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Abstract
RNA binding proteins (RBPs) play key regulatory roles throughout the life cycle of RNA
molecules. In particular, post-transcriptional regulation by RBPs is pertinent to neuronal biology due to their extended morphology and consequently the need for local transcriptome
and proteome remodelling at distal compartments. When bound to their RNA partners, collections of RBPs tend to assemble into higher-order ribonucleoprotein complexes (RNPs),
but surprisingly little is known about the mechanisms that ensure that each mRNA molecule
correctly assembles into a specific mRNP. RNP assembly is also a crucial puzzle in our understanding of neurodegenerative diseases like Amyotrophic Lateral Sclerosis (ALS), where
aberrant aggregation of RNPs is a hallmark of pathology and degeneration. Therefore I have
focused on the study of the assembly of RNPs relevant for neuronal function and our understanding of ALS.
The thesis has 3 parts, describing methods and insights pertaining to protein-RNA interactions, RNA-RNA interactions and the higher-order assembly of RNPs. First, I describe
the optimisation of iCLIP (individual nucleotide-resolution crosslinking and immunoprecipitation), which identifies endogenous protein-RNA interactions in a transcriptome-wide
manner. Second, I present hiCLIP (RNA hybrid iCLIP) studies of STAU2, a doublestranded RBP that controls localised mRNAs, identifying its physiological mRNA partners
of STAU2 in rat brain. I comprehensively characterize the RNA duplexes that are bound
by STAU2 in the cortex, which provides a view into the role of secondary structure of localised mRNAs in RNP assembly. Thirdly, using imaging methods, I assess the dynamics
of nuclear TDP-43, an RBP with a central role in ALS, by using a panel of deletions and
mutations in the C-terminal domain, to investigate how homomeric interactions affect RNP
assembly.
In summary, I have developed transcriptomic and imaging techniques to integrate our
insights into the assembly of protein-RNA complexes, with implications for their neuronal
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function and role in neurodegenerative disease.

Impact Statement
Several aspects from this PhD work contribute to scientific advances in the studies of
protein-RNA interactions and the understanding of neuronal RNA biology. These will be
included in future research publications.
1. CLIP technology development.
We have extensively reviewed the development of Crosslinking and Immunoprecipitation (CLIP) methods since its invention, a biochemical technique which enabled
studies of RNA binding proteins (RBPs) and their specificity in order to understand
its function in regulating the transcriptomic landscape (Lee and Ule, 2018). Following this, we have streamlined and further developed individual nucleotide resolution
CLIP (iCLIP) to be more convenient and efficient, increasing the sensitivity but retaining the specificity of the method. We intend to publish the new iCLIP protocol in
the coming year to enable other researchers to perform reproducible experiments in
order to understand RBPs and their function, through a high-throughput identification
of its binding sites. This streamlined protocol may be more amenable for commercialisation of an ‘iCLIP kit’ which we envision to help an average user to set up this
method.
2. The studies on STAU2 and mRNA structures have implications in our understanding of neuronal development and plasticity mechanisms.
Moreover, Staufen proteins are implicated in neurodegenerative diseases such as
Amyotrophic Lateral Sclerosis (ALS) and Spinocerebellar Ataxia 2, hence knowledge of its RNA partners and mechanistic contribution to post-transcriptional control
in neurons benefit our understanding of neurodegeneration.
3. We have dissected the contribution of the C-terminal intrinsically disordered region (IDR) of TDP-43 in terms of its dynamics in vivo and formation into higher-
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order nuclear granular structures. This has implications in understanding the
aberrant transitions of TDP-43, including disease mutants in ALS, into solid
structures during stress and neurodegeneration.
We intend to publish these findings by integrating together with our transcriptomic
insights using iCLIP using the same cell lines which manipulate the IDR of TDP-43.
This also sets a framework of detailed integrative analysis between transcriptomic
and imaging assays for RBPs, highlighting a link between macroscopic granule formation and direct molecular rearrangements in transcriptome-wide RBP binding sites
and hence any further understanding of the regulatory output of an RBP.
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Common Abbreviations

3’UTR

3’ Untranslated Region

4SU

4-Thiouridine

5’UTR

5’ Untranslated Region

bp

Base Pair

ADAR

Double-Stranded RNA-Specific Adenosine Deaminase

ALS

Amyotrophic Lateral Sclerosis

APEX

Ascorbate Peroxidase

ATP

Adenosine Triphosphate

Calm3

Calmodulin 3

Camk2a

Calcium/Calmodulin Dependent Protein Kinase II Alpha

Cas

CRISPR-Associated

cDNA

Complementary DNA

CDS

Coding Sequence

CLIP

Crosslinking and Immunoprecipitation

CRISPR

Clustered Regularly Interspaced Short Palindromic Repeats

crRNA

targeting sequence of the synthetic single guide RNA provided to Cas nuclease

DNA

Deoxyribonucleic Acid

dox

Doxycycline

DMEM

Dulbecco’s Modified Eagle’s Medium

DMS

Dimethylsulphate

DRB

5,6-Dichloro-1-β -D-Ribofuranosylbenzimidazole

dsRBD

Double-Stranded RNA Binding Domain

dsRBP

Double-Stranded RNA Binding Protein

DTT

Dithiothreitol

eCLIP

Enhanced CLIP

14

Common Abbreviations

EDTA

Ethylenediaminetetraacetic Acid

ESC

Embryonic Stem Cell

FBS

Fetal Bovine Serum

FDR

False Discovery Rate

FRAP

Fluorescent Recovery After Photobleaching

FTD

Frontotemporal Dementia

GFP

Green Fluorescent Protein

GO

Gene Ontology

gRNA

’guide RNA’, technically crRNA

hiCLIP

Hybrid iCLIP

HPLC

High Performance Liquid Chromatography

HRP

Horseradish Peroxidase

iCLIP

Individual Nucleotide Resolution CLIP

IDR

Intrinsically Disordered Region

IgG

Immunoglobulin G

iPSC

Induced Pluripotent Stem Cell

irCLIP

Infrared CLIP

KD

Knockdown

LC domain

Low Complexity Domain

lncRNA

long non-coding RNA

MAPT

Microtubule-Associated Protein-Tau

MFE

Minimum Free Energy

miRNA

microRNA

MN

Motorneuron

mRNA

Messenger RNA

mRNP

RNP formed on mRNA

MW

Molecular Weight

NAI

2-Methyl-Nicotinic Acid Imidazolide

NMD

Nonsense Mediated Decay

NMJ

Neuromuscular Junction

nt

Nucleotide

P0/2/7

Postnatal Day 0/2/7

Common Abbreviations
PCA

Principal Component Analysis

PCR

Polymerase Chain Reaction

PEG

Polyethylene Glycol

PNK

Polynucleotide Kinase

PTM

Post-Translational Modification

RBP

RNA Binding Protein

RISC

RNA-Induced Silencing Complex

RNA

Ribonucleic Acid

RNase

Ribonuclease

RNP

Ribonucleoprotein Complex

ROI

Region of Interest

RRM

RNA Recognition Motif

rRNA

Ribosomal RNA

RT

Reverse Transcription

SBS

Staufen Binding Site

SDS-PAGE

Sodium-Dodecyl-Sulfate Polyacrylamide Gel Electrophoresis

SHAPE

Selective 2-Hydroxyl Acylation and Primer Extension

SMD

Staufen Mediated Decay

smFISH

Single-Molecule Fluorescence In Situ Hybridisation

SPRI

Solid Phase Reversible Immobilization

ssRBP

Single-Stranded RNA Binding Protein

STAU1

Mammalian Staufen 1

STAU2

Mammalian Staufen 2

TBE

Tris/Borate/EDTA (Buffer)

TDP-43

Transactive Response DNA Binding Protein 43 kDa

UCR

Ultra Conserved Region

UMI

Unique Molecular Identifier

UV

Ultraviolet (wavelength)

WT

Wild Type
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Chapter 1

General Introduction

1.1

Neuronal physiology, development and ALS

Neurons have complex cellular compartmentalisation and architecture, and are extremely
polarised cells capable of transmission of electrical impulse and activity. During neuronal
development, axonal and dendritic projections of neurons need to transverse the landscape
of the developing brain to establish synaptic connections with their partner, and the strength
of these synaptic connections within the neural circuitry are plastic in order to allow for
learning and memory.
Notably, the distinct morphology, polarisation and compartmentalisation of different
neuronal cell subtypes, and their connectivity, allows information to be processed and integrated by neural circuits, and for information to be transmitted through the nervous system
to ultimately drive learning, memory and behavioural outputs. The anatomical distances
can be extremely long between the distal compartments of a neuron, such as at the postsynaptic dendritic spine heads among the dendritic aborisation, and moreover along the
axonal projections towards the axonal growth cone during development or regeneration,
and the mature pre-synaptic compartment. Due to these distances, neuronal compartments
are highly autonomous in order to react to signals and stimuli in a spatiotemporally precise
manner. This autonomy has been demonstrated in experiments where the distal compartments, such as the axonal growth cone or dendrites, is severed from the cell soma, while
still maintaining dynamic motility, pathfinding behaviour or plasticity (Harris et al., 1987;
Kang and Schuman, 1996; Vickers et al., 2005).
To establish such anatomical complexity during development, its maintenance
throughout life, and beyond this to exhibit plasticity in neuronal functional connectivity
for learning and memory; these are some of the challenges in understanding the complexity
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and compartmentalisation of neuronal function.
A separate challenge is to understand the deregulation of neuronal function in neurodegeneration, in order to reverse this process for effective clinical treatments. In particular,
Amyotrophic Lateral Sclerosis (ALS), also known as motor neuron disease, is a neurodegenerative disorder affecting the upper and lower motor neurons which control voluntary
muscular movement (Charcot, 1869; Shaw et al., 2001). As motor neurons degenerate,
symptoms develop overtime causing the patient to lose the ability to control movement,
speech and eventually for breathing, leading to death by respiratory failure, on average 2-5
years after diagnosis (Shaw et al., 2001). Currently there is no effective treatment to cure or
halt the progression of the disease (Petrov et al., 2017).
During the PhD I address these challenges in molecular neurobiology, to establish a
better understanding of neuronal development and degeneration from the angle of posttranscriptional gene regulation and RNA metabolism.

1.2

Post-Transcriptional Regulation is pertinent to Neuronal Biology

To unravel the complexity of the brain, an important approach is to understand the regulation of gene expression in neurons, in order to disentangle the processes essential to the
establishment of learning, memory and behaviour. Of interest, neuronal gene expression is
regulated on the post-transcriptional level to enable this complexity. Neurons have highly
specialised transcriptome, and as one example of this, alternative polyadenylation and alternative last exons contribute to global lengthening of 3’ untranslated regions (3’UTRs)
during neuronal differentiation. These 3’UTR isoforms contain different sets of regulatory
sequence elements, therefore altering the life cycle of the messenger RNAs (mRNAs) to
allow precise control of protein expression, or in some cases changing the function of the
translated protein via localisation or protein-protein interactions (Mayr, 2017). Moreover,
establishment of neuronal compartmentalisation and subsequent maintenance of axons and
dendrites is dependent on directional RNA transport, which is a pre-requisite for subsequent local regulation of RNA stability and translation at the distal compartments (Holt and
Schuman, 2013).

1.2. Post-Transcriptional Regulation in Neurons

1.2.1
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The Features, Specialisation and Compartmentalisation of the Neuronal Transcriptome

Specialisation and Diversity of the Neuronal Transcriptome arise from Posttranscriptional Regulatory Mechanisms
Neurons are post-mitotic cells, and have evolved many specialised features, and this is reflected in its transcriptomic diversity in terms of cellular identity, which changes in aging.
In many instances, neurons have been highlighted for its diverse but specialised transcriptome and mechanisms for post-transcriptional regulation. For example, introns for neuronal
genes can be very long, and in order to ensure their splicing fidelity, these can participate in
recursive splicing, where the long introns are removed in two sequential splicing steps (Sibley et al., 2015). Moreover, circular RNAs, produced from the phenomenon of backsplicing
which circularises an exon sequence and can be promoted by complementary sequences in
the flanking introns, are abundant in the brain, in neurons and synaptoneurosomes (Zhang
et al., 2014; Ashwal-Fluss et al., 2014; Rybak-Wolf et al., 2015).
In addition to specialised splicing mechanisms, retrotransposition of LINE1 elements
are active in neurons compared to other somatic cells, which can also diversify the neuronal
transcriptome. Curiously reverse transcriptase activity dependent production of new APP
‘genomic cDNAs’ and RNA isoforms expressed from these events have been found to increase in the brain with age, only in the brain and neuronal cell types in culture, linking this
to aging-dependent sporadic neurodegeneration mechanism (Lee et al., 2018).

Alternative Splicing and Intron Retention
Alternative splicing is key to generate complexity of multiple neuronal types and partly underlie the formation of neural circuits. In addition, intron retention has emerged as a major
aspect of the neuronal transcriptome and its regulation, during development, for plasticity
and may be perturbed in disease. By sequencing of cortical tissue and cultured cortical
neuron RNA to high depth and coverage, Mauger et al. identified thousands of retained
introns in neuronal transcripts, some of which undergo activity-regulated splicing, nuclear
export and ribosome loading, contributing to the the early gene expression changes underlying plasticity and bypassing the lag of transcription (Mauger et al., 2016) (Figure 1.1A). In
another example, intron retention was found to be dynamic during neuronal differentiation
in a human induced pluripotent stem cell (iPSC) - motorneuron cell culture model, and is
temporally dysregulated in the patient-derived VCP mutant iPSC model of Amyotrophic
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Figure 1.1: Post-transcriptional regulation through intron retention in neuronal physiology
and degeneration
Continued on next page.
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Figure 1.1: Continued from previous page.
Models and examples of the roles mediated by intron retention in neuronal physiology, activitydependent gene expression and in ALS. (A) A subset of intron-retained neuronal transcripts are
stable within the nucleus, and upon activity stimulation, the introns are rapidly excised through
signalling pathway dependent on NMDA receptor and CAM kinase. 221 transcripts were found
to potentially undergo intron retention and activity-dependent intron excision. Fully-spliced transcripts can then be exported into the nucleus and loaded onto ribosomes for rapid translation into
protein, circumventing the delay of transcription. Figure is reprinted from Mauger et al. (2016),
with permission from Elsevier. (B) Example of temporal deregulation of intron retention for the
SFPQ gene, with the ALS model of patient derived iPSC lines carrying VCP mutation, differentiated into post-mitotic motorneurons. Showing the genome browser view of RNA-seq data from
control or VCP mutant iPSC lines at the pluripotent stage (iPSC), neuronal precursor (NPC) stage,
or post-mitotic stage (pMN). Bar graphs on the right quantifies the percentage of intron retention
(IR) in the SFPQ intron across the 3 time points. Figure is reproduced from Luisier et al. (2018)
(http://creativecommons.org/licenses/by/4.0/). (C) Schematic illustrating the assembly of STAU2 on
intron 16 containing CamkIIα mRNA to mediate dendritic and activity-regulated RNA localisation.
Figure is reproduced from Ortiz et al. (2017) (https://creativecommons.org/licenses/by-nc-nd/4.0/).

Lateral Sclerosis (ALS) (Luisier et al., 2018) (Figure 1.1B). Moreover, in support of the
relevance of intron retention for ALS, an independent study has found that several genetic
forms of ALS exhibit deregulation of FUS autoregulation which can be associated to an
intron retention event in the FUS transcript (Humphrey et al., 2019).
Stable transcripts with retained introns can either be trapped in the nucleus and poised
for export (Mauger et al., 2016), or can in fact be localised to the cytoplasm. With the
latter case, the retained intron can serve as an assembly platform for collections of RNA
binding proteins (RBPs), and can be important for mRNA localisation (Figure 1.1C) or
the redistribution of important nuclear RBPs to the cytoplasm (Luisier et al., 2018; Ortiz
et al., 2017; Sharangdhar et al., 2017). This is hypothesised to contribute to cytoplasmic
translocation of RBPs such as TDP-43 which further lead to nucleation of cytoplasmic
aggregates.

Alternative polyadenylation and alternative last exons leads to longer and more
diverse 3’UTR isoforms in the brain
Changes in pre-mRNA processing generally lead to global production of mRNAs with different and longer 3’UTRs during neuronal differentiation, regulated by the alternative last
exon or alternative poly(A) site usage (Hilgers et al., 2011; Miura et al., 2013; Taliaferro
et al., 2016b). Long 3’UTR isoforms often have neural specific functions (An et al., 2008;
Cajigas et al., 2012; Lau et al., 2010; Miller et al., 2002; Tushev et al., 2018). In particular, RNA localisation information is often encoded in cis-regulatory elements in alternative
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Figure 1.2: Regulatory consequences of alternative polyadenylation
Alternative polyadenylation, regulating the choice between proximal and distal poly(A)
sites, leads to mRNAs with short or long 3’UTRs. Changes in the length of the 3’UTR
give rise to different potential for protein-RNA interactions, RNA secondary structure
and RNA-RNA interactions. This leads to different fates for the two isoforms at the levels of stability, localisation and translation, for example in response to activity stimuli.

3’UTRs, and the mRNAs localised to neuronal processes tend to have the longest 3’UTRs
(Andreassi and Riccio, 2009; Andreassi et al., 2010; Jung et al., 2012; Shigeoka et al., 2016;
Taliaferro et al., 2016b).
A recent study has comprehensively identified the diversity of poly(A) site usage with
3’end sequencing in the rat hippocampus, focusing on the comparison between isoforms
localised to the neuropil versus the soma with microdissection (Tushev et al., 2018). They
have shown that the diversity of 3’UTR isoforms gives rise to differential regulatory potential for each transcript as there can be addition of new or duplicate elements to the 3’UTR
sequence for binding of trans factors, such as microRNA (miRNA)-seed sites or motifs
for RBPs such as the Rbfox family and FMRP. The addition of duplicate elements can
contribute to multivalency-driven regulation to increase the likelihood of interaction and
regulation. This then lead to differential localisation and stability of the transcript (Figure 1.2). They further showed a plasticity for activity-regulated remodelling of the local
transcriptome of the neuropil, which can arise through differential stabilisation or trafficking of transcripts with different 3’UTRs, or a yet to be defined local remodelling mechanism
for selected 3’UTR isoforms of certain transcripts (Tushev et al., 2018).
In summary, differential 3’UTR isoforms in brain can determine mRNA fate- its stability, localisation and transport, and local translation, and is greatly important in the establishment of axonal and dendritic compartments during development, plasticity and degeneration.

