
GLOBAL  ANALYSES  of  RNPs 





The RNA insert (red) is expressed in the context of RNA vector sequences (black) tethered 
upstream of lacZ (brown) and HIS3 reporter genes via a MS2 coat–LexA fusion protein (blue 
and black). Gene activation depends on binding of the Gal4 activation domain (yellow) –prey 
fusion protein (green). 

GENETIC SCREEN- YEAST THREE HYBRID 

very artefactual 
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MODIFIED TAP tags 

mammalian cells 

Oeffinger, Proteomics, 2012 

Drakas et al., Proteomics, 2005 

Van Leene et al., TiPlSci, 2008; 

Gloeckner et al, Proteomics, 2007  



Diameter 2.8 um volume 40 000 smaller than agarose/sepharose 

MAGNETIC BEADS vs SEPHAROSE 



METHODS TO STUDY TRANSCRIPTOMES 
•  SAGE - serial analysis of gene expression  
sequencing of small cDNA tags generated by type II restriction enzymes 
 

•  CAGE - cap analysis of gene expression 
sequencing of small cDNA tags derived from capped transcripts 
 

•  3’ long SAGE  
identification of SAGE tags that originate from 3’ ends of transcripts 
 

•  RNA Seq - high throughput sequencing of cDNAs 
 

• GRO-seq - genomic run-on sequencing 
sequencing of cDNA tags extended from nascent transcripts 
 

• tiling arrays 
microarrays with overlapping probes that cover the complete genome 



METHODS TO STUDY TRANSCRIPTOMES 
 

• ChIP (ChIP-chip, ChIP-Seq) - chromatin immunoprecipitation 
indirectly reveal unknown ncRNAs 
 
• RIP-Seq - RNA immunoprecipitation-sequencing 
 
• ChIRP – Chromatin isolation by RNA Purification (+RNA-Seq) 
 

• ChART - Capture Hybridization Analysis of RNA targets (+RNA-
Seq) 
 

biotinylated oligonucleotides used to enrich for DNA sequences associated 
with a particular RNA 
 
• CRAC - CRosslinking and Analysis of cDNA 
 
• PAR-CLIP - PhotoActivatable ribonucleoside–enhanced 
CrossLinking and ImmunoPrecipitation 
 
 

• HITS-CLIP - High-Throughput Seq CLIP 
 
 
 

 
 
 
 
 



GENE LOOPING (long range) 3C chromosome 
      conformation 
      capture 
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Loop formation requires interaction between factors at the promoter (THIIB) 
and terminator (Rna15 from CF1)  /in mammals: transcription factors, nuclear 
receptors, insulators, chromatin remodellers, Polycomb, architectural proteins/ 
 

Loop function: facilitation of transcription reinitiation of PolII, but also 
repression of gene expression (PcG, DNA methylation) 

activated 
transcription 

Scaffold = 
transcription 
factors 
(TFIID, A, E, H) 



3C  4C  5C ….. 

3C Chromosome Conformation Capture 
4C Circularized CCC (enhanced 3C) 
5C Carbon-Copy CCC with multiple ligation-mediated amplification (LMA) 
GCC Genome CC (Hi-C – deep Seq); ChIP version of GCC as 6C 
ChIP Loop (indirect ChIP);  6C ChIP GCC   



3C  4C  Hi-C 

Schmit et al., Nat Rev Mol Cell Biol, 2016 



Hi-C 

Belton et al., Methods, 2012 

- chromatin crosslinking, digestion, re-ligation, PCR 
amplification/deep sequencing 

- biotin-labeled nucleotide incorporated at the ligation junction for 
selective purification of chimeric DNA ligation junctions 



http://www.jove.com/index/details.stp?ID=2034 Hafner et al., Cell, 2010 

PAR-CLIP 
PhotoActivatable 
ribonucleoside–enhanced 
CrossLinking and 
ImmunoPrecipitation 
 

