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Abstract

RNA-binding proteins (RBPs) are critical effectors of gene expression, and as such their
malfunction underlies the origin of many diseases. RBPs can recognize hundreds of
transcripts and form extensive regulatory networks that help to maintain cell
homeostasis. System-wide unbiased identification of RBPs has increased the number of
recognized RBPs into the four-digit range and revealed new paradigms: from the
prevalence of structurally disordered RNA-binding regions with roles in the formation of
membraneless organelles, to unsuspected and potentially pervasive connections
between intermediary metabolism and RNA regulation. Together with an increasingly
detailed understanding of molecular mechanisms of RBP function, these insights are
facilitating the development of new therapies to treat malignancies. Here, we provide
an overview of RBPs involved in human genetic disorders, both Mendelian and somatic,
and discuss emerging aspects in the field with emphasis on molecular mechanisms of
disease and therapeutic interventions.

Introduction
RNA-binding proteins (RBPs) assemble with RNA to form ribonucleoprotein particles
(RNPs) that are dynamic in nature, as RNP composition changes according to the
maturation or functional state of RNA as well as the cellular context!3. RBPs regulate all
aspects of RNA life, including transcription, splicing, modification, intracellular
trafficking, translation and decay (Figure 1). Conversely, RNA may regulate the activity
or location of RBPs, a feature that has been termed “riboregulation”. A prime example
of riboregulation is protein kinase R (PKR), the binding of which to double-stranded RNA
induces protein dimerization and autophosphorylation, resulting in activation of the
enzyme®.

Classic RBPs are characterized by the presence of one or more RNA-binding
domains (RBDs). Most RBDs show defined 3D structures or features that make them

1



computationally predictable. Classic RBDs include the prevalent RNA recognition motif
(RRM), the RGG box, the K-homology (KH), DEAD/DEAH helicase and zinc-finger
domains, and around 30 other domains of lesser abundance?. Recent unbiased RNA
interactome approaches (Figure 2) have revealed additional unconventional RBPs that
lack discernible RBDs but frequently contain intrinsically disordered regions (IDRs) or
mononucleotide and dinucleotide binding domains that directly engage in RNA
binding*®2. Because the known cell biological functions of these proteins are unrelated
to RNA biology, they have been coined “enigmRBPs”*°.

Compared with transcription factors, RBPs are more evolutionarily conserved
and more widely distributed across tissues, consistent with their frequent housekeeping
roles?. Despite these properties, mutations or alterations in the expression of
housekeeping RBPs tend to cause tissue-specific defects. How is this plausible? First,
RBPs may act on RNA targets or with regulatory partners that display tissue-specific
expression. Second, RBPs can bind RNA targets with a wide range of affinities and
specificities, modulated by post-translational modifications, interacting partners and
local sequence or structure context in the RNA, leading to the formation of dynamic and

1013 Third, RNA binding per se does not

cell type-specific regulatory complexes
necessarily elicit regulatory effects. Although RBPs can bind hundreds of RNA targets,
only subsets may be regulated under particular cellular conditions. Groups of RNAs
coordinately regulated by an RBP under a given stimulus are dubbed RNA regulons'#*>.
Last, the extensive networks that RBPs form with their RNA targets and other proteins
are characterized by redundancy, feedback and feedforward control, which together
provide robustness such that alterations may be differentially buffered in one cell type
versus another.

The basic properties and functions of RBPs have been expertly discussed in
recent reviews, including those mentioned above. Here, we focus on the effect of RBP
mutations in human genetic disorders. We provide an updated overview of RBPs
mutated in genetic disease and highlight the emerging relevance of disordered regions.
We then select concrete examples to illustrate underlying molecular mechanisms of
disease, and discuss current therapeutic avenues. Other reviews on one or several

aspects of these subjects can be found elsewhere®-19,

RNA binding proteins in genetic disease

The RBP family is one of the largest protein groups in the cell. Earlier RNA interactome
capture (RIC) studies have generated an RBP superset of 1,393 members that bind to
polyadenylated RNA in human cells*. To provide a comprehensive overview of RBPs
mutated in genetic disease, we have updated the RBP list, and included results from
unbiased studies for total RNA, which increases the integrated number of candidate
RBPs from different human cell types to 4,257. These studies include RIC®°?° as well as
the related methods enhanced RIC (eRIC)?'?2, RBDmap?3, pCLAP (peptide crosslinking
and affinity purification)?* and serial interactome capture (serlC)%, and various other



methods that select RBPs crosslinked to RNA irrespective of its poly(A) status, including
CARIC (chemistry-assisted RNA interactome capture)?®, RICK (RNA interactome using
click chemistry)?’”, OOPS (orthogonal organic phase separation)?®, XRNAX?°, PTex
(phenol-toluol extraction)3® and RNPxI3! (Figure 2 and Table S1). Because these methods
all employ UV-crosslinking and mass spectrometry, proteins of low abundance or those
that do not crosslink well to RNA can be missed. Hence, the number of RBPs may further
increase in the future. These wupdated data are available in RBPbase
(https://rbpbase.shiny.embl.de/) and Table S1.

