RNA Binding Proteins

...are proteins that bind RNA



How do cells maintain their identity and respond to their
environment?
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How do cells maintain their identity and respond to their
environment?

https://www.genome.gov/genetics-glossary/Central-Dogma



How do cells maintain their identity and respond to their
environment?
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These TF > gene edges depend on the cell’s environment and state



Sidebar: Most RNA is not mRNA!

Relative abundance of different RNAs

* rRNA: 80%

° . 0
tRNA: 15% We have traditionally focused on
* MRNA: ~3% mRNA because these specify the

* miRNA: <1% proteome
* eRNA: <1%

* IncRNA: <1%

* Other RNA: <1%
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The life of an mMRNA
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Messenger RNA transcript (mMRNA)

}

Messenger RNA processing (MRNA)

!

Processed messenger RNA (mRNA)

w Outside cell

https://www.genome.gov/genetics-glossary/Gene-Expression

Processing:
* 5’capping
* Intron splicing
* Addition of 3’ poly-A tail
Export
Translation
Decay
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RBPs shepherd RNA through their life cycle
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RBPs shepherd RNA through their life cycle

* Nucleus
Cytoplasm
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What counts as an RBP?

* Two major papers in the literature (currently):

1. Gerstberger et. al. (2014). Nature Reviews Genetics.

* “Here, we present a census of 1,542 manually curated RBPs that we have analysed
for their interactions with different classes of RNA, their evolutionary conservation,
their abundance and their tissue-specific expression.”

2. Hentze et. al. (2018). Nature Reviews Molecular Cell Biology

* “Recent proteome-wide studies have more than doubled the number of proteins
implicated in RNA binding and uncovered hundreds of additional RBPs lacking
conventional RBDs (RNA binding domains). In this Review, we discuss these new
RBPs and the emerging understanding of their unexpected modes of RNA binding”

The plot thickens:
“RNA-binding proteins that lack canonical RNA-binding domains are rarely
sequence-specific.” Ray et. al., Scientific Reports 2023.



RBPs are more conserved than TFs

Ca RBP families (1,111 families, 1,542 proteins)

Human | | 1,111
Macaque E——— e -y,
B —— R R L
Rat TS | g
Xenopus | 1,035
Zebrafish I ] 1,067
Chicken I 967
Zebra finch | 967
Fruitfly 913
C. elegans | 788
S. cerevisiae N 551
Cb TF families (554 families, 1,704 proteins)
Human [ | 554
Macaque I 539
Mo:zet e ——————— :Z % Homology
Xenopus N ] 446 HE =
Zebrafish N 466 = =o0ianc <60
[ >40 and <60
Chicken N ] 423 - 3l ot
Zebra finch I 433 - e
Fruitfly I | 298

C. elegans 233

S. cerevisiae

- At least 200 distinct RBPs are
present in the lowest common ancestor of animals
- only 14% of the human TF families are found in S. cerevisiae

Il

Gerstberger, 2014



How do RBPs bind RNA?

A RNA-base to protein C RNA-backbone to protein

B RNA-sugar to protein D Stacking

Corley 2020. Molecular Cell Review
Sidebar: There’s some evidence that TFs bind RNA!

DOI: 10.1016/j.molcel.2023.06.012



https://doi.org/10.1016/j.molcel.2023.06.012

RRM: RNA Recognition Motif

Most common domain in RBPs

Average 90 amino acids

2-8 nt interaction with single stranded RNA
Repeated RRMs increases binding affinity
Protein Families containing domain

Protein families containing domain:
* hnRNPs, splicing factors

.

o= -4

Example: RNA sequence motif for
RRM in RBFOX (CISBP-RNA)



KH: K homology domain

e Second most common domain
* Smaller than the RRM (70 AA)

* Repeated domains increase binding
“‘AU-rich element RNA-binding protein KSRP, which
has 4 KH domains, KH domains 3 and 4 behave as

independent binding modules to interact with
different regions of the AU-rich RNA targets.”

- InterPro

2
31_C A
A G TR e =
Protein families containing domain:
hnRNPs, translation regulation proteins

Example: RNA sequence motif for
HNRNPK (CISBP-RNA)
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RBP-RBP interactions

RBPs will bind with each other to carry out context-specific functions or different roles in the RNA
life cycle

Human RNA-aware protein-protein interaction network
across the mRNA life-cycle
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29,544 interactions
1,125 proteins

Street et. al., Mol. Cell
2024



Network Generation

Network Interpretation

Functional Characterization

RBP-RBP interactions

Human RNA-aware protein-protein interaction network

across the mRNA life-cycle
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How do we assay RBP-RNA binding?

