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Scientists in the Encyclopedia of DNA Elements Consortium have applied 24 experiment
MAKI N G A GEN 0 M E M AN UAI_ types (across) to more than 150 cell lines (down) to assign functions to as many DNA
regions as possible — but the project is still far from complete.
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RNA splicing links genetics to disease

Many genetic variants associated with disease have no apparent effect on any specific
protein coding sequence. Li et al. systematically analyzed the effects of DNA variants on the
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chromatin. Splice QTLs and expression QTLs are about comparable in their complex disease the Wellcome Trust, and the
risk. Posttranscriptional mechanisms therefore play a large role in translating genotype to Calouste Guibenklan Foundation

phenotype.
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SnapShot: The Splicing Regulatory Machinery

Mathieu Gabut, Sidharth Chaudhry, and Benjamin J. Blencowe
Banting and Best Department of Medical Research, University of Toronto, Toronto, ON M5S 3E1, Canada
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SRp20 Sfrs3, X16 RRM, RS GCuCCucuuc SRp20, CT/CGRP  ; —/— early embryonic lethal E3.5
9G8 Sfrs7 RRM, RS, C2HC Znf (GAO)n Tau, GnRH, 9G8
ASF/SF2 Sfrs1 RRM, RS RGAAGAAC HipK3, CaMKIl X, HIVRNAs ; —/—embryonic lethal, cond. KO cardiomyopathy
g SC35 Sfrs2 RRM, RS UGCUGUU AChE ; —/— embryonic lethal, cond. KO deficient T-cell maturation, cardiomyopathy; LS
% SRp30c Sfrs9 RRM, RS CUGGAUU Glucocorticoid receptor
% SRp38 Fusip1, Nssr RRM, RS ACAAAGACAA CREB, type Il and type Xl collagens
% SRp40 Sfrs5, HRS RRM, RS AGGAGAAGGGA HipK3, PKC [R-lI, Fibronectin
i SRp55 Sfrs6 RRM, RS GGCAGCACCUG cTnT, CD44
E SRp75 Sfrs4 RRM, RS GAAGGA FN1, E1A,CD45 ; overexpression enhances chondrogenic differentiation
; Tra2 X Tra2a RRM, RS GAAARGARR GnRH ; overexpression promotes RA-induced neural differentiation
” Tra2 ¥ Sfrs10 RRM, RS (GAA)n HipK3, SMN, Tau
SRmM160 Srrm1 RS, PWI AUGAAGAGGA CD44
SWAP Sfrs8 RS, SWAP ND SWAP, CD45, Tau ; possible asthma susceptibility gene
hnRNP A1 Hnrnpal RRM, RGG UAGGGA/U HipK3, SMN2, c-H-ras  ; rheumatoid arthritis, systemic lupus erythematosus
hnRNP A2/B1 Hnrnpa2b1, Hnrnpa2 RRM, RGG (UUAGGG)n 4.1R, HIV Tat, IKBKAP  ; rheumatoid arthritis, systemic lupus erythematosus
hnRNP C Hnrnpc, Hnrnpc1/c2 RRM U-rich X-amyloid receptor ; —/— embryonic lethal E6.5 ; systemic sclerosis, psoriatic arthritis
-é hnRNP F Hnrpf RRM, RGG, GY GGGA, G-rich PLP, ¢-SRC, Bcl-x
E hnRNP G Rbmxrt, Hnrnpg RRM, RGG, SRGY AAGU SMN2, K-tropomyosin ; —/—impaired spermatogenesis
% hnRNP H Hnrph1 RRM, RGG, GYR, GY GGGA, G-rich PLP, HIV tat, Bcl-x ; possible implication in MD
ri_—é hnRNP L Hnrnpl RRM C/A-rich eNOS, CD45 ; systemic rheumatic diseases
PTB Ptbp1, Hnrpi RRM UCUU, CuCcucu nPTB, c-SRC, Fas, cTNT, CGRP, NMDA, CLBC, hnRNP A1
nPTB Ptbp2, brPTB RRM cucucu ¢-SRC, GlyR  ®2
Fox1 A2bp1 RRM (U)GCAUG NMHC-B, CGRP F1 B possible autism association, sporadic epilepsy
Fox2 Rbm9 RRM (U)GCAUG NMHC-B, 4.1R, FGFR2
Cugbp Cugbp1, Brunol2 RRM U/G-rich cTNT, Insulin Receptor ; overexpression MD symptoms ; MD, DD and BD .
Cugbp2 ETR-3, Brunol3 RRM U/G-rich cTnT, Tau, Cox-2 ; MD, DD, and BD
Celf4 Brunol4 RRM U/G-rich Mtmr1, cTnT ; —/— neonatal lethality, seizure disorder. CELFA cardiomyopathy
HuD Elavl4 RRM U-rich Ikaros, CGRP, AChE ; overexpression cognitive deficits; Hu syndrome, PE
Nova-1 Noval KH YCAY GlyR ¥2, GABAa ; —/— postnatal lethality by motor neuron death ; POMA syndrome
v | Nova-2 Nova2 KH YCAY JNK, GIRK, neogenin ; —/— synaptic plasticity and LTP defects  ; POMA syndrome
% TIA1 mTial RRM U-rich MYPT1, Fas, CGRP, FGFR2, TIAR, IL-8, VEGF ; —/— early embryonic lethality
:IT') TIAR Tial1, mTIAR RRM U-rich TIA1, CGRP TIAR ; —/— early embryonic lethality
g Mbnl1 Mbnl C3H1 Znf YGCU(U/G)Y cTnT, Insulin receptor, Clcn1, Tnnt3  ; —/— mice develop MD-like disease ; MD
Slm-2 Khdrbs3, -STAR KH UAAA CD44, VEGF-A ; possible glomerular diseases association
Quaking Qk, Qkl KH ACUAAYI...JUAAY MAG, PLP ; —/—embryonic lethal, gkv CNS/PNS dysmyelination, tremors ; ataxia, SCZ
PSF Sfpq RRM ND CD45, CoAA
SPF45 Rbm17 RRM, G patch ND Sxl, Fas ; overexpression mutlidrug-resistance phenotypes
Rbm4 Rbm4a, Lark RRM, C2HC Znf C/U-rich MAPT, K-tropomyosin, Tau
Sf3b1 SAP155, SF3b155 RRM, HEAT ND Bcl-x ; +/- skeletal transformations concomitant with ectopic Hox expression
Sam68 Khdrbs1 KH A/U-rich Bcl-x ; —/— increased osteoblast differentiation, reduced adipocyte differentiation




