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The RNA world is controlled by RBPs
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Each step of RNA processing is highly regulated

Stephanie Huelga

• RNA binding proteins (RBPs) 
act as trans factors to 
regulate RNA processing 
steps

• Estimated >1000 RBPs in 
human

• RNA processing plays critical 
roles in development and 
human physiology

• Mutation or alteration of 
RNA binding proteins plays 
critical roles in disease



RBP targets are therapeutic targets
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Example: Spinal Muscular Atrophy
• 1/8000 births
• Causes motor neuron death and 

system-wide muscle wasting
• Caused by HNRNP A1 binding and 

suppressing exon in SMN2

• Antisense oligo therapy targeting 
HNRNP A1 binding site in SMN2

• Developed by Ionis 
Pharmaceuticals & Biogen

• FDA approved in 2016
• >$1 billion annual sales by 2025
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ENCORE: the ENCODE RNA regulation group

⇒ Yeo Lab, UCSD

⇒ Burge Lab, MIT

⇒ Graveley Lab, UConn

⇒ Fu Lab, UCSD

⇒ Lécuyer Lab, IRCM



RBP Data Production Overview
(ENCODE Phase 3)



ENCORE data availability

https://www.encodeproject.org/



RNA Bind-N-Seq – in vitro binding motifs

For more info see Dominguez D, et al. Molecular Cell (2018)

Available files:

FASTQ • Sequencing files containing reads 
from various RBP concentration 

TSV

• Enrichment ‘R’ values for 5, 6, and 7-
mers

• Estimated binding fraction values for 
5, 6, and 7-mers



Immunofluorescence - RBP subcellular localization

Data table available as supplementary information for Van Nostrand E, et al. Manuscript submitted.
Preprint available at: https://www.biorxiv.org/content/early/2018/10/05/179648

Searchable images available at:
http://rnabiology.ircm.qc.ca/RBPImage/



RBP DNA associations – ChIP-seq

Available files:

FASTQ • Sequenced reads for IP 
(and paired input 
controls)

BAM
bigWig • Genome-mapped reads (hg19

& hg38)

narrowPeak
(bed + bigBed)

• Peak calls for individual 
replicates

• Reproducible (IDR) peak calls 
across replicates



RBP-responsive targets – knockdown/RNA-seq

Available files:

FASTQ
• Sequenced reads for knockdown 

(and paired non-target controls)

BAM
bigWig

• Genome-mapped reads (hg19
& hg38)

tsv
• Differential 

expression (DEseq2) 
against paired control

• Differential splicing 
(rMATS) against 
paired control

tsv tsv • Batch corrected 
splicing changes 

• Batch corrected 
expression levels 

tsv



RBP in vivo RNA targets - eCLIP

Available files:

FASTQ
• Sequenced reads for IP and paired 

input controls)

BAM
bigWig

• Genome-mapped, PCR duplicate-
removed reads (hg19 & hg38)

narrowPeak
(bed + bigBed)

• Peak calls for individual replicates
• Reproducible (IDR) peak calls across 

replicates
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A deeper dive into eCLIP



eCLIP: data processing overview



eCLIP: data access overview



Biosample 1

eCLIP 
Replicate 1

Size-
matched 

input

Biosample 2

eCLIP 
Replicate 2

eCLIP: data availability



eCLIP: data processing overview
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For more info on antibody validation see 
Sundararaman B, et al. Molecular Cell (2016)



R1 + R2 fastq files

Paired-end 
mapping (STAR)

Input-normalized 
peaks



File details: bed narrowPeak
(input-normalized peaks)

track type=narrowPeak visibility=3 db=hg19 name="RBFOX2_HepG2_rep01" description="RBFOX2_HepG2_rep01 
input-normalized peaks"

Chr7   4757099   4757219    RBFOX2_HepG2_rep01   1000 +    6.539331235 400 -1 -1

Chr7   99949578  99949652   RBFOX2_HepG2_rep01   1000 +    5.233511963 400 -1 -1

Chr7   1027402   1027481    RBFOX2_HepG2_rep01   1000 +    5.243129966 69.5293984 -1 -1

chr \t start \t stop \t dataset_label \t 1000 \t strand \t log2(eCLIP fold-enrichment 
over size-matched input) \t -log10(eCLIP vs size-matched input p-value) \t -1 \t -1

• Note: p-value is calculated by Fisher’s Exact test (minimum p-value 2.2x10-16), with chi-square test (–log10(p-value) set to 400 if p-value 
reported == 0)

• Our typical ‘stringent’ cutoffs: require -log10(p-value) ≥ 3 and log2(fold-enrichment) ≥ 3



Why input normalize?

• We see mRNA background at nearly 
all abundant genes…

… but true signal is highly enriched 
above this background



Why input normalize?