Preparation of crosslinked cell lysate Purification of specific crosslinked RNA fragments cDNA library sequencing and analysis

1. Covalent protein-RNA crosslinking 4. Immunoprecipitation (IP) or affinity purification 7. Reverse transcription
of protein-RNA complexes
RNA: ?
5' 3'

5. Ligation of adapter to fragmented RNA Most cDNAs truncate at crosslink sites:

5' RBP 3 3}
A readthrough cDNA:
uv 3' L
of” &
' ” 6. Purification of protein-bound RNA by SDS-PAGE 8. PCR and high-throughput sequencing
RNase I— . . I -
P RBP  control 9. Bioinformatic determination of binding peaks
2, Cell lysis I 4/\
e~
3. RNA fragmentation - - ) —_x -
e B 1 | crosslink events: %  x

= Proteinase K digestion

O% RBP i Q
L VAAA = Q 10. Integration with complementary data

Hafner, Nature Reviews Methods Primers, 2021.



How do we assay function?

Example: alternative splicing

rMATS Alternative
Splicing Quantification

@ D Bulk RNA-Seq
2 shRNAKD vs o] \—/ oo
2 control = — [ m
G O
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ﬂ Skipped/included P Downstl’eamF
Exon

Upstream

Paicanik Inclusion (e ) — 4/6
SplicedIn — -
s (0.66)
(Inclusion(—) —+ Skipping( ))

Courtesy of Y. Raghav



Integrated RBP data (ENCORE)

* eCLIPfor 150 RBPs: 120 in K562, 103 in HepG2, 73 in both
* RNA-seq following knockdown (KD—RNA-seq) for 263 RBPs, also in K562 and HepG2
e eCLIP + matched KD RNA-seq for 105 (HepG2), 139 (K562) RBPs



RBP families you should know



RNA binding proteins: hnRNPs

Heteronuclear RNA nucleoproteins (hnRNPs) help package
the pre-mRNA into functional complexes. Abundantin cells
and tissues.

e ~20 majortypes of hnRNPs

e Control mRNA export

* Regulate alternative splicing and polyadenylation
(hnRNPA2/B1)

* Some hnRNPs shuttle between nucleus and cytoplasm

* |nvolved in mMRNA translation



Role of hnRNPs in RNA mst.abolism
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Human Genetics 2016 Geuens et al.

Protein synthesis



RNA binding proteins: SR proteins

* Nuclear but shuttle between nucleus and cytoplasm

 Can bind RNA through RRM domain and other proteins
through a characteristic SR domain (Arginine:Serine
dipepetide)

 Control splicing and alternative splicing

* Involved in splice site selection and exon inclusion

* Regulate transcriptional elongation (RNA polll CTD
interactions and R-loop formation)

* Involved mRNA translation and microRNA processing

e (Cancer



Part |I: RBP Function



MRNA processing

promoter

—EH— DNA

exons introns



Splicing (usually) removes introns and joins exons

Donor site

~
/ ]

Acceptor Intron
Exon P

site

From Park, et. al, AJHG
2018



Splicing (usually) removes introns and joins exons

>

From Park, et. al, AJHG
2018



How does the cell decide which exons to keep?

...through recruitment of the core splicing machinery (the
spliceosome)
- these include RNA binding proteins (RBPs)

The Spliceosome:
* Catalyzes pre-mRNA splicing in the nucleus

* Composed of five small nuclear RNAs (snRNAs) and
associated proteins (SnRNPs) : Snurps

snRNAs: U1, U2, U4/U6 and U5
Proteins >100 yeast, >300 in human

* Splicing reaction is catalyzed by RNA



How does the cell decide which exons to keep?

...through recruitment of the core splicing machinery (the
spliceosome)
- these include RNA binding proteins (RBPs)

Exon 5SS Intron 3'SS Exon 5SS Intron 3'SS  Exon

From Park, et. al, AJHG
2018



Alternative splicing is regulated by RNA binding proteins

Exon inclusion Exon skipping

a Direct l [R—
ocI}mpetition “— &:} P 9 \/_‘—{ G}-—.—

B, T S

b Exon looping _{_-; —D—‘ ]—(:— ’_ _ﬁz_

€ Nucleation and il \1(5) r Ry
cooperalive = }— -{ 1&_‘—

binding
@ Splicing-stimulatory factor B Ess
@ Splicing-inhibitory factor D ESE
[ Aternative exon 1SS

ESS: Exonic splicing silencer element
ESE: Exonic splicing enhancer element
ISS: Intronic splicing silencer element

Nature Reviews | Genetics

Courtesy M. Kuyumcu-Martinez



RNA binding proteins and mRNA decay

* Examples of short lived mRNAs
— Cytokines, TNFa
— Cell Cycle Genes
 S-Phase, c-Fos, c-Jun

« Sequences in the 3'UTR (untranslated region)

— Multiple copies (sometimes overlapping) of AUUUA, AU-
rich elements (ARE)

— UGUUUGUUUGU- GU-rich elements (GRE)

— RNA binding proteins bind and regulate mRNA stability
and degradation

Courtesy M. Kuyumcu-Martinez



RNA binding proteins that bind to AU-rich elements
(ARE) regulate mRNA decay

AlUlrich

"™Gppp

polyA nuclease

RNA binding protein

m
Decapping enzyme Gppp
Dcp
7'“Gppp

™Gpp + ‘Q—FAA

exosome

AA

gavenging decapping

"MGpp + ppN

Current Biology
Courtesy M. Kuyumcu-Martinez



RNA binding proteins and 3’ cleavage
and polyadenylation

RNA polymerase |l does not usually terminate at distinct site

Pre-mRNA is cleaved ~10-35 nucleotides downstream of
polyadenylation signal (AAUAAA)

~200 Adenosine monophosphates (AMP) are then added to the
3" end of pre-mRNA.