1.2. Post-Transcriptional Regulation in Neurons

1.2.2
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The local axonal or dendritic transcriptome and its regulation to facilitate neuronal development and homeostasis

There are various studies highlighting the importance of local post-transcriptional regulation
networks in establishing as well as maintaining neuronal compartmentalisation. For axonal
compartments, RNA transport and local translation has been shown to be important during
development, for axon guidance and branching (Jung et al., 2012; Shigeoka et al., 2016).
Conversely, dysregulation of axonal translation has been shown to elicit neurodegenerative
phenotypes (Yoon et al., 2012). In addition, local synthesis of transcription factors and
nuclear import machinery are implicated in retrograde signalling from degenerating axons
(Baleriola et al., 2014; Perry et al., 2012). For dendritic compartments, post-transcriptional
regulation is equally important, but have been studied in context of synaptic plasticity and
memory (tom Dieck et al., 2014).

RNA transport
As mentioned, neuronal cells have great needs for compartmentalised post-transcriptional
regulation, in order to respond to signals at distal sites away from the cell soma, such as
guidance cues in developing axonal growth cones, or synaptic activity in dendritic spines.
These are sensed in distal processes and require subsequent remodelling of the local transcriptome and proteome. Hence an integration of studies for spatial compartmentalisation
and dynamics of protein-RNA complexes during neuronal differentiation would benefit our
understanding both of brain development and the principles for post-transcriptional regulation and protein-RNA interactions.

Local Post-Transcriptional Regulation of mRNA stability
The local transcriptome needs to be post-transcriptionally regulated for homeostatic control or signal-induced responses. The half life and stability of mRNAs transported to the
the distal compartments should be under tight control, especially for temporally-precise dynamic bursts of local translation. There are studies which elegantly show how compartmentalised regulation of mRNA stability is important for neuronal development. One of which
is the precise regulation of non-sense mediated decay (NMD) of the transcripts encoding
for Robo3.2, a receptor for the Slit family of guidance cues, in the axons of commissural
neutrons during axon guidance. Here, NMD is triggered and induces the degradation of
Robo3.2 transcripts once encountering the floor plate as axons crosses the spinal cord midline, and is important for normal axonal trajectories after midline crossing (Colak et al.,
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2013).
miRNAs are important regulators of RNA stability. miRNAs can be localised to both
axonal growth cones and dendritic processes, thus are important players in local posttranscriptional regulation of mRNA stability in the processe of axonal guidance and synaptic plasticity (Bellon et al., 2017). In conjunction, proteins which form the RNA-induced
silencing complex (RISC), such as Dicer protein, are also found in distal neuronal compartments, which confirms that they have the capacity for miRNA mediated RNA degradation
and suggest that RNA interference pathways have major roles in the axons and dendrites.
In addition to the localisation of mature miRNAs, recent studies have shown that premiRNAs can be found in both dendritic and axonal compartments (Sambandan et al., 2017;
Corradi et al., 2018). Using a fluorescent sensor for pre-miRNA maturation specific to the
premiR-181a backbone, studies from the Schuman lab has shown that local processing and
maturation of pre-miRNA miR181 is induced after local synaptic stimulation via glutamate
uncaging experiments in the dendritic spine heads in cultured primary hippocampal neurons.
This is then important for the Dicer-dependent suppression of local translation of CAMK2A
(Calcium/Calmodulin Dependent Protein Kinase II Alpha) in a spatially restricted manner
(Sambandan et al., 2017). Hence, the localisation of the RISC pathway components holds a
rich opportunity for spatiotemporally precise changes in the stability of localised mRNAs.

Local Remodelling of 3’UTR Isoforms
In addition to transport, regulation of local stability through the localisation of trans factors
such as the RISC complex and miRNA machinery, local remodelling of the accessibility
of mRNA, or regulation of translation, the prevalence of local remodelling of the 3’UTR
isoforms is yet to be explored in detail. This local remodelling could underlie changes
in activity-regulated 3’UTR isoforms in the dendritic compartment (Tushev et al., 2018).
Moreover, there is strong suggestion for such a mechanism, in the case of a UPF1-dependent
remodelling of the localised IMPA1 long 3’UTR isoform in the axonal compartment to a
super-short isoform which then enables its local translation (Andreassi et al., 2017), however this was not systematically studied transcriptome-wide. Hence, the prevalence of this
phenomenon and impact on dendritic or axonal transcriptome and proteome remain uncertain.
If local remodelling takes place, this also raises the question of the fate of the remodelled transcript and the ‘left-over’ bit of RNA sequence. For example, is there a coupled
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process for local capping or polyadenylation in order to stabilise the remodelled transcript?
The remaining RNA sequence, which has lost its coding ability, if it is stable, could act
as non-coding RNA (ncRNA) sponges and compete in binding for trans factors. (GarcaEscudero et al., 2017; Kocabas et al., 2015; Mercer et al., 2011; Sudmant et al., 2018;
Malka et al., 2017)

Local translation of the localised transcriptome
Ultimately, the transcriptome at the distal compartments dictate the information which can
then be translated for the spatially and temporally precise remodelling of the proteome.
There is now growing literature on the importance of local translation all aspects of neuronal development, homeostasis and plasticity (Holt and Schuman, 2013). The abundance
of protein synthesis machinery (eg. polysomes, translation initiation factors) localised to
developing axons (as well as emerging evidence for adult axon and presynaptic locations
(Hafner et al., 2018)) is a reflection of the evolutionary advantages provided by local translation in very polarised cells such as neurons. Firstly, it allows for a tight spatial regulation
with good temporal sensitivity, as for example distal growth cone responses bypass the need
for retrograde signals back to the soma. Secondly, local translation can amplify the magnitude of response as many copies of the functional protein can potentially be synthesised
from one localised mRNA transcript, thus preserving energy and space.

1.3

Importance of Protein-RNA complexes in Neuronal Function

1.3.1

RNA binding proteins orchestrate post-transcriptional regulation

In the previous section, I have given examples of post-transcriptional processes and how
they are pertinent to neuronal function. These processes must be tightly regulated. From
the beginning of the life cycle of an RNA molecule, it is transcribed in an environment
of RNA-binding proteins and forms interactions co-transcriptionally to form RNPs (Singh
et al., 2015). Therefore importantly, RBPs and the assembly of protein-RNA complexes
play a major role in determining the splicing outcome, stability, localisation, remodelling
and translation.
Most RBPs are localised at specific cellular locations, where they are presented with a
unique composition of potential RNA targets and other RBPs that affect the competitive or
cooperative binding patterns. Throughout the PhD, I have focused on RBPs as trans factors
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Figure 1.3: Domain structure of STAU1 and STAU2
Schematic showing the double-stranded RNA-binding domains (dsRBDs) and tubulin
binding domains (TBDs) within (human) STAU1 and STAU2. dsRBDs are numbered
according to homology to Drosophila Staufen.

which participate in post-transcriptional regulation. In particular, I will be discussing the
roles of Staufen proteins and TDP-43 in the nervous system development, function and
dysregulation in neurodegeneration.

1.3.2

Staufen proteins in Neuronal development and Neural Circuit function

Molecular structure of Staufen1 and Staufen2
Staufen was first described in Drosophila as a double-stranded (ds)RBP required for maternal RNA localization in oocyte (Ferrandon et al., 1994; St Johnston et al., 1991). There
are two mammalian orthologues, Staufen1 and Staufen2, also functioning as dsRBPs.
Mammalian Staufen1 has 3 isoforms, with homology to the Drosophila Staufen dsRBD2dsRBD5 (double-stranded RNA-binding domains 2-5), though only dsRBD3 and dsRBD4
have retained dsRNA binding (Gleghorn et al., 2013). Staufen1 also has a C-terminal
tubulin-binding domain. Mammalian Staufen2 has 4 isoforms (Figure 1.3). A recent study
has shown that all of the dsRBDs 1-4 of Staufen2 bind dsRNA and is important for its
function (Heber et al., 2018).

Conserved functions of Staufen proteins in neurons
Staufen proteins have an important role in neuronal mRNA transport, and have been implicated for dendritic morphogenesis, maturation of post-synaptic side of the neuromuscular
junction (NMJ), and proper expression of long term synaptic plasticity (Blanger et al., 2003;
Gardiol and St Johnston, 2014; Goetze et al., 2006; Heraud-Farlow et al., 2013; HeraudFarlow and Kiebler, 2014; Lebeau et al., 2011, 2008; Vessey et al., 2008).
Intriguingly, mammalian Staufen1 and Staufen2 have evolved non-redundant roles.
For example, it was shown that Staufen1 is necessary for protein-synthesis dependent long
term potentiation whereas Staufen2 mediates mGluR long term depression in hippocampal
neurons (Lebeau et al., 2011, 2008). This bidirectionality is intriguing, and it suggests that
Staufen1 and Staufen2 could regulate ovelapping but distinct pools of transcripts, along
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with having distinct protein partners and/or responding to different signaling pathways and
post-translational modifications.
Recent papers have indicated that Staufen2 binds to retained introns in some of its target transcripts in order to mediate RNA localisation in an activity-dependent manner (Ortiz
et al., 2017; Sharangdhar et al., 2017) (Figure 1.1). In addition to regulating RNA transport in neuronal processes, Staufen proteins have also been implicated for neurogenesis. In
Drosophila neuroblast, Staufen localises prospero mRNA assymetrically and aids the specification of ganglion mother cell fate (Broadus et al., 1998). Mammalian Staufen2-RNA
granule is important for maintenance of neural stem cell population in the embryonic cortex
through localisation of prox1 (mammalian prospero) mRNA (Vessey et al., 2012).

Staufen proteins regulate RNA stability and translation
Staufen1 and Staufen2 have been shown to mediate mRNA decay (Staufen mediated decay, SMD). This involves binding of Staufen1 in 3’UTR of target mRNAs and is mediated
through the recruitment of UPF1, a protein that is also involved in the NMD pathway, and
upregulation of its ATPase (STAU1) or helicase activity (STAU2). However unlike NMD,
UPF2 and UPF3b are not required for SMD (Gong and Maquat, 2011; Gong et al., 2013;
Park and Maquat, 2013; Park et al., 2013). Whether SMD is a universal mechanism is still
controversial, with reports showing cell type dependent Staufen protein mediation of RNA
stabilization (Miki et al., 2011). In addition, it has been shown that manipulation of STAU1
occupancy by overexpression or knockdown, regulate ribosome density on mRNAs which
have highly structured GC-rich coding sequences (Ricci et al., 2014). However, another
study suggests that mRNAs with direct STAU1-bound duplexes in the CDS tend to demonstrate low levels of translation (Sugimoto et al., 2015). This discrepancy may be due to the
differences in defining STAU1 direct or indirect interactions on the mRNA. Nevertheless,
Staufen proteins directly associate with ribosomal components, thus it appears that Staufen
proteins have context-dependent roles in translation.

1.3.3

Dysregulation of Protein-RNA complexes in ALS

Aberrant assembly of protein-RNA complexes contributes to the progression of ALS. Notably, TDP-43 (encoded by the TARDBP gene) positive aggregate formation is a hallmark
for the neurodegenerative diseases ALS and frontotemporal dementia (FTD) (Ling et al.,
2013). Moreover, missense mutations of TDP-43 are implicated directly in familial cases
of ALS, and are concentrated on the C-terminal region of the protein. Although familial
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cases with TARDBP mutations are rare in ALS and FTD (< 1%), aggregation of TDP-43
are found in up to 97% and 50% of ALS and FTD patients, respectively (Nguyen et al.,
2018), arguing that TDP-43 is a common factor in ALS pathology.
Other mutations accelerating aberrant aggregation of RBPs are implicated in ALS, including mutations in the N-terminus of FUS (Patel et al., 2015). Disease-causing mutations
for ALS or other related neurodegenerative disesases are found in other RBPs, including
MATR3, HNRNPA2B1, HNRNPA1 and ARPP21 (Nussbacher et al., 2015; Kapeli et al.,
2017; Cooper-Knock et al., 2019). Moreover, modifiers of neurodegeneration in ALS models are often also RNA-binding proteins, such as ATXN2 (Elden et al., 2010; Becker et al.,
2017). Thus, dysregulation of protein-RNA complexes emerges as an important theme in
the pathology of ALS. Conceptually, one hypothesis is that RBPs associated with ALS may
participate in a common inter-regulatory network, converging on similar alterations in RNA
metabolism such as specific intron retention events in mRNAs encoding for FUS and SFPQ,
and gradual cytoplasmic redistribution of TDP-43 and other RBPs, ultimately leading to selective vulnerability and subsequent degeneration of upper and lower motor neurons.
So far it is unclear what are the first molecular pathways affected by ALS, but the
pathogenesis could have a component related to local post-transcriptional regulation of distal compartments. For example, expression of ALS-linked FUS mutant proteins were shown
to impact local translation in a Xenopus laevis retinal ganglion axon model (Murakami et al.,
2015). TDP-43 axonal granules and dysregulation of their viscosity and dynamics by ALSlinked mutations could also implicate deficient mRNA transport and abnormal protein-RNA
assembly in neurodegenerative disease (Alami et al., 2014; Gopal et al., 2017).

1.4

Interactions in the in vivo assembly of protein-RNA complexes

1.4.1

RNA binding proteins, RNA binding domains and sequence specificity

What are the interactions which drive assembly of RNPs and how is this specificity determined? Many studied RBPs have several RNA binding domains, which provide specificity
for short sequence or structural motifs. RNA binding domain (RBD) families include RNA
recognition motif (RRM), KH domains, zinc-finger domains and double-stranded RNA
binding domains (reviewed in Cléry and Allain (2013)), which have conserved and specific
structural folding. In combination, multiple RBDs within an RBP determine its specificity
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Figure 1.4: Relevant RNA binding proteins and their domain structures
Schematic of the RNA binding domains of TDP-43, FUS, PTBP1 and HuR. In general,
RBPs contain multiple domains enabling interaction with RNA.

and affinity for RNA substrate. For example, TDP-43 has 2 RRM domains (Figure 1.4)
which determine its specificity for clusters of UG-rich sequences (Tollervey et al., 2011;
Kuo et al., 2009). In addition, orientations of RBDs can induce or recognise looping in the
RNA substrate; for instance PTBP1 contains 4 RRM domains (Figure 1.4), where RRMs
3 and 4 interact and bind to polypyrimidine tracts in an antiparallel fashion, which can induce looping of the intervening sequence (Lamichhane et al., 2010; Oberstrass et al., 2005).
Hence, in addition to contiguous primary sequence motifs, studies in vitro have recognised
importance of discontiguous bipartite or tripartite motifs as well as the contribution of structural context in determining the specificity of RBP binding (Dominguez et al., 2018).

1.4.2

RNA secondary structure and RNA-RNA interactions are crucial forces
in determining the specificity of protein-RNA interactions

RNAs are highly structured and folded in vitro and in vivo. In addition to the importance
of structural context for single-stranded RBPs, RBPs containing dsRBDs bind to RNA duplexes, which are a class of RNA secondary structures. The specificity of these dsRBPs are
harder to study as their recognition of RNA structures may be influenced by both shape and
some sequence specificity through interactions with the backbone and nucleobase. Moreover, RNA duplex structures in vivo can be formed by short and long-range (hundreds to
thousands nucleotides) intramolecular interactions or intermolecular interactions, therefore
it is difficult to predict the in vivo binding sites of dsRBPs.
In addition to RNA duplexes and helices, other classes of RNA secondary structures
consists of examples such as G-quadruplexes, pseudoknots, kissing-loops (Figure 1.5). In
general their recognition by RBPs is less well studied, though they play important roles in
determining the overall structures adopted by RNAs.
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Figure 1.5: RNA secondary structure motifs
Simple schematic examples of common RNA secondary structure motifs, formed by
complementary base-pairing interactions (in blue): (A) RNA helix; (B) stemloop; (C)
pseudoknot; (D) kissing loop. In addition, (E) G-quartets can stack together to form
(F) G-quadruplexes from guanine rich sequences, depicted in parallel RNA-backbone
orientation (arrows) together with K+ ions which stabilise the G-quadruplex structure.
(E) and (F) are reproduced from Guo and Bartel (2016), with permission from AAAS.

Shape and sequence motif within secondary structures bound by STAU1
For STAU1, recent publication has shown that there is recognition for both shape and sequence motifs which mediate its binding. The recent crystal structure of dsRBDs 3 and 4
of STAU1 in complex with ARF1 SBS has revealed some insights. There are interactions
between dsRBDs of STAU1 and the sugar-phosphate backbone of the RNA duplex formed
by ARF1 staufen binding site (SBS), as well as base interactions. The latter can allow sequence specificity within RNA duplexes for binding of STAU1 to recognise its substrates
(Lazzaretti et al., 2018).
Another study, which is driven by computational prediction from genome-wide assessment of STAU1 RIP targets, has proposed three different types of SBSs, characterised by
different lengths of contiguous basepairing and maximum number of unpaired bases in the
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stem regions (Laver et al., 2013). This analysis and the insight from structural studies has
yet to be integrated fully with methods such as hiCLIP which enrich for the direct binding
sites of the dsRBP in vivo (Sugimoto et al., 2015).

1.4.3

Multivalency is a driving force in the assembly of protein-RNA complexes

Multivalent interactions are established between molecules which have multiple elements
that contribute to inter- or intra-molecular interactions, promoting the assembly of higherorder complexes. In RNPs, both protein-protein interactions and protein-RNA interactions
can display multivalency and promote their higher-order assembly.
Many RBPs recognise clusters of RNA motifs. For example, RBPs such as PTBP1
contain multiple repeats of folded RNA-binding domains, which allows binding to clusters
of short RNA motifs through highly specific interactions (Cereda et al., 2014; Lunde et al.,
2007). Some RBPs may have fewer number of functional RNA-binding domain, such as
TDP-43, but can dimerise or oligomerise, which also then lead to disproportionate binding
to sites which have multivalent clusters of motifs (Tollervey et al., 2011; Kuo et al., 2009).
Many RBPs harbour intrinsically disordered regions (IDRs). These regions contain
a high proportion of polar or charged amino acids, and a low proportion of hydrophobic
amino acids, which together hinder co-operative folding. Hence these regions do not have
an ordered stereotypic tertiary structure or globular fold (Calabretta and Richard, 2015). Importantly, IDRs often contribute to liquid-liquid phase separation (LLPS) through relatively
promiscuous protein-protein interactions mediated by repetitive ‘short linear motifs’ or individual amino acids. These IDR-mediated contacts can involve electrostatic interactions,
cation- interactions between tyrosine and arginine residues, weak hydrophobic interactions
and other types of interactions (Wang et al., 2018b; Gomes and Shorter, 2018). Positively
charged amino acids in IDRs can also form low-affinity contacts with negatively charged
RNA (Maharana et al., 2018; Conicella et al., 2016). Even though these IDR-mediated contacts are relatively promiscuous, they can support assembly of specific RNPs when paired
with protein-protein and protein-RNA interactions mediated by folded domains. For instance, some portions of IDRs can dynamically form local regions of secondary structure
that mediate specific interactions in addition to promiscuous interactions. As an example,
the C-terminal IDR in the TDP-43 can form an alpha-helix that promotes homotypic interactions (Conicella et al., 2016). Hence it has been observed that only some RBPs and RNPs
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are miscible with each other (Kato et al., 2012; Maucuer et al., 2018; Murakami et al., 2015),
however the forces which drive multivalent RNP assembly and determine the specificity of
components within RNPs in vivo still lack detailed characterisation.