• IP-western indicates 
immunoprecipitation success…

… but there remains substantial background of 
other proteins after IP

Stefan Aigner



Input normalization removes false-positives 
and identifies confident binding sites

Van Nostrand, et al. Nature Methods (2016)



• Analysis SOP available at:
https://www.encodeproject.org/document
s/3b1b2762-269a-4978-902e-
0e1f91615782/@@download/attachment/eCL
IP_analysisSOP_v2.0.pdf

Linked at bottom of each eCLIP experiment:
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223 eCLIP experiments (150 RBPs) released in 
K562 and HepG2 cell lines

BCCIP BCLAF1 CDC40
CSTF2 DDX59 DKC1
EIF3D EIF3H FKBP4
FUBP3 G3BP1 GRSF1
IGF2BP3 NIP7 NKRF
NOL12 PABPN1 PCBP2
POLR2G PPIG PRPF4
RBM5 SF3A3 SFPQ
SRSF9 STAU2 SUB1
SUGP2 TIAL1 XPO5

HepG2 (103 RBPs)

AARS AATF ABCF1 AKAP8L
APOBEC3C CPEB4 CPSF6 DDX21
DDX24 DDX42 DDX51 EIF3G
EIF4G2 EWSR1 FMR1 FXR1
GEMIN5 GNL3 GPKOW IGF2BP2
KHDRBS1 METAP2 MTPAP
NIPBL NONO NPM1 NSUN2
PABPC4 PHF6 PPIL4 PUM1
PUM2 PUS1 RPS11 SAFB2 SBDS
SERBP1 SF3B1 SLBP TARDBP
UTP3 WDR3 WRN YWHAG
ZC3H8 ZNF622 ZRANB2

K562 (120 RBPs)

AGGF1 AKAP1 AQR BUD13 CSTF2T DDX3X
DDX52 DDX55 DDX6 DGCR8 DHX30
DROSHA EFTUD2 EXOSC5 FAM120A
FASTKD2 FTO FUS FXR2 GRWD1 GTF2F1
HLTF HNRNPA1 HNRNPC HNRNPK HNRNPL
HNRNPM HNRNPU HNRNPUL1 IGF2BP1 ILF3
KHSRP LARP4 LARP7 LIN28B LSM11 MATR3
NCBP2 NOLC1 PCBP1 PRPF8 PTBP1 QKI
RBFOX2 RBM15 RBM22 RPS3 SAFB SDAD1
SF3B4 SLTM SMNDC1 SND1 SRSF1 SRSF7
SSB SUPV3L1 TAF15 TBRG4 TIA1 TRA2A
TROVE2 U2AF1 U2AF2 UCHL5 UPF1 UTP18
WDR43 XRCC6 XRN2 YBX3 ZC3H11A ZNF800

Both (73 RBPs)



A ‘10,000-foot view’ of each eCLIP experiment:
Summary by distribution of peaks



An “RNA-centric” view of RBP-binding

‘in silico screen’ of a desired RNA against all CLIP datasets to identify the 
best-binding RBPs 



An “RNA-centric” view of RBP-binding

‘in silico screen’ of a desired RNA against all CLIP datasets to identify the 
best-binding RBPs 
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Incorporating in vitro motifs can give better insight 
into regulatory targets
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Identifying functional targets by integrating 
eCLIP with knockdown/RNA-seq

RBP direct targets 
by eCLIP

RBP-responsive targets by 
knockdown + RNA-seq

“Splicing map” of where 
RBP binding leads to 
splicing regulation

Genes

Isoforms

Regulation of RNA stability 
by RBP binding



Identification of new candidate regulators of 
RNA stability

Genes bound 
by RBP
(eCLIP)

RBP-
responsive 

genes 
(knockdown/

RNA-seq)



Analysis of TIA1 reveals cell-type specific regulation



Splicing regulatory maps identify regulatory binding



Splicing regulatory maps identify regulatory binding



Splicing regulatory maps identify regulatory binding

RBP X RBP X
Knockdown
RNA-seq eCLIP



Global analysis recapitulates general principles of 
alternative splicing regulation

RBP X RBP X
Knockdown
RNA-seq eCLIP

Busch A & Hertel KJ, 
Wiley Inderdiscip Rev RNA (2012)



Yeo GW, Van Nostrand E, et al. PNAS (2005)

Where are key regions for splicing regulation?



Where are key regions for splicing regulation?



Cross-RBP splicing maps indicate coordinated 
regulation

RBFOX2 RBP Y
Knockdown
RNA-seq eCLIPeCLIP Brosseau, J.P. et al. RNA (2014)

SKOV3ip1 
cells

HepG2
cells



RBFOX2 RBP Y
Knockdown
RNA-seq eCLIP

Cross-RBP splicing maps indicate coordinated 
regulation
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Using RBP localization and binding to infer and 
confirm RBP functions



Does localization predict binding (and vice versa)?



eCLIP plus localization predicts function



Acknowledgements

Funding:

Gene Yeo Brent Graveley
Chris Burge
Eric Lécuyer
Xiang-Dong FuComputational:

Gabriel Pratt
Shashank Sathe
Brian Yee

Experimental:
Alex Shishkin
Steven Blue
Thai Nguyen
Chelsea Gelboin-Burkhart
Ruth Wang
Ines Rabano
Balaji Sundararaman
Keri Elkins
Rebecca Stanton
Jasmine Mueller
Zong Chua

Mitch Guttman

�������������
���	
�
�	
��
� ���	