Almost all mMRNAs have poly(A) tail

Courtesy M. Kuyumcu-Martinez



Determinants of 3' mRNA processing

b) Addition of the poly(A) tail

Pre-mRNA
5’

Proteins involved in 3’ processing:

Poly(A)
tail being
=\ synthesized

CPSF - cleavage and polyadenylation
specificity factor

CstF — cleavage stimulatory factor
CFI — cleavage factor |
CFIl — cleavage factor Il

PAP — polyA polymerase

PABP Il — polyA binding protein A

DNA

© 2010 Pearson Education, Inc.

Courtesy M. Kuyumcu-Martinez



Regulation of polyadenylation sites

3 .
o

exon miron exon

B o nnn

|Ll

.

* Alternative splicing affects poly(A) sites
* Shortening of 3’'UTR by alternative polyadenylation

-cancer cells (reduced microRNA regulation) (ceuz2o09)

-ONCOZENES (ceu2009) Courtesy M. Kuyumcu-Martinez



MRNA export occurs through the nuclear
pores

Nuclear pore: “Gatekeeper” for the nucleus

* Composed of protein complexes and cytoplasmic
filaments to move the cargo in and out

* |Import and export of proteins occur through
the nuclear pore

* Export of mRNAs to the cytoplasm for protein
synthesis in the cytoplasm

CYrOpiaSmic
filaments

cytoplasmic

B central
l pore
)

Courtesy M. Kuyumcu-Martinez



RBPs and mRNA translation

Translation factors that circularize mRNAs and recruit
ribosomes are RBPs.

Translati@h initiation factor

complex
Long elF4G

Met.

Translation initiation factor 2

Translation initiation factor 3 Courtesy M. Kuyumcu-Martinez



RBPs and Disease

g . . Mendelian Somatic
Genetic, familial or P
congenital disease | alF o ¢
Nervous system disease —| 4+ O O+
Musculoskeletal or connective | + |,
tissue disease ) 1\
Nutritional or metabolic disease |+ @ *f
Disease of visual system -{ <O o
Cell proliferation disorder - ¢ (o) . o +
Urinary system disease | < O . o -+
Integumentary system disease —| - o X O
Endocrine system disease -| >0 = o +
Psychiatric disorder | >4-O &
Reproductive system or
P breas%ldisease 1% O 7 o+
Respiratory or thoracic disease << O X O+
Heart disease +HO +#+
Gastrointestinal disease <O X O+
Vascular disease <O *#"
Haematologic disease -0 H|(
Immune system disease -0 26
Pregnancy or perinatal disease ¥ O RBP
Pancreas disease +f- X T -I(—)Fther

Infectious disease €*

Disease ofear 01— 1 T T 1 T T T T T T T 1
0 1 2 3 4 0.00 0.25 0.50 0.75 1.00
Sum of disease association scores / number of proteins

“Therapeutic areas of
disease-associated RBPs.
Disease mutations with
an association score >0.2
from Open Targets.”
Gebauer et. al., Nat. Rev.
Gen. 2020.



RBPs involved in cardiovascular disease pathogenesis

Disease/complication Cellular phenotype RBP: (pre-)mRNAs regulated
AREBPs (TNFa, IL-1B, IL-10, IFN-y)"*#*°
ROQUIN (TNFa)***2
QKI (VLDLR, ADD3, PTPRO)"**

Monocytes Macrophage foam cell Monocytes

] QKI (VE-Cadherin, B-Catenin)'*®
hnRNPL (eNOS) 27128
e SRSF1 (VEGF, Endoglin)®™

HuR + PTB (HIF10)"
Atherosclerotic plaque Resting EC Inflammatory EC ECs

QKI (Myocardin)*
HuR (SERCA2b, AT-1R)"*+"%7

In-stent (re)stenosis Contractile SMC Synthetic SMC SMCs

Capillary rarefaction Perivascular stromal cell

=SS

Cardiac hypertrophy Cardiomyocyte Hypertrophic cardiomyocyte Cardiomyocytes

HuR (VEGF)™
MBNL-1 (SRF, Calcineurin Ap)™

Perivascular stromal cells

RBM20 (TITIN, Tropomyosin 1)”¢”
CIRP (KCND2 + KCND3)®
SRSF1 (CaMKII&)™

Diabetic cardiomyopathy Rbfox2

Hypoplastic left heart syndrome
Courtesy M. Kuyumcu-Martinez



RBPs in COPD
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