Phase Separation of Protein-RNA Complexes into Macroscopic Condensates
RNP complexes often form larger assemblies, such as P-granules, stress granules, nuclear
speckles and paraspeckles. It has recently been shown that these are driven by LLPS to form
membraneless compartments within the cell, mediated by multivalent contacts as detailed
above. These condensates are highly dynamic in terms of internal rearrangements as well
as exchange/diffusion outside of the phase separated compartment, thus behaving more like
condensed liquid droplets, rather than solid granules in terms of material properties (Hyman
et al., 2014; Lin et al., 2015; Shin and Brangwynne, 2017).
From studies of LLPS of RNA-binding proteins in vitro and in vivo, prion-like/low
complexity domains, which encode for IDRs of proteins, are often determinants in their
self-assembly ability. One example is TDP-43, which habours an IDR in the C terminus. Another example is FUS, which has a long IDR in the N terminus. Post-translational
modifications within IDRs, such as serine phosphorylation or arginine methylation can often modulate its disordered state by altering charge mediated interactions (Monahan et al.,
2017; Murray et al., 2017).

Phase-separation of RNA-binding proteins and implications for neurodegeneration
LLPS is thought to be an intermediate towards aberrant liquid-to-solid phase transitions,
which can lead to formation of aggregates after aging of liquid droplets. This is shown for
FUS to be accelerated by ALS-linked mutations in its N-terminal IDR (Patel et al., 2015).
Notably, TDP-43 positive aggregation is a hallmark for the neurodegenerative diseases ALS
and frontotemporal dementia (FTD) (Ling et al., 2013). Moreover, missense mutations
of TDP43 are implicated in familial cases of ALS, and are concentrated on the IDR of
the protein. One hypothesis is that these mutations impact its phase-separation into liquid
droplets in vitro, which is supported by studies of a subset of mutations (Conicella et al.,
2016; Lim et al., 2016). In Chapter 5, I present studies of TDP-43 constructs with deletions
or point mutations along the C-terminal IDR, to investigate the higher-order assembly of
this protein relevant to ALS.
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Methods for Studies of the in vivo Assembly of Protein-RNA
complexes and RNA granules

1.5.1

Defining the Global Atlas of RBPs and Dynamic Assembly of RBPs on
RNA

Although this is not the focus of this PhD thesis, I will briefly introduce the methods which
evaluate and identify the ‘world’ of RNA binding proteins in vivo (Singh et al., 2015).
These methods are highly relevant, because in order to study comprehensively the role
of protein-RNA complexes in post-transcriptional regulation, it is of great importance to
globally identify a confident set of proteins which are bound or assembled on RNA in vivo.
For the purpose of this thesis I collectively refer to the proteins identified by such proteomic
methods detailed here as the ‘RBPome’.
Developments in the last years have made this possible, identifying through mass spectrometry classical RBPs as well as non-canonical interactors of RNA, expanding the universe of the RBPome (Hentze et al., 2018). In general, these methods tend to make use of
the following procedure:
1. Ultraviolet (UV)-crosslinking or other photocrosslinking strategies as a way to stabilise direct interactors of RNA in vivo;
2. Then subsequently lysing the cell or tissue in highly stringent buffers (such as those
which contain high salt, detergent and/or guanidine thiocyanate) and conditions (for
example heat denaturation) to disrupt non-UV crosslinked and indirect interactions in
protein-RNA complexes.
3. Afterwards the RNA species of interest is purified. This is the step with the greatest
variation between the published methods and protocols.
4. Depending on the procedure surrounding peptide digestion, optional enrichments
(Castello et al., 2016; Queiroz et al., 2018; Trendel et al., 2018b; Richter et al., 2009)
and/or algorithmic assignment of the mass shift of crosslinked adduct on the peptide
(Kramer et al., 2014), some methods are also capable of refining the identification of
the domain of the RBP in direct crosslinking to RNA.
The principal goal across the methods is to enrich for direct protein interactors of RNAs
through the RNA purification procedure, as UV crosslinking forms covalent bonds between
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the RNA nucleobase and certain amino acids in direct contact, such that these proteins
survive the stringent purification procedures. The specificity and comprehensiveness of the
identified RBPome thus depend on the stringency and selectivity of the RNA purification
procedure, with the biases of crosslinking.

Techniques defining mRNA interacting proteome
The first methods were developed for the proteins which interact with mainly mRNAs.
More precisely, RNA purification is performed via the use of oligo-d(T) beads for capture
of poladenylated RNAs (Castello et al., 2012; Baltz et al., 2012). To note, though this is
a common procedure to successfully enrich for mRNAs from the vast rRNA and tRNA
background, there exists also long non-coding RNAs which are polyadenylated, such as
NEAT1 1. This has been applied for a variety of biological systems from yeast to human as
well as for subcellular fractionations. Subsequent developments of oligo-d(T) based capture
has mainly focused on its stringency, which also increases the sensitivity of identifying
bona fide mRNA-interacting RBPs or global dynamics of RBP assembly of mRNAs due
to a decrease in the non-crosslinked background or RBPs associated with ribosomal RNAs
(Conrad et al., 2016; Perez-Perri et al., 2018). In particular, sensitive mRBPome capture
techniques are valuable, and has enabled a quantitative description of the changes in RBP
binding during cell fate transitions, small molecule treatments (Perez-Perri et al., 2018), or
induction of phase-separated RNPs such as paraspeckles via NEAT1 2 induction (Modic
et al., 2019).

Techniques independent of RNA species
Recent studies have expanded the capacity of RBPome identification to all RNAs (Queiroz
et al., 2018; Asencio et al., 2018; Trendel et al., 2018b; Urdaneta et al., 2018). As opposed to
oligo-d(T) based methods, alternative RNA or RNA-Crosslinked Protein purification procedures are used here. In one such method, cells are incubated with ethynyl uridine, a
nucleotide analogue, which is then incorporated into nascent RNAs. Subsequently, cells
are photocrosslinked. Through the in vitro biotinylation of ethynyl uridine, nascent RNAs
together with crosslinked proteins can be enriched and purified from the lysate (Bao et al.,
2018).
Other methods use a convenient silica based RNA extraction protocol to capture
crosslinked proteins (Asencio et al., 2018). Conventional RNA extraction strategies based
on acidic guanidinium-thiocyanate-phenol-chloroform extraction (e.g. TRIzol extraction)
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has also been modified for capture of RNA-crosslinked proteins and protein-crosslinked
RNAs at the interphase, based on their dual physicochemical properties (Queiroz et al.,
2018; Trendel et al., 2018b; Urdaneta et al., 2018). This also facilitates the transcriptome
analysis of RNA regions which show disporportionate protein-binding (referred to here as
protein or RBP occupancy, discussed in section 1.5.2). To ensure specificity for RNAcrosslinked proteins, proteins can be released from the interphase via RNase digestion,
which allows the crosslinked proteins to move to the organic phase, which can then be
precipitated. The opposite approach with protease digestion would release the crosslinked
RNAs into the aqueous phase for extraction. These methods enable an unbiased approach
for identifying the RBPome, for example for rRNAs, tRNAs, introns and other small RNAs.

Techniques identifying proteins assembled onto specific RNAs
In addition, the protein interactome of specific RNA scaffolds can be identified with methods which use aptamers (such as MS2 loops) or sequence-specific antisense oligos to capture the RNA-of-interest, followed by mass spectrometry. Different variants of these RNAcentric methods have been applied to ncRNAs such as XIST, which has been reviewed recently (Giambruno et al., 2018).

1.5.2

Defining Protein-RNA Interactions at the transcriptome and RNA binding site level

Different techniques have been developed for the purposes of defining the protein-RNA interactions on the transcriptome level and binding site level. Each has its advantages and
disadvantages, in terms of in vitro re-associations, enzymatic biases, stringency and specificity, and in terms of whether targets are identified only at the transcript level, or further at
the RNA binding site level. For the purpose of this thesis I have grouped these techniques
into two broad categories:
1. Protein-centric methods based on immunoprecipitation using antibodies against the
protein-of-interest,
(a) Either without crosslinking (RIP - native conditions (Zhao et al., 2010)) (Figure 1.6A)
(b) Or with ’zero-distance’ crosslinking (CLIP - eg. UVC crosslinking or 4SU
mediated UVA crosslinking (Ule et al., 2003; Hafner et al., 2010)) (Figure 1.6B)
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Figure 1.6: Summary of methods for defining protein-RNA interactions at the transcriptome
level
Continued on next page.
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Figure 1.6: Continued from previous page.
(A) RNA Immunoprecipitation (RIP) identifies transcripts co-immunoprecipitated with the RBP
(shown in green). (B) CLIP methods use UV to covalently crosslink in vivo protein-RNA interaction,
coupled with more stringent lysis and RNA fragmentation. (C) In the RNA tagging method, RBPof-interest is fused to poly(U) polymerase (PUP - in blue) which tails interacting transcripts with
uridines in vivo. After RNA extraction, all RNAs are G-I tailed. Primers annealing to the terminal
uridine tail is used to selectively reverse-transcribe RNA which were tagged. (D) In TRIBE (Targets
of RNA-binding proteins Identified By Editing), RBP-of-interest is fused to ADAR (in red), which
performs A-to-I editing on proximal regions of interacting transcripts. A-to-G mutation events in
sequencing lead to identification of RNA regions interacting with the RBP. (E) In APEX-seq, RBPof-interest is fused to APEX2 (in orange), which can biotinylate surrounding (20nm region) proteins
and RNA upon addition of hydrogen peroxide (H2O2) and biotin-phenol. Proximal and interacting
RNAs are enriched by streptavidin pulldown for sequencing. Refer to section 1.5.2 for references of
each method.

(c) with a non zero-distance protein-RNA and protein-protein crosslinker (eg.
formaldehyde).
2. Protein-centric methods based on tagging of transcripts in spatial proximity. Tagging
is usually done by creating a construct expressing a fusion protein between an RNAmodifying enzyme and the RBP:
(a) For example, fusing with an enzyme which can ’tail’ the RNA in vivo, in
this case poly(U) polymerase, allowing for either its enrichment via reverse
transcription/amplification using specific primers (Figure 1.6C (Lapointe et al.,
2015)).
(b) Or with ADAR protein which can perform A to I editing of proximal doubled
stranded regions. Subsequently the RNA is reverse transcribed and an A to G
mutation in the sequencing read is diagnostic of spatial proximity and interaction (Figure 1.6D (McMahon et al., 2016)).
(c) Or fusion of RBP with APEX2 (ascorbate peroxidase) enzyme which enables direct biotinylation of the nucleobases in proximity, followed by biotinstreptavidin enrichment of transcript target regions (Figure 1.6E (Padron et al.,
2018)).
The first category of methods are further introduced in detail in the following sections,
as CLIP-based methods are explored in the subsequent chapters of this thesis. Related to the
first category of methods, global view of protein-occupancy of RNA can also be derived by
skipping the immunoprecipitation and sequencing the RNA footprints of protein protected
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regions. This is however usually combined with UVC or 4SU-mediated UVA crosslinking,
much like in CLIP, to use either diagnostic cDNA truncations or T-to-C transitions in order
to quantify global RBP occupancy of RNA binding sites (Queiroz et al., 2018; Benhalevy
et al., 2018; Schueler et al., 2014). These methods are versatile and can be combined with
oligo-d(T) enrichment to focus on mRNA RBP occupancy, or specific enrichment of proteins localising to particular subcellular compartments (Benhalevy et al., 2018; Schueler
et al., 2014).

Protein-Centric Methods based on Immunoprecipitation
The first method developed for the purpose of defining in vivo protein-RNA interactions,
later referred to as RIP (for RNP/RNA immunoprecipitation), relies on immunoprecipitation (IP) of an RBP under conditions that preserve RNPs to retain the RNAs bound by
the immunoprecipitated protein (Lerner and Steitz, 1979; Niranjanakumari et al., 2002).
The first RIP experiments were performed under mild wash conditions, but RIP can also
be performed from cells exposed to formaldehyde, which crosslinks protein-protein and
protein-RNA interactions, thus further stabilising larger RNPs.
Prior to the availability and popularity of high-throughput sequencing, microarrays
were used for transcriptomic analysis of RNAs enriched in the immunoprecipitation for
RIP-Chip studies (Keene et al., 2006; Tenenbaum et al., 2000). Since then, RIP was combined with high-throughput sequencing (Keene et al., 2006; Zhao et al., 2010). While RIP
can identify abundant RNAs bound by an RNP, it is not well suited to studies of direct
protein-RNA contacts. This is because it preserves protein-protein interactions, and thus
can purify multiple RBPs in complex with their bound RNAs. Under some conditions it can
also identify interactions that result from in vitro re-associations (Mili and Steitz, 2004).
Therefore, methods with increased specificity for direct RNA binding sites are needed, especially if one wishes to identify binding sites in lowly abundant RNAs.
Crosslinking and immunoprecipitation (CLIP) was developed for this purpose by exploiting zero-length covalent protein-RNA crosslinking via UVC crosslinking and RNA
fragmentation (Ule et al., 2003). This is a crucial development as UVC preserves endogenous protein-RNA contacts, while the stringent wash steps afforded by covalent crosslinking
can ensure that only a single specific RBP is purified with the introduction of proper quality control steps. Therefore CLIP methodologies have the unique ability to provide precise
positional information of RBP binding sites, which is particularly important in deciphering
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the regulatory functions of RBPs, as often their binding to transcripts have bidirectional outcomes on RNA processing depending on the position of binding. CLIP data was first used
to uncover the principles underlying Nova regulation of alternative splicing in the brain.
Nova proteins are neuron-enriched RBPs which bind to pre-mRNAs, and through integration of CLIP data and splicing analysis upon Nova1/2 double KO, it has been demonstrated
that while Nova binding to exonic sites repressed exon inclusion, binding to nearby intronic
sites enhanced exon inclusion (Ule et al., 2006). Through the analysis of iCLIP and RNAseq datasets, similar position-dependent bidirectional regulation has also been demonstrated
for PTBP1 and TDP-43 in alternative splicing and alternative polyadenylation (Haberman
et al., 2017; Rot et al., 2017).
The historical developments and the subsequent development of variant CLIP methods
which provide precise positional information of direct protein-RNA interactions are further
discussed in depth in Chapter 3.

1.5.3

Defining RNA secondary structure and RNA-RNA interactions

High-throughput methods for the characterisation of RNA structurome are maturing, which
can be broadly split into two categories;
1. Probing of nucleotide accessibility,
(a) with the use of enzymatic preferences to distinguish single- and double-stranded
regions,
(b) or the use of chemical modification to probe nucleotide accessibility as a proxy
for secondary structure (icSHAPE (Spitale et al., 2015), structure-seq (Ding
et al., 2014, 2015), SHAPE-MAP (Smola et al., 2015));
2. Capture of individual RNA secondary structures,
(a) enriched either via a dsRBP (hiCLIP (Sugimoto et al., 2015)),
(b) or with psoralen crosslinking (PARIS (Lu et al., 2016), LIGR-seq (Sharma et al.,
2016), SPLASH (Aw et al., 2016)), and proximity ligation of the two strands
to create hybrid reads to identify both intra- and inter-molecular RNA-RNA
interactions.
Moreover, there are related methods also enrich for spatially proximal RNA-RNA contacts or pairs of spatially proximal RNAs. These are based on the preservation of larger com-
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plexes (sometimes with their stabilisation by protein-RNA and protein-protein crosslinking
such as formaldehyde and other crosslinking reagents) and proximity ligation in vitro, such
as MARIO and RIPPLiT (Metkar et al., 2018; Nguyen et al., 2016). This has led to new
insights for the 3D structures assumed by RNA molecules, for example in the rod-like structure of EJC-bound mRNAs prior to the pioneer round of translation, however for the purpopse of this thesis, this is outside the scope of RNA secondary structures and will not be
discussed here in depth.

Nucleotide-resolution accessibility measurements
The first high-throughput sequencing method to probe for transcriptome-wide RNA structure is PARS (parallel analysis of RNA structure). To distinguish between double stranded
and single stranded regions of RNA, this method utilised the specificity of RNase enzymes
V1 and S1 which target double or single stranded regions (Kertesz et al., 2010). However
this is only applicable in vitro as the probing by RNase enzymes occurs after in vitro folding.
Subsequently, chemical probing methods have been developed for transcriptome-wide
structure probing in vivo. With the chemical probing methods, like the CLIP-based highthroughput sequencing methods, the ability for nucleotide-resolution mapping is a exploitation of the reverse transcription reaction to truncate or incorporate a mutation or a deletion
at the modified nucleotide (Spitale et al., 2015; Ding et al., 2014, 2015; Smola et al., 2015).
Different chemicals have been used for probing of nucleotide accessibility. The first to
be used was Dimethylsulphate (DMS). However this has a bias for A or T nucleotides, and
thus lacks true nucleotide resolution over the entire transcriptome. NAI (2-methylnicotinic
acid imidazolide) is another molecule, which underlies the ‘SHAPE’ (selective 2’-hydroxyl
acylation and primer extension) protocols, together with other derivatives. These have
shown to differ in their ability to distinguish RNA structures (Lee et al., 2017). Moreover,
click-reaction mediated biotinylation of NAI-N3 (azide) enriches for modified (i.e. accessible) regions for increased sensitivity to differentiate structured and unstructured regions
(Spitale et al., 2015).
To define the tertiary structures of RNAs, LASER-seq has been recently developed
as another chemical probing approach (Zinshteyn et al., 2018). This is based on a lightactivated molecule which modifies based on solvent accessibility, regardless of base-pairing.
This can yield complementary information to other probing methods which focuses on the
accessibility of the Watson-Crick interface. This also informs on tertiary structures of com-
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pact protein-RNA complexes and highly structured RNAs, taking into account for regions
of protein binding which masks the RNA from the solvent and thus the chemical.

Proximity ligation based sequencing methods
Proximity ligation based sequencing methods rely on a way to stabilise and enrich for endogenous RNA-RNA interactions and structures such that the RNA duplexes stay together
during cell lysis and fragmentation, such that the ends of interacting RNA fragments can
be subsequently ligated and sequenced as a hybrid read (Lu and Chang, 2018). In addition,
in vitro associations between random RNA molecules needs to be avoided to avoid ligating random RNA molecules rather than proximal interacting RNA strands. These methods
have potential to derive ’near-basepair resolution’ information for in vivo intramolecular
and intermolecular RNA-RNA interactions (Lu and Chang, 2018).