Previously annotated RBPs are consistently detected in RIC studies, whereas a large

number of additional candidate RBPs have also been reported (Figure 3a). It is important
to note that UV-crosslinking based approaches are not equilibrium methods and,
consequently, do not assess RBP affinity or specificity. UV-crosslinking shows technical
biases (for example, uridines crosslink better than other bases), and even transient
interactions, given the correct geometry, may be detected efficiently32. RBPs detected
by RIC should therefore be confirmed using orthogonal methods, such as the
polynucleotide kinase (PNK) assay or gel-mobility shift assays to confirm RNA binding
and assess affinity and specificity parameters. CLIP (crosslinking and
immunoprecipitation) assays to identify RNA targets and binding signatures, and
mutational analysis to identify RBDs are commonly used steps to investigate the
function of RBP-RNA interactions. Although RICs provide a powerful tool to detect
biochemical RNA binding in cells, only functional follow-up experiments can establish
the biological relevance of newly detected RBPs.
For our analyses, we considered a superset of 3,470 RBPs consisting of 2,650 RBPs that
have been detected in at least two RIC studies combined with the previously annotated
RBPs (Figure 3b). Detection in at least two independent RIC experiments reduces the
probability of false positive assignments, especially when those methods follow
different biochemical principles (see Figure 2). Only 25% of the RBPs in the RBP superset
harbour RBDs that can be predicted bioinformatically (Figure 3c).

To identify RBPs mutated in genetic disease, we crossed our RBP superset with
disease association data from the Open Targets platform
(https://www.opentargets.org/). We consider genetic disease broadly, including both

Mendelian and somatic mutations. Nearly one-third of the superset (1,054 RBPs) were
mutated in disease, accounting for >20% of all proteins (4,912) with annotated
mutations (Figure 3d). In comparison, transcription factors account for 10% of all
proteins with annotated mutations, with a proportionally lesser contribution to
Mendelian mutations (Figure 3e). We provide a summary in Table S2. Notably, Gene
Ontology (GO) analysis shows that mutated RBPs are predominantly associated with
metabolism and nervous system development, highlighting connections between
metabolism, RNA regulation and disease, conceivably with increased prevalence in
neurological pathologies (Figure 3f). Indeed, diseases of the nervous system are the top
Mendelian disorders affected by mutations in RBPs (Figure 3g), with a clear prevalence



of RBPs lacking classic RBDs (Figure 3h). The incidence of mutations in RBPs containing
or lacking classical RBDs varies with the type of disease (Figure 3h). Strikingly, RPBs
outnumber transcription factors and other proteins regarding the prevalence of
mutations in numerous Mendelian disorders. However, this picture is inverted when
one considers somatic mutations, where transcription factors take the lead (Figure
3g,h). A dramatic case of this trend is observed in cell proliferation disorders, a category
including cancer, consistent with previous reports showing that somatic mutations in
transcription factors are more frequently detected in cancerous cells33. As inherited
mutations must be compatible with embryonic and fetal development, one could
speculate that intrauterine development may be more permissive to mutations in RBPs,
which display housekeeping functions that are supported by buffering systems.

RBP mutations and mechanisms of disease

There are many ways in which a somatic mutation or a germline mutation may influence
the function of an RBP (Figure 4). First, mutations in genes encoding RBPs can alter their
expression levels, including the relative ratio between alternative isoforms that display
distinct interactions and activities, or indirectly influence RBP function (for example, see
FMRP discussed below). Second, mutations may truncate the protein or change its
amino acid composition such that interactions with cofactors, RNA targets or
metabolites are altered. For instance, the protein HuR (also known as ELAV-like protein
1) binds to the metabolite UDP-glucose, which prevents HuR association with SNAI1
mRNA. Mutations in HuR that abrogate UDP-glucose binding occur in various cancer
cells, and result in increased binding and stabilization of SNAI1 mRNA, which encodes
an epithelial to mesenchymal transition marker, leading to a cellular gain of invasive
properties3*. Third, mutations may affect the (enzymatic) properties of RBPs that have
dual roles as enzymes. For example, mutations in the translation initiation factor
complex elF2B cause leukoencephalopathy with vanishing white matter (OMIM
#603896), a fatal widespread loss of brain glial content. These mutations usually reduce
the guanine-nucleotide exchange factor (GEF) activity of this complex, leading to
reduced levels of elF2-GTP and to an overall decrease of translation3®. Fourth, mutations
can cause mislocalization and/or aggregation of the protein (for example, see the FUS
(fused in sarcoma) discussed below). Last, mutations in RBP binding sites can influence
their regulation by RBPs. For example, mutations in the iron-responsive element of the
gene FTL affect IRP1 binding to FTL mRNA and result in hyperferritinaemia-cataract
syndrome (OMIM #600886)3°.

Mutations in RBPs are found more often in functional domains outside RBDs
(Figure 5a). Intriguingly, somatic mutations also frequently affect the untranslated
regions (UTRs) of transcripts encoding RBPs compared with other proteins or
transcription factors (Figure 5a). This finding points to de-regulation of RBP expression
at the post-transcriptional level in disease, and to cross-regulatory RBP networks that
would be interesting to decipher in future studies. Protein—protein interaction networks



using STRING?’ indeed reveal extensive connections among RBPs. Two examples are
shown in Figures 5b-c for Alzheimer disease and dyskeratosis congenita, respectively,
where contacts with and among RBPs are extensive and central, involving founding
disease members such as amyloid precursor protein (APP) and dyskerin (DKC1) as RBPs.

We next illustrate the variety of disease mechanisms caused by RBP mutations
with select examples that show the relevance of RBP dynamics in the generation of
disease, and the surprising phenotypic specificity of mutations in RBPs that perform
general functions.