HITS-CLIP: 
High-Throughput Seq CLIP 
  

Creamer et al., PLOS Genet, 2011 



Ascano et al., WIREs RNA, 2012 

iCLAP 
RBP is Strep- and 
polyHis tagged 

PAR-CLIP 
4-thioU 
UV 365 nm  

HiTS-CLIP  iCLIP 
ssDNA is 
circularized 

UV 254 nm 



in vivo PAR-CLIP 

Jungkamp et al., Mol Cell, 2011 



CRAC technique: 
CRosslinking and 
Analysis of cDNA 

Granneman et al., PNAS, 2009 



CRA
C 
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RNA-protein 
interactions 
Methods 

Zachary et al., TiBS, 2015 



Castello et al.; He et al., Cell, 2016 

mRNA binding proteome 



Ascano et al., WIREs RNA, 2012 



Darnell, WIREsRNA, 2010 



PARE: Parallel Analysis of RNA End 
mRNA DEGRADOME RNA-seq 

Zhai et al., Methods, 2014 



DRS:  Direct RNA sequencing 
Poly(A) sites 

Sherstnev et al., Nat Str Mol Biol, 2012; Zhai et al., Mol Cell, 2014 

TAIL-seq: RNA 3’ end sequencing 
Poly(A) tail length and 3’ end modifications 
          (e.g. U-tailing) 



Poly(A) tail analyses 

Nicholson and Pasquinelli TiCB 2018 



Poly(A) tail analyses 

Nicholson and Pasquinelli TiCB 2018 



3’ UTR-seq: in vivo analysis of mRNA decay rules   

Rabani et al., Mol Cell, 2017 

zebrafish 
embryos 

three signals in 3’UTRs: 
miRNA seeds, AU rich, 
Pumilio binding sites 



RNA MODIFICATIONS 
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RNA MODIFICATION 

Sibbrrit et al, WIREsRNA 2013  



m6A RNA-seq 
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m6A-specific Ab IP seq photo-crosslinking 
assisted m6A seq 

m6A individual-nucleotide 
resolution crosslinking and IP 

m6A-level and isoform- 
characterization seq 



antibody-free 
m6A-seq 

DART-seq 

• Cytidine deaminase APOBEC1 fused 
to m6A-binding YTH domain 

• APOBEC1-YTH induces C-to-U 
deamination at sites adjacent to m6A 

• detected using RNA-seq 
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Meyer, Nature Methods 2019  



m5C RNA-seq 

Li at al, Nat Methods, 2017 



Detection of RNA-DNA hybrids 
RNA/DNA tripplex R-loop 

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

Enrichment of DNA-associated RNA  
 
- SPRI (Solid Phase Reversible 
Immobilization) - based paramagnetic 
bead size selection 
- DNA-IP using anti-DNA Ab  

Cetin at al, RNA, 2019 



Identification of NAD+ capped RNAs 
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ChIRP 

CHART  

lncRNA 
proteins 
DNA 



PARS: Parallel Analysis of RNA Structure 
measuring RNA structural properties by deep sequencing 

Kertesz et al., Nature, 2010 

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



PARS: Parallel Analysis of RNA Structure 



CLASH (intra- and intermolecular RNA-RNA interactions) 
  Crosslinking  
  Ligation and  
  Sequencing of  
  Hybrids   

Kudla et al., PNAS, 2011 
U3- 18S rRNA interactions 



MARIO (intra- and intermolecular RNA-RNA interactions) 
  Mapping RNA interactome in vivo 

Nguyen et al., NatComm, 2016 

(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 
(8) construction of sequencing library 



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

Nguyen et al, TiG, 2018 



RNA structure in vivo: SHAPE, 
PARIS/SPLASH/LIGR 
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Chemical and enzymatical- based structure probing 
SHAPE: Selective 2′- Hydroxyl 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-seq: 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 



Graveley, Mol Cell, 2016 

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 



Low and Weeks, Methods 2010 

Weidman et al, TiBS, 2016 

RNA structure in vivo: SHAPE, icSHAPE 
icSHAPE: click selective 2’-hydroxyl acylation and profiling 



