores:
- ORF-RATER - PhyloCSF, micPDP, CPC (c) Homology-derived function:
- RiboTaper (c) M5 validation - NCBIBLAST

Plaza et al, Annu Rev Cell Dev Biol, 2017



Integrative repositories for SEPs

http://www.sorfs.org
SORFS.ORG ..
e R I e B e

sORF.0rg dafaul query imerlace
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Multispecies

Query interface:
simple, advanced (BioMart), genome
browser

Contains:

I: PROTEOFORMER

lla: FLOSS, ORFScore

llb: PhyloCSF, PhyloP, PhastCons

lic: global PRIDE-ReSpin

Illa: NCEI dbSNP

llib: InterPro, Pfam, sLiMs, ELM (future)
Illc: NCBI BLAST

http://www.bisinfo.ibp.ac.cn/SmProt/

S e e iy e o 2 gy

Multispecies

Query interface:
simple, genome browser, BLAST

Contains:

I: RiboTaper

lla:

llb: PhyloCSF (partly from Mackowiak
et al. 2015)

lic: specific MS/MS data sets

llla:

llib: InterPro

lllc: BLAST search is available

http://www.biw.kuleuven.be /CSB/ARA-PEPs/
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Arabidopsis thaliana

Query interface:
simple, genome browser, BLAST

Contains:

I: SORF finder or tiling arrays

lla:

Ilb: dN/dS ratio

llc:

llla:

lllb: TM domain, signal sequence
lllc: BLAST search is available

Plaza et al, Annu Rev Cell Dev Biol, 2017




Intergenic None 22 MNone None®® MNon-canonical AA None S O R FS
ORFs o e —
uORFs 5 UTRs of mRNAs 22 Low None®#® * Nonrandom AA * Non-coding
* No domains * Translation
w = requlation
% lncORFs  IncRNAs 24 Low None®® * Nonrandom AA Non-coding or
E * No domains coding
T = =
D
£1 Short Short mRNAs 70 High Class = Positively charged AA = Coding
S CDSs * Transmembrane * Regulators of
E = t-helices canonical proteins
Short Spliced mRNAs 79 High Kingdom = Canonical AA = Coding
isoforms m * Protein domain * Small interfering
== loss peptides
Canonical mRNAs 491 High Kingdom = Canonical AA * Coding*
ORFs _m » Multiple protein = Structural,
= domains enzymatic,
requlatory
Bl Untranslated region === DNA -~ RNA splicing
Bl ORFs Bl Other coding sequences === Ribosome profiling signal
@ Drosophila melanogaster Mus musculus Homeo sapiens

smORFs Annotated

Median length (codons)

Short
uORFs IncORFs CDSs

20 25 79 490 D. melanogaster
22 23 81 4724 M. musculus

23 24 78 421 H. sapiens

Intergenic ORFs: Intergenic ORFs: Intergenic ORFs:
635,402 24,119,916 21,369,201

Couso and Patraquim

Nat Rev Mol Cell Biol, 2017 O O O O O
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