Disordered regions, phase transitions and neurodegenerative disorders
Some RBPs display the propensity to coalesce into membraneless compartments by a
process known as liquid-liquid phase separation, where a homogeneous solution of
macromolecules de-mixes into a dense phase rich in macromolecules and a surrounding
dilute phase. The assembly of membraneless compartments involves the establishment
of multiple weak interactions between RNA molecules and RBPs, generally engaging
low-complexity, disordered regions of RBPs (and other proteins)®-#1. The nature of this
network of interactions allows the exchange of macromolecules with the surrounding
cellular environment and makes these compartments dynamic and reversible. It has
been proposed that cell compartments such as the nucleolus, and a suite of RNP
granules including P-bodies, stress granules, P-granules in Caenorhabditis elegans,
paraspeckles and Cajal bodies, among others, are formed following the principles of
phase separation®?“* (reviewed in ref. 45). However, the involvement of true liquid—
liquid phase separation in the formation of these compartments has been challenged?®.

Condensates assembled by phase separation can transit different material
states. Although initial de-mixing generally yields macromolecular condensates with
liquid-like properties, these assemblies can progress into hydrogel-like states with
reduced fluidity, and even into dense pathological aggregates (Figure 6a). Regarding
function, liquid-like compartments may foster concentrated biochemical reactions,
whereas more viscous assemblies could serve to inactivate or store macromolecules.
However, a clear causal link between cellular condensates, material properties and
function is still missing. Pathological protein aggregates, which are common in
neurodegenerative disorders*’#¢, are solid-like inclusions that are irreversible. Indeed,
many degenerative brain diseases are characterized by the deposition of toxic protein
aggregates containing RBPs, for example, of amyloid-3 and Tau in Alzheimer disease, a-
synuclein in Parkinson disease, and FUS, EWS and TAF15 (also referred to as FET
proteins) or TDP43 in amyotrophic lateral sclerosis (ALS) and frontotemporal dementia
(FTD)*°. Numerous disease-associated RBPs have disordered prion-like domains, which
promote protein-protein interactions that can accelerate liquid to solid phase
transitions#041,47,48

Recent advances in phase separation research are exemplified by the protein
FUS (Fused in sarcoma). FUS is a multifunctional RBP involved in practically all steps of



gene expression, although it is best known as a transcription, DNA damage repair and
splicing factor. FUS contains two types of low-complexity regions that synergize in phase
separation, an amino-terminal prion-like domain rich in QGSY residues; and carboxy-
terminal RGG-rich regions that contribute to RNA binding3®4® (Figure 6b). Interactions
of Y residues of the former domain with R residues of the latter primarily govern phase
separation, whereas Q, G and S residues modulate fluidity, revealing a molecular
grammar with potential predictive capacity®®. Mutations in some of these residues
accelerate the formation of amyloid aggregates and correlate with neuronal toxicity in
fly models, linking amyloid formation with neurodegeneration®’*°. Importantly, RGG
regions are in close proximity to nuclear localization signals, and a large fraction of FUS
mutations cause its cytoplasmic localization®”°%°1, The relative contribution of loss of
nuclear function versus toxic aggregation in the cytoplasm to disease is unclear.

The dynamics of phase separation may change with age. It has been speculated
that gradual loss of gene expression control is accompanied by changes in the
concentration and heterogeneity of macromolecules, accumulation of misfolded
proteins and decline in mitochondrial activity, circumstances that promote the
appearance of amyloid aggregates®?. Together with defective clearance of these
aggregates owing to a decline in the activity of the proteasome and autophagy
machineries, these factors could potentially explain why the appearance of amyloid-
related neurodegenerative disorders increases with age in humans.

Fragile X: a paradigm of nucleotide repeat expansion disorders and their complexity
Fragile X syndrome (FXS) is the most common form of inherited intellectual disability,
and the first described example of a nucleotide repeat expansion disorder>3. It is caused
by CGG triplet expansions located within the 5° UTR of the FMR1 gene, the number of
excessive repeats correlating with the severity (and type) of disease: genotypes of 5-44
repeats have no phenotype; those between 55 and 200 repeats (also called premutation
repeats) cause fragile X-associated tremor ataxia syndrome (FXTAS); and expansions
>230 repeats lead to hypermethylation and silencing of the FMR1 gene, resulting in
FXS°4,

The FMR1 gene encodes FMRP, an RBP involved in transport and translation of
mRNAs in neurons>>’. FMRP contains two KH RBDs and one RGG region (Figure 7a).
The relevance of FMRP RNA binding in disease was supported by an early report of a
patient with FXS with a normal triplet repeat number but bearing a point mutation
(1le304Asn) in the KH2 RBD>%>°. It was later found that FMRP associates with polysomes,
and the lle304Asn mutation abrogates this association, suggesting roles in translational
control®. Efforts to precisely understand FMRP RNA-binding specificity and function are
ongoing, focusing on mechanisms by which this protein can control translation. In vitro
RNA selection experiments showed that the RGG box of FMRP binds to specific G-rich
sequences, so-called G-quartets®!, whereas the KH2 domain recognizes an intricate
tertiary structure referred to as the ‘kissing complex’®2. However, studies performed in



vivo failed to detect these elements within FMRP target RNAs, yet found a predominant
association of FMRP with open reading frames and a role in stalling elongating
ribosomes>’. Such a role is supported by recent cryogenic electron microscopy structural
data showing that the KH domains of FMRP interact directly with the ribosome near the
P-site, whereas the RGG box is free to potentially interact with mRNA targets®.
Additional reports have argued that FMRP binds to mRNA via short sequence
elements®, structured motifs® or indirectly via non-coding RNA®®. Similar to the
apparent diversity of binding modes, alternative mechanisms of translational control
have been put forward, such as repression of translation initiation®®, modulation of

67-63 and even translation activation® 79, Although these

microRNA-mediated repression
scenarios are not mutually exclusive, further work is required to resolve the roles of
FMRP in translational control.