1072 “RNA binding proteins”
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e Co-translational RNA decay
(e.g. NMD, NSD and NGD)

/ /:2.\ / o_.e?

\ -9._9

Foll  Polll Pol 1l
6 66 b BW @ o B O P
B Splicing factors euen PABPS

@ Methylase ® K“W o Amino Ribosome U3 snoRNP
acylation hnRNPs or
.RNA o enzyme ?ﬁ ® C/D snORNP (m OEFTU .SWI 'shmllng
enzyme O SS8/la )
tRNA-spiking oy RNA poia—+4 @ Crrina g O tindng e @ rcor-4
endonuciease complex o 1  Modification complex complex .
RNA endo- or XRN1 or CRM1-RanGTP TREX RNA
‘ exonuclease ‘mm ‘xmz @Rﬂkmome .complox O export complex .m“c6 O"W‘
Translation o Snurportin . CCR4-NOTI
complex complex complex

. ransport complex
(XPOT or XPOS) initiation complex



Comprehensive ldentification of Functional RNA
Elements in the Human Genome

» Identify RNA Elements Recognized by 250 (All)
Human RNA Binding Proteins in vivo

 Characterize the Binding Affinity of each RNA
Binding Protein to all possible RNA Sequences

« Determine the functions of the Protein-RNA
Interactions
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The Periodic Table of Human RNA Binding Proteins
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What can be done with these data?

» Identify binding sites for all RBPs
» Determine the function of RBP binding sites
» Determine RNP composition

* Predict how mutations will impact
RNA processing

* New insights into RNA biology



Cell lines being studied

K562 (bone marrow) HepG2 (Liver)
chronic myelogenous leukemia (CML) Hepatocellular carcinoma
53 year old female 15 year old male



1,072 “RNA binding proteins”™
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Antibody Validations

Acquired 852 antibodies and >1,000 shRNAs
Tested 701 antibodies against 538 unique RBPs

TIA1 1gG
K562 (45 uq) HepG2 (60 uQg)
M12312 3_' M Cont. KD1 KD2  Cont. KD1 KD2
- e 100
ﬁz TIA1
g7 RNO14P
80 = Lot #001 o
65 - <— TIAT
MW= 43kDa 37 <— GAPDH
>0 ES. &" <
35 I 25
30 - 20
5 - 15
< B 1 9 g A 5 6 7
Western 91.3%91.5% 94 3% 98.0%
gRT-PCR 62.2% 53.1% 72.8% 71.6%