Figure 1.7: Psoralen derivatives
(A) Chemical structure of AMT, a widely used psoralen derivative for proximity ligation based sequencing methods to stabilise RNA-RNA interactions, for example, in
the PARIS and LIGR-seq protocols. (B) Chemical structure of biotinylated psoralen
derivative, used in the SPLASH protocol. (C) Schematic of the cycloaddition reaction
between psoralen and A-U basepairs, to form inter-strand crosslinks. Figure reproduced
from Kwok (2016).

In particular, psoralen and its derivatives (for example AMT - 4’-aminomethyl trioxsalen, Figure 1.7A) have emerged as a useful tool for studies of global RNA-RNA interactions (Lu and Chang, 2018; Kwok, 2016). Following incubation of cells with psoralen,
it promotes the inter-strand covalent photocrosslinking of primarily A-U complementary
basepairs under UVA light (Figure 1.7C) (Calvet and Pederson, 1979). Thus psoralenmediated crosslinking stabilises in vivo RNA duplexes for extraction and enable in vitro
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proximity ligation of crosslinked RNA fragments which were in contact in vivo. After
proximity ligation, the covalent RNA-RNA crosslink is reversed with shorter UVC wavelength to enable reverse transcription and sequencing of hybrid cDNAs (Lu et al., 2016;
Sharma et al., 2016; Aw et al., 2016). Three similar psoralen-based methods were simultaneously developed; they primarily differ in the steps in the protocol which are performed
to enrich for psoralen-crosslinked fragments. PARIS (Psoralen analysis of RNA interactions and structures with high throughput sequencing) uses a 2D gel purification to select
for crosslinked fragments upon denaturing gel electrophoresis (Lu et al., 2016); LIGR-seq
(Ligation of interacting RNA followed by high-throughput sequencing) uses RNase R digestion to remove non-crosslinked fragments (Sharma et al., 2016), and SPLASH utilises a
biotinylated psoralen derivative (Figure 1.7B) and streptavidin enrichment (Aw et al., 2016).
These methods are aimed at to sequence global RNA-RNA interactions.
In addition, COMRADES have been developed which is conceptually similar, however with an additional RNA antisense purification step prior to enrichment of psoralencrosslinked fragments. This has been used to look at intramolecular and intermolecular
RNA-RNA interactions of the Zika RNA viral genome (Ziv et al., 2018).

hiCLIP
hiCLIP (RNA hybrid individual nucleotide resolution UV crosslinking and immunoprecipitation) was developed in the Ule lab to capture a subset of RNA-RNA interactions, forming
RNA duplex secondary structures, which are recognised and bound by dsRBPs (Sugimoto
et al., 2015). This targeted approach provides additional insight into the molecular mechanism of long-range structure and dsRBPs in regulating the transcriptome, as it directly
identifies the RNA structures which mediate RNP assembly of dsRBP. In the first hiCLIP
study, Sugimoto et al. (2015) reported a global atlas of human Staufen1 binding in HEK293
cells. Gene ontology (GO) term analysis identify an enrichment of 3’UTR targets encoding
for ER proteins and protein trafficking. This is potentially interesting for understanding the
role of Staufen1 in stress granule assembly and translational repression upon stress, as well
as for Staufen1 neuronal function.
With these techniques, it is an exciting time to incorporate studies of mRNA structure
and resolve the functional role of mRNA structure through a combination of transcriptomics
approaches in the physiological context of neuronal function in the brain. In Chapter 4, I
present work with STAU2 hiCLIP in rat cortex.
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Defining higher-order assembly of protein-RNA complexes and RNA
granules with the concept of liquid-liquid phase separation

Imaging methods to determine dynamics within biomolecular condensates in vivo
The behaviour of biomolecular condensates of RNPs can be studied in vivo, which can differ
with behaviour in vitro. This is mainly done through imaging. Observations of the shape,
diffusion and permeability of such RNP bodies, and the concentration of the RNP components from the rest of the bulk cytoplasm or nucleoplasm, serve as important parameters for
studies of LLPS in vivo. LLPS condensates usually exhibit a round and smooth shape due to
surface tension, unless anchored and scaffolded by particular structures (such as the microtubule). Biomolecular condensates of RNPs exhibit liquid properties, in a way which can
also be studied using Fluorescence Recovery After Photobleaching (FRAP). This requires
tagging of the protein of interest (that may be undergoing LLPS) with a fluorescent protein
to track its movement. FRAP is performed under a confocal microscope, where high-power
laser is used to photobleach a small region, and live-imaging is conducted to follow the
recovery of the fluorescence signal within the same spot. This can assess the spontaneous
exchange of molecules within the condensate with the bulk cytoplasm or nucleoplasm, to
confirm liquid-like properties (Hyman et al., 2014).
Lastly, in vivo studies of the downstream function of biomolecular condensates and
their regulation, and reversibility, has benefited from the invention of the ’opto-droplet’
tool, which allows light-dependent induction of clustering and subsequently phase separation. This has led to important conclusions in understanding how multiple rounds of
phase separation with the FUS IDR, which at first is reversible, can eventually lead to irreversible liquid-to-solid phase transitions (Shin et al., 2017). As part of the imaging toolbox
to study LLPS, there is also an optogenetic system to investigate the disassembly properties
of phase-separated protein components (Dine et al., 2018).
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1.6

Aims of the Thesis

The assembly of regulatory and localised RNP complexes have important functions in neurons, and their aberrant condensation and dysregulation of RNA metabolism is crucial in
our understanding of ALS. Hence I chose to focus my studies at the molecular level to gain
an insight into the assembly of protein-RNA complexes, their interactions and specificity.
The thesis will have 3 parts, describing methods and insights pertaining to:
1. Protein-RNA interactions to define RNP assembly on a transcriptome level;
2. The contribution of RNA structure and RNA-RNA interactions to RNP assembly;
3. The higher order assembly of protein-RNA complexes into macroscopic RNA granules.
I aimed to study these 3 aspects of protein-RNA assembly for Staufen proteins and TDP43, as these have important roles in neuronal development, neural circuit formation and
function, and are implicated in neurodegenerative disease. I have thus established methods
of iCLIP and hiCLIP in systems such as brain tissue, with the aim to also apply for neurons
in culture. In particular, to study the role of localised RNPs and their assembly of the
compartmentalised transcriptome, it is required that these methods are highly sensitive in
order to work with the relatively small amounts of material.
First, driven by this goal, I describe the optimisation of iCLIP, which identifies direct endogenous protein-RNA interactions in a transcriptome-wide manner. I have adopted
published CLIP variants in order to streamline the convenience of iCLIP. Moreover, I incorporated insights from other related cDNA library preparation protocols such as from
ribosome profiling and single-cell RNA seq methods. In particular, I have shown that reverse transcription, beads-based cDNA purification and cDNA circularisation efficiency can
be superceded to improve the overall sensitivity of iCLIP.
Second, I present hiCLIP (RNA hybrid iCLIP) studies of STAU2, a double-stranded
RBP that controls localised mRNAs, identifying its physiological mRNA partners of STAU2
in rat brain. Advances in the sensitivity of iCLIP and hiCLIP was crucial in its successful
adaptation in brain tissue with enough coverage for characterisation of RNA duplexes. RNA
structure and RNA-RNA interactions remain difficult to study even though it is clear that
RNA structure has a major role in regulating RNP assembly. Through the comprehensive
characterisation of the RNA duplexes that are bound by STAU2 in the cortex in vivo, I hope
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to provide a view into the role of secondary structure of localised mRNAs in RNP assembly.
For example, this analysis has revealed ’long range’ structures in extended 3’UTRs, likely to
have neuronal specific function and/or participate in RNA localisation, yet to be annotated
in the rat genome.
Thirdly, I assess the dynamics of RNP assembly for TDP-43, an RBP with a central
role in ALS. I used HEK293 cell lines expressing a GFP-tagged TDP-43 construct with
panel of deletions and mutations in the C-terminal IDR, to investigate how homomeric
interactions affect RNP assembly. I describe the confocal imaging and FRAP techniques I
have established and its analysis. I show that TDP-43 can condense into macroscopic foci
in the nucleus, likely through LLPS in a manner which depends on the interactions formed
via a particular region in its IDR. I discuss how this integrates with our understanding of
RNP assembly gained from iCLIP and published in vitro studies, with the importance of
RNA-scaffolded multivalency driven assembly into phase-separated nuclear granules. This
can contribute to our understanding of aberrant condensation and transitions of TDP-43 in
ALS.
Taken together, I have developed transcriptomic and imaging techniques to integrate
our insights into the assembly of protein-RNA complexes, their neuronal function and role
in neurodegenerative disease.

Chapter 2

Materials and Methods

2.1

iCLIP and hiCLIP experiments

2.1.1

Buffers

The following buffers for iCLIP and/or hiCLIP were made with milliQ water and subsequently filtered.

iCLIP Lysis Buffer
50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1% Igepal CA-630 (Sigma I8896), 0.1% SDS,
0.5% sodium deoxycholate, and 1x COmplete protease inhibitor cocktail (Roche) was added
to the amount of buffer required for lysis on the day of experiment.
iCLIP lysis buffer was used for all iCLIP optimisation experiments in Chapter 3, and
for the STAU2 hiCLIP experiments in rat brain in Chapter 4 where I refer to this condition
as a ‘medium stringency’ lysis.

Cytoplasmic Lysis Buffer
20 mM Tris-HCL (pH 7.5), 140 mM NaCl, 5 mM MgCl2 , 1% Triton-X 100, and 1mM
DTT, 1x cOmplete protease inhibitor cocktail, 1:10000 Turbo DNase (Life technologies,
AM2238) were added to the amount of buffer required for lysis on the day of experiment.
Cytoplasmic Lysis Buffer was previously used in STAU1 HEK293 hiCLIP experiments
(Sugimoto et al., 2015, 2017), and I refer to this condition in Chapter 4 as a ‘mild’ lysis.

High Salt Buffer
50 mM Tris-HCl (pH 7.5), 1 M NaCl, 1 mM EDTA, 1% Igepal CA-630, 0.1% SDS, 0.5%
sodium deoxycholate

PNK Wash Buffer
20 mM Tris-HCl (pH 7.5), 10 mM MgCl2 , 0.2% Tween-20
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5 PNK pH 6.5 Buffer
350 mM Tris-HCl (pH 6.5), 50 mM MgCl2 , 25 mM DTT

10x eCLIP Ligation Buffer (DTT free)
500 mM Tris-HCL (pH 7.5), 100 mM MgCl2
Adopted from the eCLIP protocol (Van Nostrand et al., 2016).

PK+SDS Buffer
10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, 0.2% SDS

Crush-Soak Gel Buffer
500mM NaCl, 1mM EDTA, 0.05% SDS

NT2 Buffer
50 mM Tris-HCl (pH7.5), 150 mM NaCl, 1 mM MgCl2 , 0.0005% Igepal CA-630

High Stringency Buffer
15 mM Tris-HCl (pH7.5), 120 mM NaCl, 25 mM KCl, 5 mM EDTA, 1% Triton X-100,
0.001% SDS, 1% sodium deoxycholate

2.1.2

Adapter sequences

Infrared SeqRv adapter
The infrared adapter adopted from (Zarnegar et al., 2016) was ordered as ‘L3-IR-phos’ from
IDT as a custom oligo, High Performance Liquid Chromatography (HPLC) purified, with
the following modifications:
/5Phos/AG ATC GGA AGA GCG GTT CAG AAA AAA AAA AAA /iAzideN/AA AAA
AAA AAA A/3Bio/

Barcoded SeqRv adapter
The barcoded adapters were ordered as L3-XXX-phos from IDT as a custom oligo, where
XXX (underlined) is the trinucleotide experimental barcode, HPLC modified, based on the
previous L3 adapter sequence:
/5Phos/WW XXX AG ATC GGA AGA GCG GTT CAG /3Bio/
‘W’ represents either A/T nucleotide.

Barcoded RT primers
The RT primers for iCLIP were ordered from IDT and have the following design, with a
5-nt experimental barcode (underlined):
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/5Phos/ WWW XXXXX NNNN AGATCGGAAGAGCGTCGTGAT /iSp18/ GGATCC
/iSp18/ TACTGAACCGC
The WWW and NNNN nucleotides flanking the experimental barcode serve as unique
molecular identifiers (UMI) for identifying PCR duplication of sequenced reads. /iSp18/
represents a 18-atom hexa-ethyleneglycol spacer.

P3/P5 solexa PCR primers
PCR primers for iCLIP library preparation were ordered from IDT, with the following
sequence.
P3

Solexa:

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCT-

GAACCGCTCTTCCGATCT
P5 Solexa: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

P3 Tall
P3 Tall oligo was used in biotin-streptavidin cDNA purification procedure for elution from
streptavidin beads (see Figure 3.11 for schematic):
GCATTCCTGCTGAACCGCTCTTCCGATCT

COMRADES alternative RT primer and adapter sequence
Oligos for reverse transcription and cDNA adapter ligation were designed according to the
published COMRADES protocol (Ziv et al., 2018; Kwok et al., 2013), with modifications
to allow multiplexing with libraries produced by the lab iCLIP protocol.
Library reverse primer compatible with iCLIP (used for reverse transcription for experiments in Figure 3.12):
/5SpC3/CTGAACCGCTCTTCCGATCT
5’ hairpin adapter, which is ligated to the cDNA after RT. This is ordered from IDT with 5’
phosphate, which is subsequently 5’ adenylated:
/5Phos/AGATCGGAAGAGCGTCGTGTAGCTCTTCCGATCT NNNNNNNNNN /3SpC3/

2.1.3

Adapter 5’ adenylation and IR dye coupling with click chemistry

20 nanomoles of L3-IR-phos was pre-adenylated with the 5’ DNA Adenylation kit
(NEB) (20nmol L3-IR-phos, 75µl 10x 5’DNA Adenylation Reaction Buffer, 0.1mM ATP,
3.75µmol Mth ligase) in a 750µl reaction, at 65°C for two hours. The reaction in precipitated overnight at −20°C by addition of 80µl 3M NaAc, 1.875ml EtOH. The adapter is
centrifuged at 21000G for 30 minutes at 4°C, and the pellet is washed once in 80% EtOH.
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The adapter is resuspended in 360µl of PBS. The internal azide group (/iAzideN/) within
the adapter is coupled to 0.5mg of IRdye-800CW-DBCO (LI-COR, cat # 929-50000) in a
Click reaction at 37°C for 2 hours. The dye-coupled adapter is purified with the Nucleotide
Removal Kit (QIAgen), and eluted in a total of 2ml, as described (Zarnegar et al., 2016).
The final concentration is quantified by nanodrop and diluted to 1µM, aliquoted and stored
at −20°C.
The barcoded adapters and 5’hairpin adapter were pre-adenylated with the same procedure as the infrared adapter described above, scaled down for 2nmoles input (1/10). After
ethanol precipitation, the pre-adenylated adapter was purified with the Nucleotide Removal
Kit, as above, quantified and diluted to 1µM.

2.1.4

HuR iCLIP conditions for iCLIP optimisations

Cells were UVC crosslinked at 150mJ/cm2 , lysed, and partially RNA digested as previously
described (Huppertz et al., 2014). Previous optimisations have identified 0.4U/ml of RNase
I to be optimal for capturing crosslinked RNA fragments of optimal length with HuR. 2µg
of antibody (sc-5261) is used for HuR IP with 1ml of lysate at the protein concentration of
1mg/ml.

2.1.5

Optimised iCLIP protocol

Cells were UVC crosslinked at 150mJ/cm2 , lysed, and partially RNA digested as previously described (Huppertz et al., 2014). RNA fragmentation and immunoprecipitation (IP)
conditions are dependent on the RBP and the efficiency of the antibody.

SeqRv adapter ligation
After IP, beads were washed twice in high salt buffer and twice in PNK wash buffer, beads
were incubated at 37°C for 40 minutes for 3’end dephosphorylation in the following reaction mix: 8µl 5x PNK pH 6.5 buffer, 1µl PNK (NEB M0201L), 0.5µl FastAP alkaline
phosphatase (ThermoFisher, EF0654), 0.5µl RNasin, 30µl nuclease-free water. Beads were
washed in PNK wash buffer, and adapter ligation was performed on beads for overnight
at 16°C or 75 minutes at 25°C, with the following modified conditions: 6.3µl water, 3µl
10X ligation buffer (no DTT), 0.8µl 100% DMSO, 2.5µl T4 RNA ligase I high concentration (M0437M NEB), 0.4µl RNasin, 0.5µl PNK, 2.5µl pre-adenylated adaptor L3-IR-App
or L3-XXX-App (stock 1µM), 9µl 50% PEG8000.
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RecJ adapter removal
Beads were washed twice in high salt buffer and twice in PNK wash buffer after adapter
ligation. The beads were then resuspended in the following reaction for adapter removal:
12.5µl Nuclease-free water, 2µl NEB Buffer 2, 0.5µl 5’ Deadenylase (NEB M0331S), 0.5µl
RecJ endonuclease (NEB M0264S or Epicentre RJ411250), 0.5µl RNasin, 4µl PEG400.
The beads were incubated at 30°C for 1 hour, then 30 minutes at 37°C for 30 minutes.

iCLIP SDS-PAGE and visualisation
Beads were washed twice in high salt buffer and twice in PNK wash buffer after RecJ
adapter removal. After washing, beads were then resuspended in 20µl of 1x NuPAGE loading buffer, and the RBP-RNA-linker complexes were eluted at 70°C for 1 minute. This is
loaded in a NuPAGE 4-12% Bis-Tris SDS-PAGE, run for 65 minutes at 180V with MOPS
buffer, and transferred to a nitrocellulose membrane for 2 hours at room temperature, 30V
with 1x NuPAGE Transfer buffer with 10% methanol.
The membrane is then visualised at the LI-COR Odyssey-Clx. The pre-stained protein
ladder is imaged at the 700nm channel whereas the RBP complexes ligated to the linker,
is visualised at the 800nm channel. After imaging, a printout of the infrared image creates a mask for the membrane, and RBP complexes of size 15-80kDa above the expected
molecular weight of the protein (HuR 36kDa, STAU2 52-63kDa) were cut out from the
nitrocellulose membrane.