The fact that different numbers of CGG repeats in the 5" UTR of the FMR1 gene
elicit different syndromes is intriguing. Contrary to FXS, FXTAS is characterized by a
significant increase in FMR1 mRNA with only slight reductions in FMRP levels, which
originally suggested an RNA-mediated mechanism in the pathogenesis of the disease. A
hallmark of FXTAS is the accumulation of ubiquitin-positive intranuclear inclusions
containing FMR1 mRNA’! (Figure 7b). These inclusions are detected throughout the
central nervous system of patients with FXTAS in a manner that correlates with the
number of CGG repeats, and are absent in patients with FXS (who lack expression of
FMR1), suggesting a role in the disease’?. Research using FXTAS fly models or
mammalian cells implicated premutation repeats in the formation of nuclear RNA
inclusions that function as ‘RBP sinks’, sequestering the trapped RBPs from their normal
functions’37®. This RNA-driven mechanism of FXTAS has not been confirmed in mouse
models; in mice, no RNA inclusions formed by premutation repeats alone were
detected, and data point to unconventional repeat-associated non-AUG initiated (RAN)
translation as the primary mechanism of disease. RAN translation leads to production of
toxic polyglycine-containing FMRP peptides that can be detected in inclusions’” and
seem to be responsible for neurodegeneration, potentially by interacting with the
nuclear lamina’é.

FMR1 is ubiquitously expressed, with higher expression in the brain, thyroid
gland, and female reproductive organs. Given the important functions of FMRP, it is not
surprising that its complete absence has dramatic consequences, especially for the brain
and gonadal tissues. What is less clear is why other tissues are not phenotypically
affected. Perhaps the complexity inherent to the brain and gonads has evolved at the
expense of an equally complex post-transcriptional regulatory programme, creating
strong dependencies on RBPs such as FMRP.

Mutations in gene-specific and general RNA processing factors: RBM10 and PRP8
Mutations in the gene encoding the RBP RBM10 underlie the X-linked pleiotropic
developmental TARP syndrome (OMIM #311900)7°%. RBM10 can function as a splicing



regulator and, indeed, alterations in alternative splicing have been identified in
lymphoblastoid cell lines derived from a patient with TARP syndrome, as well as in
mandibular cells from Rbm10 knockout mice and mouse embryonic stem cells depleted
of RBM10 (refs 81, 82). These findings suggest that splicing alterations are
mechanistically involved in the pathogenesis of TARP syndrome. Possibly related to
heart abnormalities in this syndrome, RBM10 can also regulate mRNA 3'-end formation
of genes involved in cardiac development?®3.

In addition to TARP syndrome, somatic mutations in the RBM10 gene occur in
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numerous cancers, including lung adenocarcinoma®-®’, colorectal cancer®®, pancreatic

cancer® and bladder cancer®®. Consistent with context-specific functions of RBPs in

9193 possibly linked

cancer, RBM10 can function as a tumour suppressor or an oncogene
to expression of alternatively spliced variants and cross-regulatory feedback loops with
the related protein RBM5 (ref. 94). The functions of RBM10 as a tumour suppressor can,
at least in part, be explained by modulation of alternative splicing of genes relevant for
the control of cell growth and apoptosis, including the Notch regulator NUMB%%9>:%6,
Mechanistically, RBM10 binds to specific sequence motifs in the pre-mRNA and inhibits
inclusion of exons near RBM10 binding sites®1°1°7, |eading to defects on specific genes
and to precise outcomes in the context of development and cancer. In contrast to
RBM10, mutations in conserved core splicing factors -in principle, required for removal
of every intron- would be expected to have an impact on general splicing and
widespread cellular functions and cell viability. Remarkably, however, some such
mutants lead to highly specific developmental defects. For example, PRP8 (also known
as PRPF8) is a central component of spliceosomes that chaperones the RNA-based
catalytic centre, is in close contact with the splice sites and, through protein—protein
interactions, modulates the activity of BRR2, a helicase that initiates key RNA—RNA
rearrangements leading to splicing catalysis®®1%1. Mutations in the C-terminal domain of
PRP8 disrupt the interaction with BRR2 and cause a severe form of the eye condition
retinitis pigmentosa'®?1%, Rather than overall defects in RNA processing, disrupted
splicing of the autophagy regulatory gene ULK1 leads to impaired hypoxia-induced
mitochondrial clearance (mitophagy), which is believed to contribute to the
pathogenesis of this disease!. Interestingly, mutations in other core splicing factors,
including PRP31, which acts at the same step as PRP8, can also cause retinitis
pigmentosal®. These examples illustrate how mutations affecting factors fundamental
for the expression of most genes can nonetheless display very specific and rather
defined phenotypes, once again arguing for strong effects of cellular context in the
generation of disease phenotypes.

RBP-targeting therapeutics

In the past, RBPs were considered as largely ‘undruggable’, because of the lack of
enzymatic pockets typically targeted by small molecules, the high structural similarity
between individual members of RBD families, and the significant fraction of



unstructured regions present in these proteins. This picture is starting to change, and
RBPs are emerging as promising novel therapeutic targets.