438 antibodies against 385 RBPs
362 shRNAs against 276 RBPs

Sundararaman et al. Molecular Cell, 2016



Antibody Validations

WB Protein Species Detected IP Efficiency C 700 antibodies tested in K562

1P Single band (undetectable in Input) | >>10x
1MB Multiple bands below MW >10x
0.5 Single band; MW deviation < £20% <10x
0.5MB | Multiple bands above MW >10x

Variable Variable

DDX19B  SF3A1 SRSF3 G3BP1 AKAPSL
A300-545A A301-601A RNO8OPW GTX112191 A301-365A
S4kDa 89kDa 19kDa 52kDa 72kDa
-225
SR B - 115
—— '

| | Ol " = .30
1 o — 1 - -65
~—— T - B - 50
- J - -35
. -30
-25
; -15

Sundararaman et al. Molecular Cell, 2016



Antibody Validations

Domain analysis of RBPs with IP-grade antibodies

GTP_EFTU

FHA

GTP_EFTU_D2
HA2 el 2
La ©
FAST 1 g
FAST 2 3
OB_NTP_bind >
$1 domain =
Other MIF4G 2
domains dsrm o0
73 G-pattch «
zf-CCCH =
RRM_5 o
=)
WD40 -
RRM_6 a
o
KH_1 2

DEAD
Helicase_C
RRM_1
80 70 60 50 40 30 20 10 0

Sundararaman et al. Molecular Cell, 2016



Antibody Resource

Eligibility status Showing 25 of 1144 ax

not pursued 509

ENCODE Datav Methods~  About ENCODE~  Help~ Y s
awaiting lab characterization 313

Dropdown menus
@ not eligible for new data 264

® slohbie for new deta 53 IGF2BP3 (Homo sapiens) @

. Source: MBLI
ding dcc review
@ pending Product ID / Lot ID: RNO09) / 002

View All

Target Organism
Homo sapiens EZH2 (Homo sapiens) Antibody
Mus musculus S CRIESIEEEEE AB913HCH
Caenorhabditis elegans .
Drosophila melanogaster Fl l t €rS
Aequorea victoria Antibody
Source: Millipore A TIEAAL
Product ID / Lot ID: 07-449 / 2120130
Target of antibody
transcription factor CHD4 (Homo sapiens) Antibody
RNA binding protein 345 Source: Abcam a1 A RNRIARRE
histone 200 Product ID / Lot ID: ab70469 / GR104037-5
histone modification 192
control 13 IGF2BP2 (Homo sapiens) @ Antibody
+ See more Source: MBLI ENCABS97TIV
Product ID / Lot ID: RNOOSP / 002
Characterization method
fmm“mpmip“a“on St H3K36me3 (Mus musculus) Antibody
immunobiot 500 o B

Sanirra Ahcam

Sundararaman et al. Molecular Cell, 2016




Antibody Resource

ENCODE Data~ Methods v About ENCODE ~ Help ~ - Sign in

Sl

Antibody against Homo sapiens IGF2BP3

Homo sapiens K562 An t 1 b O dy S t a t us Eligible for new data @9

Source (vendor): MBLI(Z \
Product ID: RN009) (7
LotID: 002
Targets: |IGF2BP3 (Homo sapiens) Me t a da t a
Host: Rabbit
Clonality:  Polyclonal
Isotype: IgA

Antigen description: KLH-conjugated synthetic pJJtide HQQQKALQSGH

Characterization status

IGF2BP3 (Homo sapiens) IGF2BP3 (Homo sapiens)
HepG2

Method: ) Method: 7
immunoprecipitation 1234 m knockdown or knockg et
Caption excerpt: = r Caption excerp

- 50
IP-Western Blot analysis of HepG2 whole cell lysate —= - Western blgiAdllowing shRNA against IGF2BP3 i
using IGF2BP3 specific antibody. Lane 1 is 1% of “H 4
twenty million whole cell lysate input and lane 2 is o
25% of IP enrichment using rabbit normal IgG... B

IGF28P3/IMP3
More More
. . . Links to CLIP experiments
Experiments using antibody ENCAB934MDN

Accession Biosample term name arget Description Lab
ENCSRO77KVG IGF2BP3 eCLIP mock input eCLIP control experiment on HepG2 against IGF2BP3 Gene Yeo, UCSD
ENCSR9930LA eCLIP HepG2 IGF2BP3 eCLIP experiment on HepG2 against IGF2BP3 Gene Yeo, UCSD
ENCSRO096IJV iCLIP K562 IGF2BP3 Gene Yeo, UCSD