RNA extraction
The nitrocellulose membrane strips were digested with 10µl protein K (Roche, Ref no.:
03115828001) in 200µl proteinase K SDS buffer (10mM Tris-HCl pH 7.4, 100mM NaCl,
1mM EDTA, 0.2% SDS) for 1 hour at 50o C. The supernatant was transferred to a new tube.
The RNA extracted were then phenol/chloroform extracted from the supernatant by adding
200µl of Phenol:Chloroform:Isoamyl Alcohol 25:24:1 (Sigma, P3803), incubating shaking
for 5 min at 30°C, and centrifuged to separate the aqueous and organic phases. The aqueous
phase was further extracted with 0.8ml of chloroform, centrifuged, and the upper phase
containing the RNA is transferred to a new tube, and then precipitated with 20µl 3M NaAc,
0.75µl glycoblue and 0.5ml EtOH overnight at −20°C. The RNA is pelleted for 30 minutes
at 4°C at 13000G.
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Reverse transcription and RT primer removal
The RNA is resuspended in 5.5µl water then reverse transcribed with barcoded RT primers
using the Superscript IV (SSIV) Kit with the following condition:
Add 1µl 1µM RT primer, 0.5µl 10mM dNTP, denature at 65°C for 5 minutes, ramp down to
25°C.
Hold at 25°C until addition of 2µl 5x SSIV buffer, 0.5µl 0.1M DTT, 0.25µl RNasin, 0.25µl
SSIV. Then incubate in a thermocycler with the following program:
25°C, 5 minutes. 50°C, 5 minutes. 55°C, 5 minutes. 4°C, Hold.
After RT, the reaction incubated with Exonuclease I (2U, add 1µl of a 10-fold dilution
of NEB Exonuclease I) for 15 minutes at 37°C. 1.25µl 0.5M EDTA is added to inactivate
ExoI, then RNA is degraded by alkaline hydrolysis at 85°C for 15 minutes by adding 1.25µl
1M NaOH. Afterwards, this is neutralised with 1.25µl 1M HCl.

cDNA purification with AmPURE beads
cDNA cleanup was performed by adding 37.5µl (3x) of Agencourt AMPure XP beads and
21µl (1.66x) Isopropanol for capture for 5 minutes at room temperature, then magenetically
separated. Supernatant was removed and beads were washed twice, each lasting 30 seconds,
by overlaying the beads with 200µl 85% EtOH. After removal and evaporation of EtOH,
cDNA was eluted back in 9µl water.

cDNA circularisation
Eluted cDNA was moved to a new PCR tube and mixed with CircLigase II (Epicentre)
reaction mix containing: 1.5µl 10x CircLigase Buffer II, 0.75µl CircLigase II, 0.75µl 50
mM MnCl2 , 3µl 5M betaine. Circularised cDNA is purified using the same AMPure XP
beads procedure with the following volumes: 45µl (3x) of Agencourt AMPure XP beads
and 25µl (1.66x) Isopropanol. cDNA is eluted in 10µl of water and can be stored at −20°C.

cDNA library preparation for sequencing
cDNA libraries were PCR amplified with Phusion HF mastermix kit. 1µl of the cDNA
is PCR amplified at a small scale. To amplify the cDNA library, 4µl of the cDNA eluate
is amplified with P3/P5 solexa primers in a 40µl reaction. In general between 17 to 20
PCR cycles was used for HuR and STAU2 experiments, and 15-16 cycles for mock iCLIP
experiments. 10µl was ran in a 6% TBE gel to monitor the specificity by comparing to the
negative controls, and to verify successful but not over- amplification (which would give
rise to concatemers). After amplification, iCLIP cDNA libraries have an expected size of
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between 150-250 bp.
10µl from each PCR-amplified libraries to be sequenced on the same lane were then
further multiplexed, and concentrated to 10-15µl by standard AmPURE bead purification
by manufacturer’s protocol. 5-10 barcodes were multiplexed at this stage to increase the
recovery efficiency in the subsequent gel purification and size selection steps. If the adapter
artefact is absent in the TBE gel visualisation, gel purification and size selection steps are
not necessary for these libraries. For libraries where the artefact is strongly present, the
libraries were size selected by running in a 6% TBE gel and staining with SYBR green I
(ThermoFisher, S7567). The gel was visualised by blue light and the region corresponding
to 145-400nt is cut, taking care to avoid incorporating the adapter artefact at 131nt. The gel
pieces were then crushed and eluted in 500µl of Gel Crush Soak buffer (500mM NaCl, 1mM
EDTA, 0.05% SDS) by incubating at 65°C for two hours. The eluate was spun through CoStar spin x columns and then precipitated with 1µl glycoblue, 50µl 3M NaAc and 1.25ml
EtOH overnight at −20°C. The cDNA libraries were pelleted by centrifuging at 13000G for
30 minutes. Pellets were washed with 80% EtOH and then dissolved in 12µl of water, and
stored at −80°C.
Subsequently libraries were quantified by QuBit dsDNA HS Assay and KAPPA qPCR
library quantification kit. The size distribution was again assessed by Agilent Tapestation
D1000 ScreenTape analysis. Libraries were sequenced by Illumina HiSeq 4000.

2.1.6

Alternative variants tested during optimisation of iCLIP

cDNA purification with streptavidin beads
Protocol for cDNA purification with streptavidin beads (Figure 3.11, 3.12) was adopted
from (Zarnegar et al., 2016). After reverse transcription, 1µl of RNaseA and 1µl of RNaseH
was added to the samples, and incubated for 15 minutes at 37°C for RNA degradation (alkaline hydrolysis or any heat denaturation must not be performed as this will disrupt the
interaction between the biotinylated adapter and cDNA). 7.5µl of MyOne Streptavidin C1
Dynabeads (Thermofisher scientific) were pre-washed in NT2 buffer per sample, and resuspended in 80µl of NT2 buffer. cDNA were incubated with the pre-washed streptavidin beads
for 30 minutes at room temperature for cDNA capture. Streptavidin beads were washed 2x
in 100µl high stringency buffer, and 3x in PBS. cDNA elution, cDNA circularisation was
performed as described in the published irCLIP protocol (Zarnegar et al., 2016). cDNAs
were removed from the beads and a further 185µl of TE buffer is used to elute cDNAs.
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cDNAs were ethanol precipitated and resuspended in 10µl.

cDNA purification with Silane beads
Conditions for cDNA purification with Silane beads was adopted from (Van Nostrand et al.,
2016). During RNA degradation step after reverse transcription, MyONE Silane beads
(thermofisher scientific, 37002D) were prepared. Magnetically separate 5 µl MyONE Silane
beads per sample, remove the supernatant. Beads were washed 1 with 500 µl RLT buffer
(Qiagen, 79216) and resuspended in 46.5 µl RLT buffer. To bind cDNA, beads in 46.5
µl RLT buffer were added to the sample, further mixed with 55.8 µl 100% EtOH. Pipette
to mix, leaving pipette tip in a tube (to avoid sample loss), pipette mix twice, in 5 min
intervals. After cDNA capture, beads were washed by magnetically separating the beads
from the supernatant, and removing the supernatant. 1 mL 80% EtOH was added to the
beads, resuspended by pipetting and moved to new tube. After 30 seconds, magnetically
separate beads from supernatant, remove supernatant and beads were washed 2 with 80%
EtOH (30 s). Magnetically separate, remove residual liquid with fine tip and wait to air-dry
for 5 minutes. cDNA was eluted in 9µl of water for circularisation.

2.1.7

hiCLIP in rat brain

Rat brain from animals of ages postnatal day (P)0, P2, P7 and 5 week were dissected, flash
frozen and stored at −80°C. On the day of the hiCLIP experiment, the brain tissue was
grinded into a fine powder using mortar and pestle whilst being kept frozen with liquid
nitrogen. Subsequently, the tissue dry powder was spread across 6 well plates, pre-chilled
on dry ice, and UVC crosslinked at 150mJ/cm2 for 4 rounds with shaking in between to
ensure even crosslinking, on dry ice. The crosslinked tissue was then lysed in the mild
cytoplasmic lysis buffer as described previously for hiCLIP (Sugimoto et al., 2015, 2017)
or the medium stringency iCLIP lysis buffer as described previously for iCLIP (Huppertz
et al., 2014) with sonication for the latter to aid lysis. The RNA was fragmented in lysate,
then the lysate is pre-cleared by centrifuging for 10 minutes at top speed at 4°C, and filtered
through the Proteus Mini Clarification Spin Columns (GEN-MSF500) to remove any debris
prior to immunoprecipitation.
The lysate was then added to the protein A Dynabeads which had been pre-incubated
with rabbit polyclonal STAU2 antibody (generated by the Kiebler lab) to specifically capture the endogenous protein and the crosslinked RNAs. Subsequently, RNAs were 3’end
dephosphorylated and ligated to the pre-adenylated L3 adapter on beads (without ATP) for
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75 minutes.
To enable proximity ligation between the complementary strands of RNA duplexes
bound by STAU2 captured on beads, the RNA was then phosphorylated on the 5’ end and
incubated with RNA ligase I without additional adapters in the presence of ATP overnight.
The subsequent procedures were exactly as described for iCLIP.

2.1.8

mock iCLIP

mock iCLIP SDS-PAGE and RNA extraction
mock iCLIP (schematic Figure 3.16) was done in parallel to hiCLIP experiments in rat brain.
20µl of UVC crosslinked rat brain lysate from hiCLIP experiments was set aside for mock
iCLIP experiments. 3µl of 1M DTT and 7µl of 4x NuPAGE loading buffer was added to the
lysate, mixed, and denatured at 70°C for 1 minute on the thermomixer. Maximum loading
volume was loaded to a NuPAGE 4-12% Bis-Tris SDS-PAGE and run for 65 minutes at
180V with MOPS buffer and transferred to nitrocellulose membrane as described. Each lane
containing paired mock iCLIP sample was cut out individually between a wide MW range of
30-200kDa. The low molecular weight bands were avoided to remove free RNA fragments.
RNA was extracted as described for iCLIP with proteinase K digestion, phenol/chloroform
extraction and ethanol precipitation.

mock iCLIP in solution adapter ligation, adapter removal and RNA purification
After ethanol precipitation, the RNA pellet was resuspended in 14.5µl of water, 4µl 5x PNK
pH 6.5 buffer, 0.5µl PNK, 0.5µl FastAP alkaline phosphatase, 0.5µl RNasin, and incubated
for 40 minutes at 37°C. RNA cleanup was performed by adding 60µl (3x) of Agencourt
RNAClean XP beads and 33µl (1.66x) Isopropanol for capture for 5 minutes at room temperature, then washed twice with 85% EtOH, and RNA was eluted back in 6.3µl water.
For adapter ligation, the following was added and incubated at 25°C for 75 minutes:
3µl 10X ligation buffer (no DTT), 0.8µl 100% DMSO, 2.5µl T4 RNA ligase I high concentration , 0.4µl RNasin, 0.5µl PNK, 2.5µl pre-adenylated adapter L3-XXX-App (stock 1µM),
9 µl 50% PEG8000. RNA cleanup was performed again with the same procedure, but with
the following volumes: 12.5µl (0.5x) of water, 62.5µl (2.5x) of Agencourt RNAClean XP
beads and 41.5µl (1.66x) of Isopropanol.
RNA was eluted in 12.5µl and added to the following mix, as described for iCLIP
for adapter removal: 2µl NEB Buffer 2, 0.5µl 5’ Deadenylase, 0.5µl RecJ endonuclease,
0.5µl RNasin, 4µl PEG400. The reaction was incubated for 1 hour at 30°C, 30 minutes
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at 37°C and inactivated at 65°C for 20 minutes. RNA cleanup was performed with the
adjusted volumes: 10µl (0.5x) of water, 50µl (2.5x) of Agencourt RNAClean XP beads
and 33µl (1.66x) of Isopropanol. RNA was eluted in 5.5µl of water, proceeding to reverse
transcription and all subsequent steps as previously described for iCLIP.

2.2

Computational analysis for iCLIP and hiCLIP

2.2.1

iCLIP analysis of crosslink sites, significant crosslink sites and peaks

HuR iCLIP was processed using the iMaps webserver (https://imaps.genialis.com/), which
is based on the iCount package developed by Dr. Tomaž Curk (https://icount.readthedocs.io/
en/latest/index.html) (König et al., 2010). The data was mapped to the GRCh38/GENCODE
v27 genome assembly using STAR (version 2.6.0) with the default settings, with end-to-end
mapping (Dobin et al., 2013). Crosslink sites were defined as the nucleotide position preceding the start of the cDNA insert (i.e. where the reverse transcription truncates). cDNAs
arising from PCR duplication were collapsed for sequencing reads which contain the same
UMI sequence (present at the start of the sequencing read, Figure 3.1) and the same position
of crosslink site. Significant crosslink sites were defined using the ‘iCount peaks’ tool on
the iMaps webserver, with default settings for gene-wise analysis with a half window size
of 3 and FDR (false discovery rate) threshold of < 0.05. Peaks were defined by clustering
the significant crosslink sites within a window of 20nt.

Correlation analysis between significant crosslink sites and peaks
For correlation analysis between HuR iCLIP done with standard, epicentre RecJ and 2U
exonuclease I protocols (Figure 3.9), the crosslink sites from the 3 sequencing libraries
were merged in order to define a common set of significant crosslink sites and peaks for
analysis using iMaps.
The counts of crosslink events were normalised to library size within each sample.
Within each library, the normalised crosslink counts (counts per million) for each of the
defined significant crosslink sites or peaks were obtained with BEDtools (Quinlan and Hall,
2010) map function with the following parameters : -c 5 -s -o sum -null 0. To remove noise
introduced from lowly abundant crosslink positions, significant crosslink sites or peaks were
filtered with a coverage threshold of > 1 count per million or > 5 count per million, respectively, in either sample within the comparison. Pearson correlation was reported by analysis
in R.
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Analysis of hybrid cDNAs for RNA structures from STAU2 hiCLIP

The computational analysis of RNA structures detailed in section 2.2.2 was done by Dr.
Anob Chakrabarti in the Luscombe lab in collaboration, including Figures 4.2, 4.5, 4.7, 4.6,
4.8, 4.9, 4.10, 4.12, 4.13, 4.14.

Custom mapping to rat transcriptome index
Custom rat transcriptome index was constructed based on the Ensembl annotation (release
94). For mRNA transcripts, the extended 3’UTRs were included in the annotation by extending the last exon of the longest annotated transcript of each gene by 10kb downstream.
Reads were mapped in a similar approach to the hyb bioinformatic pipeline (Travis et al.,
2014) onto the custom transcriptome index in order to identify hybrid reads where the cDNA
sequence can be mapped onto two discontiguous transcriptomic locations, which would
arise from proximity ligation events of two RNA fragments.

Binding energy analysis
The binding energies of the RNA duplex structures formed by the observed hybrid reads
were calculated as that of the minimum free energy (MFE) structure predicted by RNAduplex from the ViennaRNA 2.0 package (Lorenz et al., 2011). For analysis of control taking
into account (GC content, repetitive) sequence features which can skew the binding energy
analysis, comparison with the randomised shuffled control was adopted using uShuffle from
the same read while preserving dinucleotide content (Jiang et al., 2008).

Conservation analysis
Sequence conservation was analysed by intersecting the genomic positions centred on each
hybrid arm with the phyloP 20-way vertebrate genome multiple alignment conservation
score (Pollard et al., 2010).

PCA analysis of STAU2 crosslink counts across identified RNA structures
After mapping of hybrid reads, all identified RNA structures were pooled together for analysis. To identify RNA structures which change in STAU2 binding across development and
to perform PCA on hiCLIP samples, the normalised crosslink counts overlapping with the
defined hybrid arms was used as a proxy to quantify their relative abundance.

Representation of individual RNA structures
Predictions of MFE and visualisation of predicted pairing probabilities of selected RNA
duplexes were made with RNAfold from the ViennaRNA 2.0 package (Lorenz et al., 2011),
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from the sequences of individual hybrid reads supporting the duplex highlighted on Camk2a
3’UTR. Positions of the RNA structures on Camk2a were visualised in UCSC Genome
Browser (http://genome.ucsc.edu).

2.2.3

Analysis of crosslink events and STAU2 bound transcripts

STAU2 hiCLIP libraries and paired mock iCLIP libraries were processed using the iMaps
webserver as described in section 2.2.1. The data was mapped to the Rattus norvegicus
Rnor 6.0 genome assembly using STAR (version 2.6.0) with the default settings with endto-end mapping (Dobin et al., 2013). Crosslink sites were defined as described in section 2.2.1.

DESeq2 analysis of STAU2 enriched and depleted transcripts
The mapped crosslink sites bed files for each sample of 5 week cortex STAU2 hiCLIP and
the paired mock iCLIP were generated by iMaps webserver. Crosslink sites were mapped
onto the transcript level with the custom transcriptome annotation with extended 3’UTRs
(section 2.2.2) excluding intronic regions, using BEDtools (Quinlan and Hall, 2010) map
function with the following parameters : -c 5 -split -s -o sum -null 0. Transcripts with
less than 5 mapped crosslink counts across the combined STAU2 hiCLIP and mock iCLIP
triplicates were removed from analysis. Counts of crosslink events per transcript was then
inputted into DESeq2 analysis package (Love et al., 2014) in R for analysis of differential
abundance between STAU2 hiCLIP and mock iCLIP data. Normalisation for library size
was performed within the DESeq2 analysis. Significant transcripts were determined using
a threshold padj (p values adjusted for multiple testing) < 0.05 cut-off value, and a fold
change threshold of > 3 or < −3, respectively, for either STAU2 enrichment or depletion.

Gene ontology analysis
GO analysis of terms for cellular components was performed in GOrilla (Eden et al., 2009).
The background set of transcripts from DESeq2 analysis (i.e. filtered for coverage of 5
crosslink counts) was used to calculate enrichment. Redundant GO terms were removed by
REVIGO, using an allowed similarity of 0.5 (Supek et al., 2011).

Comparison of hiCLIP with published RIP and iCLIP datasets
STAU2 RIP enriched transcripts were identified from a published study. This study performed RIP followed by microarray, and enriched transcripts were defined with a fold
change abundance threshold of 1.5 fold over the input sample (Heraud-Farlow et al., 2013).
Overlap analysis was performed based on gene symbol.
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Rbfox1 iCLIP identified 3’UTR binding targets were taken from a published study
(Lee et al., 2016). This study performed nuclear/cytoplasmic fractionation from crosslinked
mouse cultured forebrain neurons which expresses a flag-tagged Rbfox1 construct. In addition to the list of binding targets, the GFF file containing the reads and crosslink position
supporting confident Rbfox1 binding sites was downloaded from Gene Expression Omnibus, accession number GSM1845390. The significant crosslink sites were defined in this
study based on the FDR < 0.01. Sites located within 20nt of one another were then clustered as peaks. Peaks with 1nt width were removed. From this file, the coordinate positions
of mapped reads were batch converted from the Mus musculus mm9 genome annotation
to the rn6 genome annotation (sequentially from mm9 to mm10 to rn6) with ucsc liftOver
tool using default settings (Hinrichs, 2006). Crosslink sites were defined as before as the
nucleotide preceeding the read start based on the converted genomic coordinates, visualised
in Integrative Genomics Viewer (IGV) (Robinson et al., 2011).