One example is provided by three families of natural products harbouring a

common pharmacophore -spliceostatin, pladienolide B and GEX1- that display
antitumour effects in various cancer models®’. These compounds inhibit pre-mRNA
splicing by binding to the interface between two interacting protein components of U2
small ribonucleoprotein complex (snRNP), SF3B1 and PHF5A%%1%° (Bex 1). Although
these interactions are essential for splicing of every intron, introns with different
sequences flanking the branch site (and, consequently, harbouring different base-
pairing potential with U2 small nuclear RNA) display differential sensitivity to these
compounds. The resulting differential effects on splice site selection can form the basis
of the anti-proliferative and pro-apoptotic effects of these drugs, for example, by
modulating the balance between pro-apoptotic and anti-apoptotic isoforms of the
protein MCL1 (refs 110-113). This example illustrates how drug targeting of an essential
splicing step can yield effects on specific transcripts, with potential therapeutic utility.
Interestingly, in addition to being the target of anti-tumour drugs, SF3B1 is frequently
mutated in haematological malignancies as well asin solid tumours, leading to activation
of cryptic 3' splice sites believed to alter the function of genes important for tumour
progression (reviewed in refs 114 and 115).
A different class of RNA-focused therapy aims to block the access of RBPs to their
binding sites on specific transcripts using chemically modified antisense
oligonucleotides (ASOs)!*. The recent success of this approach for the treatment of
spinal muscular atrophy (SMA) paves the way to novel therapies for other genetic and
multigenic pathologies!!’. SMA is a motor neuron disease caused by inactivation of the
gene SMN1. Masking an intronic splicing silencer recognized by heterogeneous nuclear
RNP (hnRNP) A1/A2 in pre-mRNAs of the closely related gene SMN2 prevented binding
of hnRNP A1/A2 to its cognate cis-acting regulatory sequence, and thus enhanced
inclusion of the otherwise largely skipped exon 7, inducing the production of functional
SMN protein and rescuing SMA-related phenotypes in mice''®1°, This observation led
to the development of nusinersen, a splicing-modifying ASO drug administered to
patients with SMA as quarterly intrathecal lumbar injections, with remarkable
therapeutic effects!?%123, Of relevance, small molecules that promote inclusion of SMN2
exon 7 have now also been identified'?4126, and some of these molecules are undergoing
clinical trials as orally bioavailable drugs. Remarkably, these compounds act by
promoting specific recognition by U1 snRNP of the 5' splice site associated with SMN2
exon 7, demonstrating that it is possible to identify small-molecule modulators of a
generic molecular recognition event with functional specificity and therapeutic
relevance.

Another instance of 5' splice site regulation by small molecules with therapeutic
relevance is familiar dysautonomia (OMIM #223900), a neurodegenerative genetic
disorder that results from mutation of position +6 in intron 20 of the /IKBKAP gene. The



mutation affects the interaction of the 5' splice site with U1 snRNP, leading to exon
skipping and mRNA degradation by the nonsense mediated decay pathway, an effect
which is particularly strong in the nervous system?’. Several promising therapeutic
compounds restore the use of the mutated 5' splice site through mechanisms that
remain to be firmly established'?’-130, Whereas the plant cytokinin kinetin and the
polyphenol epigallocatechin gallate (ECGC) seem to modulate the levels of particular
splicing regulators, another compound (RECTAS) might inhibit the interaction of hnRNP
H proteins with splicing silencers and, thus, facilitate binding of U1 snRNP to the
mutated 5' splice site’?®%31, An approach conceptually similar to the mechanism of
nusinersen, consisting of blocking the binding of hnRNP A1 to a splicing silencer, was
also shown to restore splicing and IKBKAP function'32.

In sum, RNA—protein interactions can be regulated by small molecules that alter
RNA-protein interactions or by ASOs that block the access of RBPs to their cognate
binding sites, leading to specific effects that can be exploited for the treatment of
disease. Other therapeutic approaches based on the use of oligonucleotides exist,
including RNA aptamers (RNAs selected by in vitro evolution to specifically bind to target
proteins) and short interfering RNAs, which trigger RNAI. Although only a fairly small
number of oligonucleotide-based agents are currently in clinical use, advances in
chemical modifications of their backbone or nucleobases, bioconjugation with lipids,
sugars, peptides or antibodies, and a rapidly expanding catalogue of nanocarriers
(including natural extracellular vesicles such as exosomes) hold the promise for
overcoming current limitations in efficient tissue delivery (reviewed in ref. 116).

Conclusions and perspectives

This Review highlights the pervasive involvement of RBPs in human genetic disease.
Who would have guessed that the number of disease-associated RBPs already exceeds
1,000? At the same time, it is apparent that, with very few exceptions, we lack
pathomechanistic understanding. Pertinent questions to be answered include: what are
the physiological roles of the ‘disease RBPs’, which complexes do they form and what
are their dynamics? How do RBP mutations contribute to phenotypic outcomes at a
mechanistic level? Which ‘target RNAs’ do RBPs recognize? Can we use structural data
to aid in drug development? The vast genetic evidence calling for mechanistic,
biochemical and structural insights highlights major unmet needs for intensive research
in RNA biology, a widely overlooked opportunity for profound discoveries with
translational potential and, consequently, a strong candidate for an urgent funding
priority.