Nguyen et al, TiG, 2018 

Mapping RNA 
structures and 
RNA-RNA 
interactions 



Nguyen et al, TiG, 2018 

RNA-seq-based mapping of RNA structures 



Nguyen et al, TiG, 2018 

RNA-seq-based mapping of RNA-RNA interactions 



Nguyen et al, TiG, 2018 

RNA-seq-based mapping of RNA-DNA interactions 



Nguyen et al, TiG, 2018 



Nguyen et al, TiG, 2018 
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+/- UV crosslink 

RNA chromatography 



Hegarat et al., NAR, 2010; Michlewski and Caceres, RNA, 2010 

RNA/D
NA 

linker 
biotin 

beads 
(e.g. magnetic  

streptavidin) 

separation 

specific
proteins 

contaminants 

RNase-assisted RNA chromatography 

SDS/PAGE 
MS 

+ RNases 

RNA CHROMATOGRAPHY in vitro 



RNA CHROMATOGRAPHY in vivo 

Higg and Collins, RNA, 2007; Srisawat and Engelke, Methods, 2002; Bachler et al., RNA, 1999; Weil et al., TiCB, 2010; 

Piekna-Przybylska et al., Meth Enzymol, 2007 

Streptavidin 

Streptomycin RNP purification from cells expressing RNA with affinity tags 



Identification 
of RBPs 
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Nascent RNA analyses 

Wissink et al, Nat Rev Genet, 2019 



Nascent RNA 
methods 

Wissink et al, Nat Rev Genet, 2019 

caRNA- seq  
chromatin-associated RNAseq  
CoPRO coordinated precision 
run-on and sequencing 
FISH fluorescence in situ 
hybridization 
mNET-seq mammalian native 
elongating transcript seq 
NET-seq native elongating 
transcript seq 
PRO-cap precision run- on with 
cap selection 
PRO-seq precision run- on seq 
SL AM-seq thiol (SH)-linked 
alkylation for the metabolic 
sequencing of RNA  
SMIT-seq single-molecule intron 
tracking seq 
TT- seq transient transcriptome 
seq 



Nascent RNA methods 

Wissink et al, Nat Rev Genet, 2019 



4-thioU bromoU 

Core et al., Science, 2010 

human 
plant 
insect 
worm 

Analysis of Nascent Transcripts- GRO-seq 



Analysis of Nascent Transcripts 

Miller et al., Mol Syst Biol, 2010; 

 Barrass et al, Genome Biol, 2015 

Expression of hENT1 nucleoside transporter enables uptake of UTP derivatives 

yeast 

Non-perturbing RNA labeling in yeast 
Allows dynamic transcriptome analysis: sythesis and decay rates 
and the study of nascent transcripts 



NET-Seq  I. II. 

Analysis of Nascent Transcripts 

Churchman and Weissman, Nature, 2011 Spicuglia et al., Methods, 2013 



Comparison of different RNA-Seq approaches 
NET-Seq 

Spicuglia et al., Methods, 2013 



Imaging of nascent RNA 

Wissink et al, Nat Rev Genet, 2019 

smFISH – single molecules FISH 
in living cells 
MS2/MCP labeling 



mRNA fluorescent labeling for imaging 

Mannack et al., F1000 Res, 2016 



Mamot et al, Angew Chem, 2017 

Rinaldi et al., Methods Mol Biol, 2015 

Kirschman et al. NAR 2017 

mRNA fluorescent labeling for imaging 



FISH: Fluorescent in situ hybridization 

Abbaszadeh and Gavis, Methods, 2016  



possible detection in living cells 

at transcription sites (nucleus) 
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RNA LOCALIZATION: FISH 

• 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/ 

Complex quantification allows analysis of single-molecule gene expression, 
e.g. transcription/splicing in real time, RNA level in single cells. 