Data visualisation
Graphs were produced in R (version 3.5.1) (R Core Team, 2018) and R studio (version
1.1.463) (RStudio Team, 2015), with the ggplot2 R package (Wickham, 2016). Venn diagrams were produced by the eulerr R package (Larsson, 2018). Tracks for hybrid reads
and duplexes, crosslink sites, conservation, annotation and sequence were visualised for
example transcripts either with the UCSC Genome Browser or IGV.

2.3
2.3.1

Cell culture
GFP-TDP-43 HEK293 FlpIn cell lines

HEK293 cells were cultured in DMEM + 10% Fetal Bovine Serum (FBS) media. GFPTDP-43 WT, truncation, deletion and point mutation constructs and HEK293 FlpIn cell
lines were made by Dr. Frederique Rau (WT, G298S) and Dr. Martina Hallegger (trunc,
deltaQN, deltaN, deltaUCR, delta C, G294A, A326P, Q331K, G335A, M337P). When
inducing GFP-TDP-43 expression, DMEM + 10% FBS media was supplemented with
150ng/ml doxycycline.

2.3.2

GFP-hTDP-43 mESCs

mESCs expressing GFP-tagged human TDP-43 constructs in the endogenous mouse locus were generated by CRISPR-Cas9 technology by Dr. Miha Modic and Ms. Federica Capraro. mESCs were cultured on feeder-free (0.2%) gelatin-coated plates or glass-
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bottom cell culture dishes (Nunc 150680), maintained in 2i+LIF media consisting of 1:1
DMEM/F12 and Neurobasal media, 1x N2 supplement, 1x B27 supplement, 1x Glutamax,
0.05% BSA, 1x non-essential amino acids, 50µM 2-mercaptoethanol, 1µM PD0325901
(Sigma, PZ0162), 3µM CHIR99021 (Sigma, SML1046), 1000U/ml ESGRO LIF (Millipore, ESG1107).

2.3.3

Motorneuron compartmentalised cultures

Motorneuron (MN) precursors, provided by Dr. Giulia Tyzack from Patani lab, were differentiated from human iPSCs according to published protocol (Hall et al., 2017). For terminal
differentiation of MNs for compartmentalised culture and subsequent isolation of neurites,
MN precursors were detached by Accutase (Gibco A111050). Cells were counted, resuspended in 10 ng/µl basicFGF (Peprotech, 100-18B) containing neural maintenance media
(1:1 mixture of N-2 and B-27-containing medium: N-2 medium comprised DMEM/F-12
GlutaMAX, 1 N-2 supplment, 5 µg/ml insulin, 1 mM L-glutamine, 100 µM nonessential
amino acids, 100 µM 2-mercaptoethanol, 50 U/ml penicillin and 50 mg/ml streptomycin;
B-27 medium comprised Neurobasal media, 1 B-27 supplement, 200 mM L-glutamine, 50
U/ml penicillin and 50 mg/ml streptomycin.).
1.5 million MN precursors were seeded per 6-well porous membrane cell culture inserts (Sarstedt TC Inserts 1um pore size (for 6 wells)- 83.3930.101), which had been precoated on the bottom side only with Geltrex (1:100, Gibco A1413301). After 24 hours, MN
precursors were terminally differentiated by replacing the media with 0.1µM compound E
in neural maintenance media. Media was replaced twice per week.

2.4
2.4.1

Other biochemical techniques
STAU1-RIP optimisation with ARF1 constructs

HEK293 cells were transfected with 0.5µg each of ARF1 WT and ARF1∆ luciferase constructs using Lipofectamine 3000, 48 hours prior, and dox induced 24 hours prior to collection. For buffer optimisation, after IP, magnetic beads were washed with high salt wash
buffer (50mM Tris-HCl pH 7.4, 1M NaCl, 1mM EDTA, 1% Igepal CA-630, 0.1% SDS,
0.5% sodium deoxycholate) or intermediate wash buffer (50mM Tris-HCl pH 7.4, 750mM
NaCl, 0.5% Igepal CA-630, 0.1% Na-Deoxycholate, 0.1% SDS). A negative control with
ms-IgG coupled to the protein G beads was used to monitor IP specificity in the optimisation
stages.
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As an alternative to the Directzol Kit, after proteinase K treatment, RNAs were phenol/chloroform extracted and ethanol precipitated. Subsequently, the RNA pellet was dissolved and treated with turbo DNase in a 50µl reaction .
All purified RNA samples were reverse transcribed with random hexamer primers,
with the Revert Aid Kit, in a 20µl reaction. cDNA were then diluted 10 fold, and 8µl were
used in PCR with ARF1 forward (plasmid specific) and reverse primers, with ImmoMix
kit (Bioline), for 35 cycles. PCR reaction was visualised and quantified by capillary gel
electrophoresis (QIAxel).

2.4.2

Western blot

For the western blot used to assess GFP-TDP-43 expression in dox-induced cell lines carrying different constructs, cells were lysed with ice-cold iCLIP lysis buffer and sonicated with
the Biorupter Pico for 10 cycles, 30 seconds ON 30 seconds OFF. Debris was pelleted, and
lysates were run in a Nupage 4-12% Bis-Tris gel with 1x MOPS buffer for 60 minutes at
180V, and then transferred onto nitrocelllulose membrane using the Trans-blot Turbo RTA
transfer kit (Biorad). The membrane was blocked with 5% Milk in 1x PBS, 0.1% Tween
(PBSTw). The membrane was blotted with primary antibodies rb anti-GAPDH (Cell signaling, CST 2118L) as loading control and chk anti-GFP (Abcam, ab13970) for GFP-TDP-43
abundance. After 2 hours incubation at room temperature, the membrane was washed 3x 510 minutes with PBSTw. The membrane was incubated with secondary antibodies (1:5000)
gt-anti-chk HRP (Abcam ab97135) and gt-anti-rb HRP (ab6721) for 45 minutes at room
temperature. After 3x washes with PBSTw, HRP signal was visualised with ECL incubation and images were taken on the Amersham Imager 600. Western blot was quantified with
ImageJ (Rueden et al., 2017).

2.5

Microscopy and Imaging

2.5.1

Fluorescence recovery after photobleaching (FRAP)

Initial FRAP optimisation was done in collaboration with Dr. Frederique Rau, with the help
of the Crick Advanced Light Microscopy science technology platform.
Glass-bottom cell culture dishes (Nunc 150680) were pre-coated with poly-D-lysine
(0.5mg/ml) for at least 1 hour, then washed with distilled water (cell-culture grade, Gibco
15230188) twice and air-dried in the hood for half an hour. GFP-TDP-43 HEK293 FlpIn
cells were seeded 48 hours prior to the experiment. Doxycycline was added to the media
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24 hours prior to the experiment to induce GFP-TDP-43 expression at a near endogenous
level. DMEM 10% FBS media was replaced with Fluorobrite DMEM (Gibco, A1896701),
2% FBS + Glutamax supplemented with doxycycline, 1-2 hours prior to the start of FRAP
experiments. FRAP was carried out on Zeiss inverted 880 confocal microscope, equipped
with a 63x objective, a gas mixer CO2 supply and a temperature-controlled chamber set
at 37°C, with Zeiss 2012 software. All parameters were kept constant across independent
experiments and conditions.
Acquisition parameters:
EGFP channel (Click Auto setup and choose EGFP)
Frame size: 512x512
12 bit
Averaging =1
Bidirectional scanning
Scan speed = 9
Scan area= 4x during FRAP acquisition
Laser power (488): 0.5% (Photobleaching during the acquisition series should be minimal)
Pinhole: 90.1µm
Gain: 750
Bleaching parameters (This should reach > 95% bleaching efficiency on fixed cells):
100% laser power on 488nm laser
20 bleach iterations
Start bleach after 5 cycles
Different scan speed for bleaching: 6
ZOOM bleach
Bleach area = rectangle of 20x24 pixels at 4x zoom
Acquisition cycles:
200 cycles
time interval = 100ms
actual frame interval = 312ms
The bleaching area was a small nuclear region outside of any foci, unless otherwise
specified. For foci bleaching, the bleaching area was centred on the foci within the nucleus.
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DRB
For DRB (5,6-Dichloro-1-β -D-Ribofuranosylbenzimidazole) experiments, DRB (stock
1M) was added to the media at a final concentration of 50µM and FRAP experiments were
conducted up to 90 minutes after DRB addition.

2.5.2

Z-stack confocal imaging

GFP-TDP-43 cells were seeded on glass coverslips pre-coated with poly-D-lysine, as before
(section 2.5.1). After 24 hours, doxycycline is added to the media to induce GFP-TDP-43
expression for 24 hours or 72 hours. Cells were fixed in 4% PFA, 1xPBS, and washed 3x
PBS. Coverslips were then mounted with VECTASHIELD (Vector labs, H-1000).
0.35µm z-stacks of GFP-TDP-43 HEK293 FlpIn cell lines were obtained with Zeiss
inverted 880 confocal microscope with a 63x objective at 4x zoom. Dimensions were set at
2048x2048 pixels. Pinhole size was set to 1 airy unit.

2.5.3

Hexanediol time-lapse imaging

GFP-TDP-43 WT cells were seeded on 8-well chamber slides (Ibidi, cat no 80826) precoated with poly-D-lysine, as before (section 2.5.1). After 24 hours, doxycycline is added
to the 10% FBS DMEM media to induce GFP-TDP-43 expression for 24 hours. Media
on the cells is replaced with Fluorobrite DMEM (Gibco, A1896701), 2% FBS + Glutamax prior to live imaging. 17.5%, 40% or 50% 1,6-Hexanediol (w/v) is reconstituted in
Fluorobrite DMEM (Gibco, A1896701), 2% FBS + Glutamax. Immediately before live
imaging, 1,6-hexanediol containing media was added to the cells at a 1:5 ratio to achieve a
final concentration of 3.5%, 8% or 10% 1,6-hexanediol respectively (for example, add 50µl
of 1,6-hexanediol containing media to the chamber slide wells containing 200µl of normal
Fluorobrite DMEM media).
Time-lapse imaging over 10 minutes after 1,6-hexanediol treatment was carried out on
Zeiss inverted 880 confocal microscope, equipped with a 63x objective, a gas mixer CO2
supply and a temperature-controlled chamber set at 37°C, with Zeiss 2012 software. 3 independent frames of view (dimensions: 792x792 pixels. 16-bit images) were chosen per
condition. In total, 20 timepoints were taken at 30s intervals. 7 z-planes (0.39 µm depth
intervals) were taken for each frame at each timepoint to take account for drift in focus during time-lapse imaging. Images shown in Figure 5.15 were the maximum z-projections of
each z-stack, filtered with the Gaussian blur function in Fiji (Rueden et al., 2017; Schindelin
et al., 2012) with a sigma of 1 pixel, and pseudo-coloured with the ‘Fire’ LUT in Fiji.

76

2.5.4

Chapter 2. Materials and Methods

Immunocytochemistry of motorneuron compartmentalised cultures

Immunocytochemistry of the MN compartmentalised cultures was carried out after 5 days
of terminal differentiation. All washes and incubation steps were carried out on both sides
of the cell culture insert. Media was aspirated off the 6-well cell culture inserts and fixed by
incubating with 4% PFA in 1xPBS for 15 minutes at room temperature. MNs were washed
3x with 1x PBS with 0.1% Tween (PBSTw) for 5 minutes. MNs were permeabilised with
1x PBS with 0.5% Triton for 5 minutes at room temperature. Coverslips were blocked with
5% FBS, PBSTw (blocking buffer) for 30-60 minutes at room temperature. Primary antibodies for MAP2 (rb anti-MAP2, 1:1000, Abcam ab32454) and β III-tubulin (ms anti-TUJ1,
1:2000, Biolegend 801201) were diluted in blocking buffer incubated for 1 hour at RT or
overnight at 4°C. The cell culture inserts were washed 3x with PBSTw. Secondary antibodies were diluted in blocking buffer (dk-anti-rb 488, gt-anti-ms 568, 1:500) and incubated for
1 hour at RT. Cell culture inserts were washed 2x PBSTw, and stained with DAPI (1:1000
in 1xPBS) for 10 minutes, and washed 1x PBS. The membrane of the cell culture inserts
was excised out with a scapel, were mounted with VECTASHIELD (Vector laboratories,
H-1000) between a glass slide and a coverslip. The orientation of mounting is such that
bottom side of the membrane is facing the coverslip. Confocal imaging was carried out on
Zeiss inverted 880 confocal microscope with a 40x objective.

2.6
2.6.1

Imaging analysis
FRAP analysis

FRAP analysis was done with the FRAP calculator package (by Robert Bagnell,
www.med.unc.edu/microscopy) on ImageJ (Rueden et al., 2017) . Briefly, proceed by
opening the FRAP series by importing it into ImageJ (the area of bleaching is imported
with the image as a ‘region of interest (ROI)’) and open the FRAP calculator package dialogue. The frame interval was defined (326ms). Draw the ROI corresponding to the area of
bleaching, and the plugin measures the mean pixel intensities across the entire acquisition
cycles. Draw another ROI corresponding to a control region (eg. a ROI of the same area
at another nuclei in the same image), which is used to normalise for the pixel intensities
to account for fluctuations in laser power and photobleaching of GFP signal during the
entire acquisition series. Save the output of normalised fluorescence intensity (includes
normalisation to the control region and to a user-defined pre-bleach intensity of the ROI).
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77

Since bleaching occurs at timepoint =6, the fluorescence intensities at the first 5 pre-bleach
timepoints were averaged and used again to normalise the fluorescence intensity values at
all subsequent post-bleach timepoints. Fluorescence intensities at post-bleach timepoints
is used to plot the FRAP curve and for non-linear regression (done in Prism), with the
following settings: one phase association (i.e. single exponential), variance weighted by
1/Y 2 . This derives an approximate rate constant of FRAP. Mobile fraction is calculated
from the plateau and the first post-bleach fluorescence intensity of the fitted curve with the
following equation:
Intensityplateau − Intensityinitial post-bleach
1 − Intensityinitial post-bleach

2.6.2

Quantification of fluorescence intensity from confocal z-stacks

Quantification of fluorescence intensity and GFP-TDP-43 foci counting (section 2.6.3) were
done using a custom-written macro for batch processing in Fiji (Appendix E), based on the
procedure from (Jain and Vale, 2017). For each z-stack, the maximum intensity z-projection
is used for automatic segmentation of the nuclei signal using the GFP-signal, taking advantage of the observation that GFP-TDP-43 signal is predominantly in the nucleus (hence no
independent nuclei staining such as DAPI is required). Maximum intensity z-projection is
first smoothed with Gaussian and Median filtering, then auto thresholded with the default
settings in Fiji. The Adjustable Watershed plugin is set with a tolerance = 40, to separate
nuclei which are touching each other. Mask is created for each segmented nuclei from each
image, and measurements of mean/median, skewness, kurtosis, standard deviation of the
fluorescence intensities and the area were taken from each mask. In a first pass of quality
control, I observed that the segmentation procedure sometimes results in two merged nuclei.
To filter out measurements from masks containing more than one nuclei, all masks with an
area > 300 pixels and the associated measurements were discarded.

2.6.3

Nuclear foci counting procedure

This procedure was automated in order to eliminate variability associated with manual
counting of ‘foci’. Consistency of manual counting would be particularly difficult in this
case especially across nuclei of different fluorescence intensities.
To count the number of nuclear GFP-TDP-43 foci for each cell line, the masks associated with each nuclei created from the maximum intensity projection were overlayed and
used to segment the original z-stack. Subsequently nuclear GFP foci from the segmented z-
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stack for each nuclei is counted with the ImageJ 3D Objects Counter (Bolte and Cordelires,
2006). A relative intensity threshold is set as 1.6x of the mean fluoresence intensity (Jain
and Vale, 2017) of the z-projection to account for variability of GFP-TDP-43 expression
across cell lines and individual cells.

2.6.4

Statistics for image quantification

Quantification of FRAP (i.e. rate constant of FRAP and the mobile fraction of GFP-TDP43 cell lines) and data derived from confocal z-stacks were statistically tested for normality
(Prism 5, Kolmogorov-Smirnov test, D’Agostino and Pearson omnibus normality test and
Shapiro-Wilk normality test). Since there were conditions where the datasets did not pass a
normality test, significance was tested with Kruskal-Wallis test followed by Dunn’s Multiple
Comparison Test. The p-values reported are from the individual comparisons in the Dunn’s
Multiple Comparison Test. Number of cells quantified for each condition is shown in the
corresponding figure legends.

Chapter 3

Advances in CLIP Technologies for Studies
of Protein-RNA Interaction

3.1

Aims

In the following chapter, I give a detailed introduction into the development of CLIP-based
methods, which rely on crosslinking and subsequent immunoprecipitation to isolate RNA
fragments bound to the protein of interest, coupled with high-throughput sequencing to
identify RNA binding sites on a transcriptome-wide level. In sections 3.2 and 3.3.1, I introduce the core steps in the CLIP method and comprehensively describe existing variants
which are relevant at each step, then discuss the rationale, advantages and disadvantages of
each variant.
Following from my literature review on the advances in CLIP technologies in the last
15 years (Lee and Ule, 2018), I have subsequently tested some of these variants to increase
the convenience of the individual nucleotide resolution CLIP (iCLIP) procedure, incorporating refinements from the recently published infrared CLIP (irCLIP) and enhanced CLIP
(eCLIP) protocols (Zarnegar et al., 2016; Van Nostrand et al., 2016). During the process, I
also identified enzymatic reactions in iCLIP which are inefficient, and incorporate changes
to these steps to increase the overall efficiency of iCLIP. This is summarised in section 3.4
where I present my optimisations of the iCLIP protocol and the rationale for such improvements, illustrated and tested with classical single-stranded RBPs such as HuR.