Even readers from the field of RNA biology may look sceptically at 3,000- 4,000
different human RBPs, especially when many of them lack the hallmarks of RBPs as we
knew them a decade ago: architectural features such as RBDs and functional roles in the
control of RNA fate. However, the fact that RNA aptamers can be selected as specific,
high-affinity binders of proteins and other molecules'3? demonstrates that for a protein
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to specifically interact with RNA, it does not necessarily need to harbour a well-
established RBD.

Riboregulation*!3, whereby RBPs are directly regulated by RNAs, offers an
additional rationale for a much higher number of RBPs than previously anticipated: if
one assumes that protein functions such as complex formation or enzymatic activity can
be regulated by RNA, it follows that numerous proteins could bind RNA for regulatory
purposes. Future work will have to uncover the scope of riboregulation in biology. As a
corollary of this consideration, disease mutations in newly recognized RBPs need to be
examined for their effects on RNA binding, especially when the phenotypic effect of the
mutation cannot be plausibly explained on the basis of the previously known functions
of the protein. An excellent example of this is hydroxysteroid dehydrogenase HSD17B10,
a mitochondrial enzyme involved in the metabolism of sex hormones and neuroactive
steroids. HSD17B10 is mutated in patients with a mitochondrial
cardiomyopathy/neuropathy syndrome (OMIM #300438), and a non-enzymatic

134 Following its

function has been suspected to explain the disease phenotype
recognition as an RBP, the major disease mutation in HSD17B10 was found to diminish
the protein’s binding to mitochondrial pre-tRNAs®, explaining its role as a subunit of the
RNase P complex that processes mitochondrial tRNAs'3>. Clearly, we need to approach
the many RBPs involved in genetic disease with a widely open mind, ready to discover
the unorthodox. Another recent example of the need for open-mindedness and for
careful experimental analysis is the emerging importance of intrinsically unstructured
regions in RNA binding, liquid de-mixing phenomena and their link to
(neuro)degenerative disorders.

We also wish to draw attention to RNA biology and RBPs as a new therapeutic
area, in spite of the complexities associated with proteins exerting broad biological
functions and having numerous targets. The inherent potential for specific targeting by
ASO is easy to appreciate, but the work required to show that ASOs reach their
intracellular targets at concentrations required to elicit therapeutic benefits in real-day
clinical situations is far from obvious. Likewise, one would not have expected effects on
specific splice junctions and improved disease phenotypes from small-molecule drugs
that target the core splicing apparatus. Therefore, we can only start to imagine the many
opportunities that lie ahead.
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Figure 1. RNA-binding proteins control RNA life. Nuclear (transcription, splicing,
capping, polyadenylation) and cytoplasmic (transport, localization, translation,
degradation) steps of mMRNA metabolism are depicted. For a more detailed overview of
the diversity of ribonucleoprotein particles (RNPs) present in the cell, see ref. 2. RNA Pol
II, RNA polymerase Il; RBP, RNA binding protein.

Figure 2. High-throughput approaches to identify RNA-binding proteins and their
binding sites on RNA. Following the description of RNA interactome capture (RIC), a
plethora of unbiased, high-throughput studies have ensued that identify RNA-binding
proteins and their RNA-binding domains (RBDs). These methods include UV-
crosslinking in living cells and, thereby, identify bona fide in cellulo interactions.

a) Methods based on oligo(dT) capture. RIC: Proteins are covalently crosslinked to the
RNA using UV irradiation, cells are disrupted, polyadenylated ((poly (A)) RNA is
selected from cell extracts using oligo(dT) beads, contaminants are removed by
rigorous washing, and associated proteins are identified by mass spectrometry (MS).
This technology primarily identifies RBPs bound to mRNA and other poly(A) RNAs.
Protocols using UV crosslinking at 254 nm (refs 6, 136), or feeding cells with the
nucleoside analogue 4-thiouridine (4SU) followed by crosslinking at 365 nm (ref. 7)
have been described. An improved version called enhanced RIC (eRIC) includes the use
of LNA-modified oligo(dT) capture probes, among other changes, minimizing
contamination by proteins bound to non-poly(A) RNAs?!. Serial interactome capture
(serlC) also allows higher specificity, as it includes two tandem RIC procedures
separated by enzymatic digestion of contaminating DNA?>. An extended RIC procedure
termed RBDmap has been designed to identify RNA-binding sites on RBPs. This
method consists of two oligo(dT) capture steps, and successive protease digestion of
isolated ribonucleoprotein particles (RNPs) with two different proteases. In this
technology, peptides adjacent to crosslinked peptides are identified®?3. A related
method with a single oligo(dT) selection step termed pCLAP (peptide crosslinking and
affinity purification) has been reported?*. b) Methods based on click chemistry.
Chemistry assisted RIC (CARIC): metabolic labelling of RNA using a ‘clickable’ uridine
analogue (5-ethynyluridine (EU)) and 4SU is followed by 365 nm UV-crosslinking,
addition of biotin to RNA using click chemistry, and the purification of RNP complexes
with streptavidin beads. This method allows the purification of all newly synthesized
RNA species and, thereby, is not limited to poly(A) RNAZ?®. A similar method termed
RICK (RNA interactome using click chemistry) lacking labelling with 4SU and, thereby,
performing UV-crosslinking at 254 nm has also been reported?’. ¢) Methods based on
differential solubility. OOPS (orthogonal organic phase separation): this method is
based on the principle that protein-RNA complexes, after covalent interactions
promoted by UV-crosslinking, stay at the interphase of an agueous-organic partition
using acidic guanidinium thiocyanate-phenol-chloroform (also known as TRIzol). The
method enables efficient recovery of all RNA species above 60 nucleotides and can be
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used with fairly little input material?®. Other methods termed XRNAX, TRAPP (total
RNA-associated protein purification) and 2C (complex capture) are also designed to
exploit the chemical nature of crosslinked RNA-protein complexes for their selection
irrespective of the polyadenylation status of the RNA2%137.138 pTex (phenol-toluol
extraction) is based on similar principles using different reagents. First, RNP complexes
accumulate in the aqueous phase after organic phenol-toluol separation; subsequent
extraction with acidic phenol leaves RNP complexes in the interphase®. d) Methods to
identify RBDs (see also RBDmap and pCLAP above). RNPxl: the first unbiased method
to identify RNA binding sites in RBPs3!. UV-crosslinked RNP complexes are digested
with proteases and nucleases, and peptide-RNA conjugates are enriched by size
exclusion chromatography (SEC) and reverse-phase C18 chromatography, followed by
MS and a specialized computational workflow to identify the crosslinked amino acids
and nucleotides. A related method called RBR-ID (RNA-binding region identification)
uses RNA labelling with 4SU and crosslinking at 312 nm to detect reductions in MS
intensity of crosslinked peptides compared with non-crosslinked controls'3°. RBS-ID
(RNA binding site identification) uses hydrofluoride treatment to fully cleave the
crosslinked RNA into mononucleotides, allowing direct MS identification of the
crosslink at single amino acid resolution with high sensitivity**°. iTRAPP, a modification
of TRAPP where purified protein-RNA complexes are digested with nuclease P1 and
trypsin followed by enrichment on titanium dioxide columns, also detects crosslinked
peptides!?’.