Sundararaman et al. Molecular Cell, 2016



Antibody and shRNA Resources

PABPC4 (A301-466A) 71 kDa
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FASTKD2 (A303-788A) 81 kDa
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Sundararaman et al. Molecular Cell, 2016



Protein Localization Studies

Marker Merge

- < I Mitotracker

Sundararaman et al. Molecular Cell, 2016



Accessing ENCODE RBP Data

RBP Image Database

About the database

This microscopy image database documents the results of immuno-fluorescence
(IF) experiments to characterize the subcellular localization properties of human
RNA binding proteins (RBPs) studied in the context of the ENCODE team grant
entitled "Comprehensive analysis of function RNA elements encoded in the human
genome", led by Dr. Brenton Graveley at the UConn Health Center. These studies
are being conducted using several human model cell lines prioritized by the
ENCODE consortium (e.g. HepG2, MCF7 and Hel.a) and validated commercial
antibodies targeting over 250 distinct RBPs. The database displays images
resulting from co-labeling experiments of individual RBPs in conjunction with a
panel of cellular markers for various organelles and subcellular structures. The data
can be accessed via different search options, either by searching for individual
RBPs or in batch display formats. Antibody validation was performed in the lab of
Dr. Gene Yeo at UCSD, while all IF experiments and analyses are being conducted
in the laboratory of Dr. Eric Lécuyer at the IRCM in Montreal.

Search

PIYP253 gones
MCF7

Browse

Search

This database was developed and is maintained by the Lecuyer Lab. Please email us for any comments, suggestions or bug reports.

http://rnabiology.ircm.gc.ca/RBPImage/
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Accessing ENCODE RBP Data

Gene sets

AARS Marker Co-labelled Co-labelled with Comments
DAPI



http://rnabiology.ircm.qc.ca/RBPImage/

Accessing ENCODE RBP Data

ACO1

Microtubules Endosomal Network Caljal Bodles P-Bodies Nucleoli Golgl Apparatus
(anti-aTubulin) (anti-CDE3) (anti-Collin) (anti-DCP1a) (anfi-Fibrillarin) (anti-GM130)

Endoplasmic Reticulum Mitechondria Fllamentous Actin Cel Contex and Focal PML Nuciear Bodies Nuciear Speckies
(ant-KDEL) (Mitotracker) (Phalloksn) Adhesions {(anti-PML) (anti-SC35)
(anti-PhosphoTyrosine)

ADAR

Microtubules Endosomal Network Cajal Bodies P-Bodies Nucleoli Golgi Apparatus
(anti-aTubulin) {anti-CDE3J) (anti-Coilin) (anti-DCP1a) (anfi-Fibrillarin) (ani-GM130)

Endoplasmic Reticulum Mitochondria Fllamentous Actin Cel Conex and Focal PML Nuciear Bodies Nuciear Speckies
(ant-KDEL) (Mitotracker) (Phalloisn) Adhesions (anti-PML) (anti-SC35)
(anti-PhosphoTyrosine)

http://rnabiology.ircm.gc.ca/RBPImage/
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The eCLIP Protocol and Analysis Pipeline
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Van Nostrand et al. Nature Methods, 2016
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eCLIP-seq reveals RBP-specific binding profiles
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Van Nostrand et al. Nature Methods, 2016



eCLIP-seq Identifies Co-Associated Proteins
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Discovery of RNA elements in the Human Genome
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RNA Bind-n-Seq (RBNS):

A method to quantify protein/RNA interactions
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Lambert, N., et al. (2014). RNA Bind-n-Seq: Quantitative Assessment of the Sequence and
Structural Binding Specificity of RNA Binding Proteins. Mol Cell.



eCLIP identifies motifs at crosslink-
termination points

Motif position relative to crosslink site
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Assigning Function to Binding Sites

CLIP clusters
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Polymenidou, et al. (2011). Nat Neurosci.



RNA Maps for RBPs
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Identification of RBPs that regulate proximal
vs distal polyadenylation site usage
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RNA Localization (Frac-Seq)

ANKRD52 (mRNA and ciRNA)
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Integrative Analysis

eCLIP-Seq Imaging
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HepG2

K562

Data Production Status

(as of 06/06/16)

344 RNA Binding Proteins

eCLIP-Seq 69
RNAi/RNA-Seq 204
ChIP-Seq 56
Imaging 274
eCLIP-Seq 39
RNAi/RNA-Seq 202
ChIP-Seq 40
RNA Bind-N-Seq 48

1,303 Completed/Released Experiments



The Periodic Table of Human RNA Binding Proteins
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