3.2

Importance of CLIP Technologies and historic development

RBPs regulate all aspects in the life cycle of RNA molecules. To elucidate the elements that
guide RNA specificity, regulatory mechanisms and functions of RBPs, methods that identify
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direct endogenous protein-RNA interactions are particularly valuable. These methods have
a large potential for gaining greater understanding of RNP assembly in vivo, with the capacity for a detailed examination of the direct binding sites of specific RBPs to understand the
principles behind the regulation of their distribution and prevalence on the transcriptome.
Several methods exists to experimentally identify the endogenous protein-RNA interactions specific to one RBP in vivo, with distinct advantages and limitations. These
have variable specificity and sensitivity, encompassing strategies which rely on antibody
immunoprecipitation, or alternatively rely on endogenous tagging of RNAs in close spatial proximity, which I have summarised in section 1.5.2 and Figure 1.6. I focus on the
development of CLIP-based methods in this chapter introduction.
To identify the position of direct protein-RNA interactions, it is crucial to use a method
that preserves endogenous protein-RNA contacts, while ensuring that only a single specific
RBP is purified. CLIP was developed for this purpose by exploiting zero-length covalent
protein-RNA crosslinking and RNA fragmentation (Ule et al., 2003). This enables CLIP to
purify RNAs bound to a specific RBP under conditions that are stringent enough to prevent
co-purification of additional RBPs or free RNAs. Moreover, since only the RNA fragments
that are crosslinked to the RBP are isolated, CLIP can identify the position of the direct
RNA binding sites.
Initially, CLIP relied on Sanger sequencing to identify 340 sequences corresponding
to RNA interactions of splicing factors Nova1 and Nova2 in mouse brain (Ule et al., 2003).
244 of these sequences were intronic or intergenic, confirming that CLIP is sensitive enough
to efficiently identify binding sites within low-abundance RNAs. Abundant RNAs such as
rRNAs were absent, indicating the high specificity of the method. Even though the sequences were only approximately 50nt long, they contained on average 4 Nova-binding
motifs, further confirming the high specificity of CLIP data. Several of the sequences were
located next to alternative exons that turned out to be regulated by Nova proteins, thus
demonstrating the capacity of CLIP to identify the position of functionally important binding sites.
Since the original study, multiple variant protocols have been derived to improve the
conditions of RNA fragmentation, RBP purification and cDNA library preparation (Ule
et al., 2005), employ high-throughput sequencing (Licatalosi et al., 2008; Yeo et al., 2009),
determine the position of crosslink sites at nucleotide resolution (Hafner et al., 2010; König
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et al., 2010), and to increase the efficiency and convenience of the protocol (Zarnegar et al.,
2016; Van Nostrand et al., 2016; Kargapolova et al., 2017; Lee and Ule, 2018).

3.3

Core steps of CLIP and major variant protocols

3.3.1

Core steps of CLIP

There are 11 main experimental steps in CLIP and variant protocols, as defined in Lee and
Ule (2018) (Figure 3.1):
1. Covalent protein-RNA crosslinking
2. Cell lysis
3. RNA fragmentation
4. Purification of protein-RNA complexes
5. Ligation of SeqRv adapter to fragmented RNA
6. Quality control by visualisation of captured protein-RNA complexes
7. RNA extraction
8. Reverse transcription
9. cDNA purification
10. SeqFw adapter ligation
11. cDNA amplification followed by high-throughput sequencing of multiplexed libraries
Although most steps of CLIP have undergone several variations, the core concepts
behind each of the steps and the order of the steps remain largely the same. The variants
either modify the way the steps are performed, add or omit some of the steps, in order to
increase the efficiency or convenience of the protocol. These modifications are summarised
in my review on CLIP technologies (Lee and Ule, 2018), reproduced here as Table A.1 in
Appendix A, with explanation of each core step in Appendix B.
A central aspect of the experimental design common to all protocols is the use of
appropriate negative controls, which is important for interpreting the specificity of the purification procedure. The ideal control is to perform the same purification from cells where
the RBP is absent, such as knockout cells, or when using tag-based purification, cells that

82

Chapter 3. Advances in CLIP Technologies

do not express a tagged protein (Huppertz et al., 2014; Ule et al., 2005). As an alternative, non-specific serum or IgG can be used for IP. It is also valuable to immunoprecipitate
the RBP from non-crosslinked cells. If CLIP conditions are well optimised, these controls should not produce any clearly detectable radioactivity signal (or other visualisation
method) during SDS-PAGE analysis, and sequencing of their libraries can result in 100-fold
fewer unique cDNAs compared to the specific experiments for classical RBPs (König et al.,
2010).
The main recently published variants of CLIP technologies are eCLIP and irCLIP,
which build on the iCLIP protocol. In the following section I will introduce these 3 main
approaches (Figure 3.2).
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Figure 3.1: Summary of CLIP methodology
The majority of currently available CLIP protocols amplify truncated cDNAs to identify the protein-RNA crosslink sites (Lee and Ule (2018), Table A.1). Therefore, this
schematic follows the core steps of iCLIP (König et al., 2010), a variant that was developed to amplify truncated cDNAs, as published in Huppertz et al. (2014). The structure
of RNA fragments, cDNA inserts, and sequenced reads is marked along with colourcoded adapters, unique molecular identifiers (UMI), experimental barcodes and primers.
The adapters are named as SeqRv and SeqFw, according to their conventional orientations relative to the final sequenced reads. Where indicated, variations introduced by
other CLIP protocols are illustrated. From Lee and Ule (2018).
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Figure 3.2: Parallel comparison between iCLIP, eCLIP and irCLIP protocols
Schematic depicting the 11 core steps (from top to bottom, as described in section 3.3.1
and Figure 3.1) and their variation between the iCLIP, single-end version of eCLIP (seCLIP) and irCLIP protocols. Both eCLIP and irCLIP are derived from the iCLIP protocol; steps where key changes have been introduced in the two protocols are indicated
by the light blue and pink boxes respectively. Explanation of each protocol is provided
in sections 3.3.2, 3.3.3, and 3.3.4.
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3.3.2

iCLIP

iCLIP introduced two key conceptual changes to the CLIP methodology, supporting the
identification of the crosslink site with single-nucleotide precision and its direct quantification of crosslink events, while also increasing the cDNA library yield (König et al., 2010).
These improvements take advantage of the full capacity of high-throughput sequencing, to
identify and quantify RNP assembly dynamics on a transcriptome-wide level.
Experimentally, compared to the original CLIP and HITS-CLIP methods, iCLIP differs
mainly at the adapter ligation steps. Instead of ligation of both SeqRv and SeqFw adapters
to the isolated RNA fragments at the 3’ and 5’ ends respectively, the second adapter ligation is performed only after reverse transcription, at the cDNA stage for iCLIP (Figure3.2).
In the iCLIP protocol, the SeqFw adapter sequence, experimental barcode and UMIs are
introduced as part of the RT primer, and the cDNA is subsequently circularised to bring
these sequences to the 3’ end of the cDNA. A BamHI restriction site separates these sequences from the SeqRv portion of the RT primer, which is used to linearise the cDNA after
circularisation, prior to PCR amplification (König et al., 2010; Huppertz et al., 2014).
Thus in the previous HITS-CLIP protocol, only read-through cDNAs can be amplified
(truncated cDNAs will not contain the SeqFw adapter if it was ligated to the 5’end of the
RNA), even though reverse transcription does not efficiently proceed past the crosslinked
nucleotide. However, in iCLIP, ligation of the SeqFw adapter to the 3’end of the cDNA
enables the subsequent amplification and sequencing of cDNAs arising from reverse transcription truncation at the peptide-RNA crosslink site, which are the majority of reverse
transcription events. This leads to the gain of sensitivity and nucleotide resolution in iCLIP.

3.3.3

eCLIP

The eCLIP protocol was developed and used by the ENCODE consortium, which has so
far made publicly available more than a hundred of datasets, to understand the binding
patterns of a large set of RBPs and enabling comparative functional studies by integrating
with orthogonal transcriptomic datasets (Van Nostrand et al., 2017a). eCLIP has built on the
iCLIP protocol, sharing the key concepts of the utilisation of reverse transcription truncated
cDNAs to map the site of protein-RNA crosslinking with nucleotide resolution, and the use
of UMIs to quantify such cDNAs. There are two versions of eCLIP which only differ in the
sequences of the adapters ligated to the fragmented RNA and cDNA, leading to opposing
orientations of the cDNA insert with respect to the Illumina i5 and i7 sequencing adapters,
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and different positions of the experimental and random UMI barcodes (Van Nostrand et al.,
2016, 2017c). For simplicity, the single-end eCLIP protocol is depicted in Figure 3.2 as
it retains the conventional orientation of the final sequenced reads, which is shared across
almost all published CLIP methods (Van Nostrand et al., 2017c; Lee and Ule, 2018).
In the first eCLIP study (Van Nostrand et al., 2016), they produced in-house comparisons between libraries produced with iCLIP and eCLIP protocols with the same RBP,
which displayed an increase in sensitivity of the eCLIP method. This can arise from the optimisation of the adapter ligation reactions; in particular, eCLIP utilises an intermolecular
adapter ligation for the cDNA adapter ligation step. This can also arise from the use of silica
beads-based cDNA purification in replacement of gel purification, which may decrease the
loss of material and underlie the convenience and robustness of the eCLIP protocol. Moreover, eCLIP avoids the use of radioactivity in the quality control SDS-PAGE step. RNA
fragmentation conditions are not varied between RBPs, and protein-RNA complexes are
cut out of the nitrocellulose membrane without direct visualisation. Instead, the molecular
weight range for RNA isolation is estimated from the molecular weight of the RBP observed
in a parallel western blot.
eCLIP also incorporated the concept of the size-matched input: the parallel analysis
of background protein-RNA interactions in the same molecular weight range as isolated for
the RBP-of-interest. This is enabled by RNA extraction and cDNA library preparation from
the crosslinked lysate after SDS-PAGE and nitrocellulose membrane transfer (Van Nostrand
et al., 2016). Including this in the bioinformatic pipeline allows one to control for the most
abundant ‘background’ transcripts in an eCLIP experiment when analysing binding peaks
(Van Nostrand et al., 2016).

3.3.4

irCLIP

irCLIP has introduced multiple changes aimed to increase the sensitivity and convenience
of the method (Zarnegar et al., 2016). It is also based on iCLIP, utilising reverse transcription truncation events to identify crosslink sites, with a similar reverse transcription primer
design which contains the UMI sequences and the SeqFw adapter sequence, followed by
circularisation (i.e. intramolecular ligation of adapter) of the cDNA. However instead of
BamHI digestion and linearisation of the cDNA, PEG carbon spacers are incorporated in
the RT primer design which limits PCR amplification through the spacers thus giving rise
to linear cDNAs without the use of BamHI (Figure 3.2).
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One further change in the irCLIP protocol is that the RNA fragmentation step is done

on-beads after immunoprecipitation instead of in-lysate, which showed an increase in the
signal of the adapter-ligated protein-RNA complexes by visualisation at the quality control
step (Zarnegar et al., 2016). This may impact the specificity of the library as without RNA
fragmentation in-lysate, the immunopreciptiation of the selected RBP will have a much
greater chance of bringing along other background RBPs, which can become difficult to
remove even with stringent washes because of the concentration of proteins and RNAs on
beads.
The more useful variation introduced by irCLIP is a solution to non-radioactive visualisation at the quality control step. This visualisation is enabled by a unique SeqRv
L3 adapter design, which is conjugated with biotin and an infrared dye (Figure 3.3A), allowing sensitive detection with an infrared imager. Moreover, the biotin on the adapter
enables subsequent streptavidin beads-based cDNA purification, replacing the cumbersome
gel purification step, which also increases the convenience and sensitivity. This purification
strategy is explained in more detail in Figure 3.11.
Overall, irCLIP showed promising results, producing reproducible libraries of hnRNP
C with a limited input of ~20,000 cells (Zarnegar et al., 2016). Given the apparent improvements in the eCLIP and irCLIP methods, I sought to compare individual variants in the
context of our lab’s iCLIP protocol for further optimisation of each specific step.

3.4

Results

3.4.1

Streamlining of the iCLIP protocol

Replacing radioactive labelling with infrared dye-coupled adapter to facilitate
quality control of immunoprecipitated crosslinked protein-RNA complexes
The original iCLIP protocol used 5’ radioactive labelling of the RNA fragments in order to
achieve visualisation of the crosslinked protein-RNA fragment complexes after the membrane transfer step from the SDS-PAGE, which is a key step in quality control of the purified
RBP and crosslinked RNA fragments. However, 5’ labelling is not representative of the final cDNA library, as this also labels RNA fragments which had failed to ligate to the L3
SeqRv adapter and consequently would not be available for reverse transcription, so this
labelling is not necessarily representative of the distribution of crosslinked RNA fragments.
I have thus adopted the approach from irCLIP (Zarnegar et al., 2016), using the same
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design for the synthesis of an infrared dye-coupled L3 SeqRv adapter (L3-IR). The important feature in this adapter for the purposes of visualisation is the incorporation of an
internal azide group, which enables the coupling with the LICOR IRDye 800CW via the
Click reaction. The adapter is biotinylated at the 3’ end, which in the irCLIP protocol allows
one to purify cDNAs after reverse transcription (Figure 3.3A).
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Figure 3.3: L3-IR adapter preparation.
(A) Schematic of IRdye conjugated adapter for non-radioactive visualisation of
crosslinked and ligated RBP-RNA complexes during iCLIP. (B) Overlay of Sybr-gold
staining and LI-COR signal from 15% TBE gel verifying 5’DNA adenylation and Click
reaction of the L3-IR adapter. Pre-adenylation is visible as a shift of ~1 nt (329Da).
Successful click chemistry is visible on the Sybr-gold staining (1327.45Da) as a shift
upwards and also when imaged on the LI-COR Odyssey at wavelength 800nm (pseudo
coloured in the green channel). Low molecular weight marker (lane on the left) confirms
the size of the adapter (~45 nt).

The adapter is ordered with a 5’ phosphate which is then pre-adenylated and coupled
with the dye, and purified with the Qiagen Nucleotide Removal Kit to remove any excess
dye and excess ATP in the 5’ adenylation reaction. I confirmed the successful 5’ adenylation
and Click reaction steps during the preparation of the L3-IR adapter using gel electrophoresis with a 15% TBE-urea PAGE gel, which is visible as a small shift upward in size after
each reaction. The same gel is also imaged on the LICOR Odyssey Clx, an infrared imager
system with the wavelength designed for the use of IRDye 800CW, which further confirmed
that the dye-coupling Click reaction was successful (Figure 3.3B).
This approach is advantageous as it removes the requirement of the use of radioactivity
in the SDS-PAGE quality control, without any additional steps in the protocol to facilitate
visualisation. In addition we can then leverage the L3-IR adapter signal as a readout for
any tests of adapter-RNA 3’ ligation efficiency, and have better estimates of the quality of
the library. As an example, I have used the L3-IR adapter signal at the membrane stage, to
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perform a titration of the optimal adapter concentration needed for the adapter ligation step.
This was done with the protein ELAVL1 (also known as HuR), an abundant RBP which
crosslinks strongly, to determine the adapter concentration at which the infrared signal saturates. This indicated that the ligation efficiency has saturated at 0.1 µM of the adapter (i.e.
with 2 pmol of L3-IR adapter in a 20 µl reaction, in Figure 3.4). Also reassuringly, the infrared signal is responsive to different in-lysate RNA fragmentation conditions by titrating
the RNase I amount (Figure 3.5), as described previously for radioactive labelling in CLIP
and iCLIP (Ule et al., 2005; König et al., 2010; Huppertz et al., 2014).
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Figure 3.4: L3-IR adapter titration
SDS-PAGE infrared visualisation of HuR (ELAVL1) iCLIP and IgG negative control
samples, comparing a range of adapter concentrations (in duplicates) during adapter
ligation to RNA.

Decreasing experimental variability with sample barcoding and multiplexing at
the stage of adapter ligation
One aim for my optimisations of iCLIP experiments is to establish higher reproducibility
across replicates and experimenters, hence we need to decrease the number of steps which
introduce variability. Decreasing experimental variability also improves our ability to use
iCLIP to compare across conditions as the true dynamic changes in the strength of different
binding sites would be more apparent and statistically significant.
In order to achieve this, I have designed additional barcoded L3 SeqRv adapters compatible with the iCLIP library preparation protocol. This is based on the original L3 sequence, where the first two nucleotides starting at the 5’ end consists of two A or T randomly
incorporated nucleotides, followed by a fixed trinucleotide experimental barcode sequence,
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Figure 3.5: L3-IR adapter signal is responsive to RNA fragmentation conditions
Infrared signal is sensitive RNase I amount and UV crosslinking, hence it reassures us
that the infrared adapter signal corresponds to labelling of immunoprecipitated proteinRNA complexes.

followed by the L3 adapter sequence important for reverse transcription (Figure 3.6A). The
trinucleotide experimental barcodes are designed in such a way where it would require at
least 2 sequencing errors out of the three barcode positions to cause a mis-assignment of
the sequencing read to the wrong sample, to ensure that mis-assignment of reads across the
multiplexed samples is highly unlikely.
This results in a total of 16 unique experimental barcodes. Hence by ligating the L3
SeqRv adapters with different barcodes to the different samples, one can multiplex these
barcoded samples after the ligation step, minimizing experimental variability. As the barcode is on the 5’ end of the SeqRv adapter, this means that in the orientation of the sequencing read it is at the 3’ end of the cDNA insert (Figure 3.6B). Since the ideal cDNA insert
length for iCLIP is kept short (between 15 - 70 nt) to ensure specificity, and this cDNA
insert length is constrained experimentally by the RNA fragmentation conditions and RNA
extraction from the nitrocellulose membrane, single-end sequencing with a read length of
100 is sufficient to sequence into this experimental barcode to enable demultiplexing.
These barcoded adapters however do not possess a coupled infrared dye or other fluorescent molecule, as we would be multiplexing prior to SDS-PAGE, and therefore visualisation at this stage of the SDS-PAGE gives little practical information. Theoretically, it is
possible to use the 3’ end biotin for quality control with a small aliquot of the ligated immunoprecipitation from the iCLIP experiment, as done in the sCLIP protocol (Kargapolova
et al., 2017). In practice, when multiplexing the samples would be treated based on prior

90

Chapter 3. Advances in CLIP Technologies

Figure 3.6: Design of barcoded adapters for multiplexing
(A) Sequence of barcoded adapters. XXX represents the extra experimental barcode.
‘W’ represents an A or T nucleotide. (B) Following adapter ligation, reverse transcription, circularisation, the experimental barcode appended on the SeqRv adapter is present
at the 3’ end of the cDNA insert. Because of the relatively short cDNA insert lengths
(15-70 nt), this can be sequenced with single-end reads.

optimisations of iCLIP RNA fragmentation and antibody IP conditions performed with the
infrared adapter, and one could also use in parallel one separate sample for infrared visualisation, to confirm that the steps before SDS-PAGE and transfer were working as expected
in the current experiment.

3.4.2

Removing adapter-primer artefacts

In any cDNA library preparation protocol, it is important to avoid creating artefacts from excess adapters and primers, which will be in competition with the RNA and cDNA throughout the protocol and decrease the complexity of the final library. This is particularly crucial
for successful library preparation when the RNA input is limited, such as in CLIP exper-
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iments with lowly-abundant and poorly-crosslinking RBPs, as the relative abundance of
excess adapters and primers become dominant. If present, the artefact also needs to be
size-selected away, usually in an additional gel extraction step, as otherwise it would create
problems with the clustering on the high-throughput Illumina sequencer flow cell and lead
to wasteful reads where there is no cDNA insert and no information.
Hence, removal of excess adapters and primers are relatively important steps in CLIPbased methods. In iCLIP, even though excess L3 adapter molecules are removed through
stringent washes after the on-bead ligation, and that the RT primers are designed in such
a manner that any excess should not be efficiently PCR-amplified on its own by the PCR
primer sequences, it is still necessary for the cDNA to be size-selected. This is done after
reverse transcription using a 6% TBE-Urea polyacrylamide gel, to extract only those cDNAs which include an insert of 15 - 70 nt (Huppertz et al., 2014). Although this process
stringently purifies away any artefacts and excess RT primers, which potentially increases
the circularisation efficiency of the cDNAs within the size of interest, there is also a major loss of cDNAs during this procedure. Therefore it would increase the efficiency of the
iCLIP procedure, if excess adapters can be removed more fully, and if excess RT primers
can be removed without the need for gel purification to minimise the loss of material.