Figure 3. Human RNA-binding proteins involved in Mendelian and somatic genetic
diseases. a) Detection frequency of RNA-binding proteins (RBPs). We expanded the
collection of stringently curated human RNA interactome capture (RIC) studies* to 16
high-throughput studies in total®9:20-2224-3L141 'gn(d the data are available in Tables S1,
S2 and RBPbase. RBPs detected in at least two independent data sets are shown.
Previously annotated RBPs show the highest frequency of detection. b) Human RBP
superset. RBPs with at least 2 hits in RIC studies (2,650) were combined with a
compilation of previously annotated RBPs from a curated list?, Gene Ontology (GO)'#?,
RBPDB*3 and RNAcompete!**, This results in a superset of 3,470 human RBPs. ¢) Human
RBPs and RNA-binding domains (RBDs). Almost half of the proteins computationally
predicted to contain an RBD display RNA-binding activity experimentally and are present
in our human RBP superset. Disease-associated human RBPs (part d) and transcription
factors (TFs) (part e) were annotated with Mendelian and somatic disease associations
extracted from the Open Targets platform®*®. f) GO biological process enrichment
analysis of disease-associated RBPs. g, h) Therapeutic areas of disease-associated RBPs.

145 were summed

Disease mutations with an association score > 0.2 from Open Targets
for selected therapeutic areas for RBPs, TFs'#>14¢, and all other proteins. RBPs that are

also TFs were counted in both groups. The accumulated association scores were
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normalized for the amount of proteins in each category. Additional information on
methods is available at http://www.hentze.embl.de/public/hRBPdiseases.

Figure 4. Potential effects of mutations in RBP genes. Only mutations in the transcribed
regions of genes have been considered. Mutations in non-coding regions (that is,
untranslated regions (UTRs) and introns) or coding exons (open reading frames (ORFs))
of the pre-mRNA, may lead to altered mRNA levels, defective intracellular localization
of the transcript or alternative transcript isoforms. For example, mutations in introns
can lead to intron retention and subsequent nonsense-mediated decay of the transcript
(top). Mutations in the coding region may elicit various effects depending on the type
and location of the mutation. Nonsense mutations lead to protein truncation and
defective activity. Missense mutations affecting sites of post-translational modification
(PTM) may lead to altered signal perception. Mutations in RNA-binding domains (RBDs)
or in protein-protein interaction (PPl) domains lead to defects in ribonucleoprotein
particle (RNP) assembly and function. Mutations in low-complexity (LC) and disordered
regions may lead to changes in the solubility of RNA-binding proteins (RBPs) ultimately
resulting in accumulation of toxic aggregates. For those RBPs that display dual roles as
enzymes, mutations in the enzymatic (Enz) domain may lead to defective catalysis
(bottom). The consequences of mutations are not mutually exclusive. For instance,
mutations in PTMs may not only lead to altered signal perception but also modify the
interaction of the RBP with partners and its localization, stability or solubility.