RNA LOCALIZATION: FISH 

RNA detection at transcription sites 
with intronic probes 
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Multi-colored smFISH: 
1. Nuclear mRNAs are partially extended 
2. Translating mRNAs usually do not have a 
circular form (no interacting 5’ and 3’ ends) 
3. mRNAs in stress granules are more 
compacted than translating mRNAs 

Abbaszadeh and Gavis, Methods, 2016 



RNA LOCALIZATION: FRAP and FLIP 
FRAP - fluorescence recovery after photobleaching 
FLIP - fluorescence loss in photobleaching 
to analyse molecule kinetics in living cells 

MS2x24 

GFP-
MS2 

cleavage and 
polyadenylation 

mRNA release 

Edouard Bertrand, Montpellier, RIBOSYS 



RNA LOCALIZATION: FRAP 

MS2x24 

GFP-
MS2 

bleach 

cleavage and 
polyadenylation 

mRNA release 

Edouard Bertrand, Montpellier, RIBOSYS 



cleavage and 
polyadenylation 

mRNA release 

MS2x24 

GFP-
MS2 

recovery 

FRAP curve 

flu
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e 

time 

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

transcription 

polyadenylation 
and release 
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complex 
mathematical 
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trx longation rate: 2 kb/min  
Edouard Bertrand, Montpellier, RIBOSYS 

RNA LOCALIZATION: FRAP 



Ribosome Profiling 
Ribosome Mapping 
Ribo-seq 

Barquist and Vogel, Ann Rev Genet, 2015 

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 

Other modern approaches 



TREAT- 3’-RNA end accumulation during turnover   

Horvathova et al, Mol Cell, 2017 

Single-mRNA imaging of RNA degradation in single cells 

PP7-GFP MS2-Halo RNA 
STOP 



TREAT- 3’-RNA end accumulation during turnover   

Horvathova et al, Mol Cell, 2017 

• real-time observation of Ago2 slicing of TREAT mRNAs 

• TREAT mRNAs are 
not degraded in P-
bodies, also in stress 

DCP1- PB marker    

• single-mRNA imaging of RNA 
degradation in single cells 

LIVE 

FISH 



peptide 
epitopes  

antibody 

GFP SunTag system 
SUperNova 

Wang et al, Cell, 2016 Yan et al., Cell 2016  

Translation visualized by labeling nascent peptide epitopes with antibody-GFP 

mCherry-labeled mRNA  
tethered to the membrane 

SunTag -Translation of single mRNAs in vivo   



In-Cell Discovery of RNA–Protein Interactions 
   incPRINT 
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Williams et al, Science, 2014; Fazal et al, Cell, 2019; Trinkle-Mulcahy, F1000Research, 2020 

APEX and BioID 
Proximity biotin-based labeling methods 

short 
biotin 
pulse 



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

APEX: applications 
Protein and RNA localization RNP organization- translation, granules 



Protein-RNA (RNP) complexes 

Trinkle-Mulcahy, F1000Research, 2020 

APEX: applications 



Chromatin-associated protein complexes 

Trinkle-Mulcahy, F1000Research, 2020 

ChIP-SICAP 

APEX: applications 



OOPS, TRAPP, XRNAX RNP interactome, RPBome 
OOPS - orthogonal organic phase separation 
TRAPP/PAR-TRAPP - RNA-associated protein purification  
XRNAX 

OOPS 

XRNAX 
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TRAPP/PAR-TRAPP  



Library of randomized 
RNA sequences (1015) 

SELEX cycles 

1. binding 

2. washing 

3. elution 

4. Amplification 
    RT-PCR 
 

5. in vitro 
transcription 

final molecules: 
cloning, analysis 
 

last 
cycle 

Enriched library 

discard - 
molecules that 
do not bind 

molecules 
that bind 

Enrichment 

Target 

tests 
 

SELEX = Systematic Evolution of Ligands by 
EXponential enrichment  

Szostak               Gold  

1990 

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

Selected RNAs: 
- cleave DNA i RNA 
- ligate RNAs 
- self-replicate 
- create peptide bonds 



SUMMARY or HOW TO PASS THE EXAM? 
- THEORY 

- METHODS 

- GENERAL IDEAS, CONCEPTS, SOLUTIONS 

- PATHWAYS 

- MECHANISMS 