Figure 5. Location and networks of disease-associated mutations. a) Location of
disease-associated mutations in the mRNA of RNA-binding proteins (RBPs), transcription
factors (TFs) and other proteins. Genomic locations of mutations were flattened and
splitinto 5’untranslated region (UTR), 3’"UTR, coding sequence (CDS) and intron regions.
Genomic locations in PFAM domains were subtracted from these coordinates and
divided into the RNA-binding domain (RBD) and other domains. TFs that bind RNA and
contain RBDs have also been considered within this group. b, €) STRING3” network of
proteins with Mendelian or somatic disease-associated mutations for Alzheimer disease
(part b) and for dyskeratosis congenita (part c). Red nodes indicate human RBPs. Size of
nodes shows the disease association score; thickness of edges displays the evidence
score from STRING. ABCA7, ATP-binding cassette subfamily A member 7; ACD,
adrenocortical dysplasia protein homologue; ADAM10, disintegrin  and
metalloproteinase domain-containing protein 10; APOE, apolipoprotein E; APP, amyloid
precursor protein; CSF1R, colony-stimulating factor 1 receptor; CTC1, conserved
telomere maintenance component 1; DKC1, dyskerin; GRN, granulin precursor; HFE,
homeostatic iron regulator; INPP4A, inositol polyphosphate-4-phosphatase type IA;
MAPT, microtubule-associated protein Tau; MTND1, mitochondrially encoded
NADH:ubiquinone oxidoreductase core subunit 1; NHP2, NHP2 ribonucleoprotein;
NOP10, NOP10 ribonucleoprotein; PARN, poly(A)-specific ribonuclease; PSEN,
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presenilin; RTEL1, regulator of telomere elongation helicase 1; SORL1, sortilin related
receptor 1; TERT, telomerase reverse transcriptase; TINF2, TERF1 interacting nuclear
factor 2; UNC5C, netrin receptor UNC5C; VCP, valosin-containing protein; WRAP53, WD
repeat-containing protein antisense to TP53 gene.

Figure 6. RNA-binding proteins and phase transitions. a) Physical states of
ribonucleoprotein particle (RNP) assemblies. Soluble RNPs can undergo initial de-mixing,
resulting in liquid-like condensates that may further transit into more viscous hydrogel-
like states and solid-like pathological aggregates. Dynamic RNP assemblies within the
cell are thought to interchange between the first two states, whereas the last state is
largely irreversible and toxic. b) Principles of FUS (fused in sarcoma) liquid de-mixing.
Domain organization of FUS (top). Hotspots for mutations causing the
neurodegenerative disorders amyotrophic lateral sclerosis and frontotemporal
dementia are indicated. Contacts between tyrosine residues in the prion-like domain
(PrLD) and arginine residues in the region rich in arginine and glycine residues (RGG)
promote liquid-liquid phase separation, with mutations promoting aberrant transitions
to toxic aggregates (bottom). NES, nuclear export signal; NLS, nuclear localization signal;
RRM, RNA recognition motif; ZF, zinc finger.

Figure 7. Mechanisms of disease in fragile X syndrome and FXTAS. a) Domain
organization of FMRP, indicating the location of the disease-causing mutation I304N. b)
Trinucleotide expansions ([CGG]n) in the FMR1 gene are viewed as a thin (fragile) region
of the X-chromosome. Expansions to 55-200 repeats lead to the formation of nuclear
aggregates containing polyG-FMRP or excess FMR1 mRNA that sequesters other RNA-
binding proteins, leading to fragile X-associated tremor ataxia syndrome (FXTAS).
Expansions over 230 repeats lead to hypermethylation and silencing of the FMR1 gene,
causing fragile X syndrome. FMRP has been proposed to regulate mRNA translation in
neurons by various mechanisms. One of these, repression of translation elongation, has
gathered more attention and is depicted here. FMRP may also aid in the transport of
ribonucleoprotein particle granules towards synaptic terminals, where mRNAs are
derepressed in a stimulus-dependent manner. KH, K-homology; NES, nuclear export
signal; NLS, nuclear localization signal; RGG, region rich in arginine and glycine residues.

Box 1. The splicing process and current pharmacological targets

Removal of introns from mRNA precursors (pre-mRNA splicing) requires recognition of
sequences at the 5' and 3' ends of the intron (splice sites) by U1 and U2 small nuclear
ribonucleoprotein complexes (snRNPs), respectively (see the figure). Recognition
involves base-pairing interactions between the pre-mRNA and RNA components of the
snRNPs: U1 small nuclear RNA (snRNA) base pairs with the 5' splice site and U2 snRNAs
with the branch site region closely upstream of the 3' splice site. The branch site is an
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adenosine residue that forms a 2'-5' phosphodiester bond with the 5' splice site during
the first catalytic step of the splicing process. As splice site sequences of higher
eukaryotes are relatively variable, the configuration of base-pairing interactions
(number and position of base-paired nucleotides) varies among splice sites. Small
molecules that stabilize recognition of specific 5' splice sites by U1 snRNP are being
tested as orally bioavailable drugs for the treatment of spinal muscular atrophy (SMA).
Antisense oligonucleotides (ASOs) that inhibit the binding of heterogeneous nuclear
ribonucleoproteins (hnRNPs) to an intronic splicing silencer have also been shown
effective against SMA (see main text for details). Small molecules that bind to the
interface between the U2 snRNP components SF3B1 and PHF5A display antitumour
properties. These molecules prevent a conformational change in the HEAT repeats
domain of SF3B1 that is essential for proper recognition of the branch site—U2 snRNA
interaction10%109,147,

Glossary:

RNA interactome- The group of proteins that interact with RNA.

Intrinsically disordered regions- Protein regions that lack a stable secondary or tertiary
structure.

Germline mutation- A mutation that occurs in the germline and, therefore, is inherited
by the next generation.

Somatic mutations- Mutations that occur in somatic cells and, therefore, are not
transmitted to the next generation.

Genetic disease- A disease that is caused by mutations in a gene or a group of genes.

Mendelian disorders- Diseases caused by gene mutations in the germline and inherited
either in a dominant or recessive manner according to Mendelian laws.
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