Removal of excess L3 adapter
First, in order to further remove excess adapters, we have introduced a step for the enzymatic
removal of the L3 adapter. This is possible because we are using a DNA adapter. In this
step, 5’ deadenylase and RecJ enzymes are incubated on-beads, first at 30°C (optimal for
5’ deadenylase) for one hour then at 37°C (optimal for RecJ) for half an hour, following
the washes after the adapter ligation. The 5’ deadenylase deadenylates the 5’ end of the
L3 adapter, leaving a 5’ phosphate group, subsequently allowing RecJ, which is a 5’ →
3’ single-stranded DNA specific exonuclease (Lovett and Kolodner, 1989), to degrade the
rest of the adapter sequence. This does not affect the ligated products from RNA fragments
crosslinked to the immunoprecipitated protein, as those are RNA-DNA hybrids with the
RNA at the 5’ end, which should not be recognised by RecJ as a substrate.
This removal step is important with the use of the L3-IR adapter, where it sometimes
appear as a strong visible artefact band ‘sticking’ to the immunoprecipitated proteins on
beads. I have tested the RecJ enzyme from two companies, NEB and epicentre, adding the
same volume of enzyme to each reaction mix. These samples were carried through to the

92

Chapter 3. Advances in CLIP Technologies

PCR stage, where both the HuR and IgG cDNA libraries from the epicentre RecJ condition
showed a removal of the adapter artefact, suggesting that it is more efficient (Figure 3.7).
This is expected by comparing the unit activities. Noting that the two unit definitions from
the two companies are different, the epicentre RecJ is expected to be 6.7x more active than
the equivalent enzyme from NEB.

Figure 3.7: RecJ comparisons
Sybr Green I stained TBE PAGE analysis of the PCR-amplified iCLIP library prepared
from either a negative control (IgG) or immunoprecipitation of HuR from crosslinked
HEK293 lysates. The adapter artefact is indicated by the red arrow. In the adapter
removal step, RecJ from NEB or epicentre companies were tested in parallel.

Removal of excess RT primers
Excess RT primers can compete with the cDNA for circularisation in iCLIP, decreasing
its efficiency. Moreover, I and others have observed that the RT primer on its own after
circularisation can be amplified and create an artefact band during PCR with the P3/P5
primer pair (data not shown). I have observed that this artefact is present in some samples,
but not others, in a manner which is unrelated to the PCR signal, hence one additional
speculation is that it could also be influenced by the experimental barcode sequence on the
RT primer. Therefore it is important to remove excess RT primers.
Other than gel purification as in the original CLIP and iCLIP protocols, recently published CLIP variant protocols have taken contrasting approaches to this problem during the
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steps of cDNA purification, as briefly discussed in the chapter introduction section B.8. In
the irCLIP and FAST-iCLIP protocols, the cDNA is captured on streptavidin beads via the
biotinylated L3 adapter after reverse transcription, which will remove excess RT primers
(Zarnegar et al., 2016; Flynn et al., 2015). On the other hand, prior to silica bead-based
cDNA purification which may provide some size selection, eCLIP uses ExoSAP-IT™ treatment after reverse transcription to enzymatically remove the excess RT primer (Van Nostrand et al., 2016). ExoSAP-IT™ is an enzyme mix of exonuclease I and shrimp alkaline
phosphatase, typically used to remove excess PCR primers prior to Sanger sequencing reactions. Analogously, this can be used to selectively remove the excess RT primers as
Exonuclease I is a single-strand specific 3’ → 5’ exonuclease, which should not digest the
cDNA-RNA hybrids present right after RT if this removal step is done prior to any RNA
degradation or heat inactivation step that could denature the hybrids.
I have tested both the streptavidin beads-based approach and exonuclease approach
during the optimisations for iCLIP. There are however drawbacks to the streptavidin-biotin
purification protocol which I discuss in a later section (section 3.4.3, Figure 3.13). With
the exonuclease approach, due to the difference in the subsequent intramolecular (circularisation) versus intermolecular ligation approach between iCLIP and eCLIP in the cDNA
adapter ligation step, ExoSAP-IT™ cannot be used with the iCLIP protocol. This is because
the alkaline phosphatase in the enzyme mix would remove the 5’ phosphate already on the
cDNA provided by the RT primer which is important for the subsequent circularisation.
Hence, exonuclease I on its own is tested with a modified iCLIP protocol where there is no
immediate gel purification after RT until post-PCR (this modification is discussed together
with the streptavidin-biotin bead-based tests for cDNA purification in section 3.4.3).
One concern with the use of exonuclease I is the potential degradation of cDNA products in addition to free excess RT primers, as this specificity is dependent on the assumption
that the cDNA-RNA hybrids remain annealed together to ensure that the 3’end of actual
cDNAs inaccessible. Since exonuclease I is a 3’ → 5’ exonuclease, even the stochastic
removal of a couple of nucleotides from the 3’ end can be an issue for the nucleotide resolution of iCLIP (and other RT truncation based CLIP protocols) in the assignment of the
crosslink position, as this is mapped from the truncated end of the cDNA molecule (the start
of the cDNA insert in the sequencing read from the conventional orientation of sequencing
in most CLIP libraries).
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I have therefore approached these concerns by first evaluating the cDNA library yield

with or without the addition of exonuclease I. Since there are no units definition provided for
ExoSAP-IT™, I could not calculate the equivalent units of exonuclease I to add. I have thus
used the same ratio recommended by NEB for PCR cleanup (1µl of exonuclease I, equivalent of 20U, into the 10µl of cDNA after RT), incubating at 37°C for 15 minutes. This is
followed by the addition of EDTA to inhibit exonuclease I activity, as in eCLIP (Van Nostrand et al., 2016), then followed by RNA degradation by alkaline hydrolysis, which also
heat inactivates exonuclease I irreversibly. However, addition of 20U of exonuclease I,
regardless even of additional steps to remove exonuclease I prior to alkaline hydrolysis,
decreases the yield of the cDNA library, suggesting that in our iCLIP conditions, it unfortunately has off-target activity in degrading the pool of synthesised cDNAs, likely during the
initial 15 minute incubation (Figure 3.8).

Figure 3.8: Exonuclease I comparisons
Sybr Green I stained TBE PAGE analysis of the PCR-amplified iCLIP library prepared
from parallel immunoprecipitations of HuR from crosslinked HEK293 lysates. Comparing to the no exonuclease I control, 20U of Exonuclease I is added to each RT reaction
and incubated at 37°C for 15 minutes. Subsequently a variety of exonuclease I inactivation and purification strategies prior to the alkaline hydrolysis step to degrade the RNA
are tested.

To my knowledge, the impact of exonuclease I or ExoSAP-IT™ on the library yield
has not been tested directly in other CLIP variant protocols which implement this step for
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RT primer removal (Van Nostrand et al., 2016; Hocq et al., 2018). It is possible that under
reverse transcription conditions other than that of SuperScript IV used in this test (buffer,
temperature during RT, different RT enzyme with different processivity (Zhao et al., 2018)),
exonuclease I itself will have no or less significant off-target activity on the cDNA library
pool. With our iCLIP protocol, I have further tested exonuclease I variant conditions, by
using only 2U of exonuclease I instead of 20U, or additionally decreasing the incubation
temperature to 30°C. Assessing the signal from the amplified library suggests that 2U exonuclease I with incubation at 37°C may be a condition which allows RT primer removal
without loss of cDNA.
In order to confirm that incubation with exonuclsease I under these conditions do not
impact the resolution of iCLIP, I sequenced this library in order to analyse the starts of the
cDNA insert, comparing this to the standard condition. As a control for this comparison
I also sequenced and analysed the cDNA library performed with the protocol which replaced NEB RecJ with Epicentre RecJ (from Figure 3.7), which is not expected to change
the nucleotide resolution of assigning crosslink sites as it cannot interfere with the crosslink
position on the RNA and is extremely unlikely to carry-over to affect cDNA synthesis. The
correlation of normalised counts at significant crosslink positions at nucleotide resolution
between the 2U exonulcease I treated condition and standard condition is high, comparable
to the correlation between Epicentre and standard conditions (Figure 3.9, top panels). This
correlation increases as expected when comparing the normalised counts after peak-calling
(non-nucleotide resolution) to very high (Figure 3.9, bottom panels). As an example, there
is a high degree of concordance on both the density of crosslinks and peaks level seen in typical U-rich HuR binding sites on the example gene DDX17 both in intronic and the 3’UTR
sequences (Figure 3.10). Since the crosslink sites and peaks are well-matched between
the two conditions, it confirms that exonuclease I at the reduced concentration still retains
positional information related to the crosslinked nucleotide with a similar precision to the
standard protocol. In fact, the reproducibility of identified crosslink and binding sites between the Epicentre RecJ condition and the 2U exonuclease I treated condition is improved
in comparison to the standard condition (Figure 3.9, 3.10), presumably due to the increased
complexity, and hence signal-to-noise ratio, of both libraries, pointing towards the importance of adapter and RT primer removal respectively. We can benefit from further analysis
of this positional resolution by performing iCLIP tests with RBPs which have highly stereo-
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Figure 3.9: Correlation between standard, 2U ExoI and Epicentre RecJ conditions
HuR iCLIP data were produced with the standard protocol, or the protocol with
epicentre RecJ instead of NEB RecJ, or the protocol with additional 2U exonuclease I
incubation (37°C) to remove excess RT primers. Scatterplots are showing the
log2 (normalised counts per million +1) of significant crosslink positions (FDR < 0.05,
top panels, coverage threshold of 1 count per million in either sample) or within peaks
(bottom panels, coverage threshold of 5 counts per million in either sample), which
were defined across the grouped crosslink sites from all 3 samples, and the Pearson
correlation coefficient for each comparison is reported.

typed positional binding patterns, such as PRPF8 or eIF4A3 which exhibit a sharp peak at
12-14 nt or 27 nt, respectively, upstream of the 5’ss in CLIP datasets (Blazquez et al., 2018;
Hocq et al., 2018).

3.4.3

Increasing Efficiency of cDNA library purification

There are several steps which may lead to cDNA loss in the iCLIP protocol, during the steps
of cDNA and library purification, including gel purification and a number of tube handling
and ethanol precipitation steps. I reasoned that this could lead to an increased efficiency in
our modified iCLIP protocol if these could be addressed.

Bead-based cDNA library purification
Initially, in replacement of gel purification, we have set up the biotin-streptavidin bead
purification approach used by irCLIP, facilitated by our change to also the infrared dye-
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Figure 3.10: Genome browser view of iCLIP data from standard, 2U ExoI and Epicentre
RecJ conditions
Showing HuR iCLIP data on the example gene DDX17, visualised in IGV. DDX17
is on the negative strand. The height of each bar corresponds to normalised crosslink
counts per million at each nucleotide position from each sequenced libraries.

coupled SeqRv L3 adapter which is synthesised with a 3’end biotin ((Zarnegar et al., 2016),
Figure 3.3A, 3.11).
However, the use of this protocol for cDNA purification has been inconsistent for
iCLIP library generation. During my iCLIP optimisations, I had also been in parallel attempting to set up COMRADES, a psoralen-based method to determine RNA secondary
structures and RNA-RNA interactions for specific RNAs (Ziv et al., 2018). However it
is more convenient to set up one cDNA library preparation method across all transcriptomic methods within the lab in order for ease of experimental design, multiplexed highthroughput sequencing and computational analysis between orthogonal methods to be rid
of the individual technical biases which can arise during library preparation. Therefore I
compared the cDNA library preparation procedures used in COMRADES to the iCLIP procedure with streptavidin beads purification. Since COMRADES had different RT primer
and seqFw adapter designs (methods section 2.1.2), I also tested the hybrid protocols to
evaluate the possible advantages between using the different adapters/intramolecular ligation designs.
My tests demonstrated that there is a marked advantage in cDNA yield when using
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Figure 3.11: Schematic of biotin-streptavidin purification
The core steps of CLIP are numbered as in Figure 3.1. The strategy of biotinstreptavidin purification of cDNA is introduced in irCLIP where RNA is degraded
by RNaseA/H incubation after RT, leaving the infrared SeqRv adapter annealed to the
cDNA. This adapter carries a 3’end biotin group, allowing cDNAs to be purified by
streptavidin magnetic beads. Subsequently purified cDNAs are eluted from the beads
by heat which disrupts the interaction between the adapter and cDNA, to proceed to
circularisation and PCR amplification.

Isopropanol/AmpureXP beads-based purification compared to using streptavidin beads to
purify cDNA (Figure 3.12, lanes 2 vs 6). There are two main theories to explain this difference, first is that we fail to elute cDNAs completely off the streptavidin beads during heat
denaturation, and second since circularisation is done with the streptavidin beads present, it
may interfere with circularisation efficiency. Hence we abandoned the streptavidin capture
approach, and adopted the Isopropanol/AmpureXP beads purification after RT as well as
additionally after circularisation, replacing the final PAGE step (methods section 2.1.5).
In addition, it has been suggested that carry-over of manganese through ethanol precipitation, as it may be the case for iCLIP from the circularisation reaction buffer, can interfere
with the subsequent PCR reaction, which can be avoided via AmPURE XP beads purification (Cheng et al., 2017). Although this aspect has not been evaluated directly in this
thesis, replacing the ethanol precipitation in the original iCLIP protocol with an AmPURE
XP beads-based purification approach could bring this additional advantage.
I had also compared the efficiency of AmPURE XP beads purification compared to
the Silane beads purification used by eCLIP (Van Nostrand et al., 2016), by replacing the
procedure at the stage of cDNA purification after reverse transcription. This revealed that
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Figure 3.12: cDNA library preparation comparison
(A) Table with lane order for samples in reference to the gel analysis in panel B, with
description of the combination of conditions for each test sample in the lane order.
5ng of Zinc III+ mediated fragmented RNA is used as input for cDNA library preparation, in order to compare the efficiency of cDNA library preparation. Comparisons to
highlight are with either iCLIP adapter ligation/primer designs and streptavidin bead
purification (lane 2) , iCLIP adapter ligation/primer designs and purification using Isopropanol/AmPURE and gel purification (lane 6), versus the SeqFw adapter ligation
and primer designs used by COMRADES with either streptavidin purification (lane 1)
or AmPURE/PAGE purification (lane 5) (Ziv et al., 2018). (B) TBE gel analysis of the
PCR amplified libraries at two different PCR cycle numbers.

our approach with Isopropanol/AmPURE beads is more efficient than capture by Silane
beads.

3.4.4

Optimising Efficiency of enzymatic steps for cDNA library preparation

Improving reverse transcription efficiency
The impact of reverse transcription, including enzyme and buffer, can lead to differences
in terms of the nucleotide resolution of truncation based CLIP protocols, including iCLIP,
eCLIP and many others (Van Nostrand et al., 2017d). The efficiencies and nucleotideresolution has been characterised between AffinityScript, SuperScript II, III and IV, and
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Figure 3.13: cDNA purification bead comparison
TBE PAGE analysis of PCR amplified cDNA libraries comparing the use of AmPURE
beads (Ziv et al., 2018) and Silane beads (Van Nostrand et al., 2016) cDNA purification
after reverse transcription.

TGIRT, used by eCLIP, iCLIP and irCLIP respectively, in Magneisum or Manganese buffer.
However, none of these conditions had a clear advantage in terms of efficiency of reverse
transcription for CLIP.
For inspiration, I turned to other reverse transcription dependent methods where the
input RNA is also limiting. In particular single-cell RNA sequencing technologies have advanced in the last couple of years. A recent single-cell RNA seq paper has suggested that the
addition of polyethylene glycol (PEG)8000 at a final concentration of 7.5% can improve reverse transcription efficiency (Bagnoli et al., 2018). PEG8000 at a final concentration of 2%
has also been used in reverse transcription in MAP-seq protocol which is a truncation-based
approached used for mapping of modifications from RNA secondary structure probing with
DMS and other chemicals (Seetin et al., 2014). Thus I tested two PEG8000 concentrations
in the SuperScript IV RT step of iCLIP. Of the tested conditions, 7.5% PEG8000 showed a
greater signal at the PCR stage, compared to 3.5% or 0% (standard) conditions. However I
note that the accompanying signal from adapter artefacts was also stronger.
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Figure 3.14: RT PEG comparison
TBE PAGE analysis of PCR amplified iCLIP libraries differing in PEG8000 concentration (7.5%, 3.75% and 0%) during reverse transcription with the SuperScript IV
kit.

Improving adapter ligation efficiency
The major reported improvement of eCLIP is its “enhanced adapter ligation efficiency”
which “significantly improves library complexity for eCLIP experiments” (Van Nostrand
et al., 2016). Moreover in the same study Van Nostrand et al. have stated: “We observed
that circular ligation like that used in iCLIP is often inefficient” without providing direct
experimental evidence or a reference.
Nonetheless this draws our attention to a potential for optimisation of the circularisation reaction in the SeqFw adapter ligation step in iCLIP. eCLIP has adopted an “intermolecular” ligation in replacement of the circular ligation step of iCLIP with the intention
to improve its efficiency, however we would like to retain the circularisation step as it has a
two-fold advantage:
1. It enables multiplexing of samples after reverse transcription, as the cDNA becomes
barcoded by the RT primer which contains a 5-mer experimental barcode and the
UMI sequence at the 5’ end. This is brought to the truncated end of the cDNA (90%
of cDNAs (Sugimoto et al., 2012; Huppertz et al., 2018; Hocq et al., 2018)) and is
sequenced upstream of the ‘crosslink’ position (illustrated by step 11 in Figure 3.1).
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2. There is less ligation bias resulting from secondary structure formation, as the cDNA
circularisation with CircLigase™ is conducted at a higher temperature of 60°C compared to room temperature for RNA ligase.
Therefore I decided to test whether additives to the circularisation reaction can increase
the efficiency of the ligation, using the relative PCR amplified iCLIP library yield as a proxy
read out for circularisation yield. Betaine is an additive which has been shown to increase
circularisation efficiency for CircLigase II, and for CircLigase I when the input ssDNA
(i.e. cDNA) amount is below 25nM (Heyer et al., 2015). I tested the use of betaine with
CircLigase™ II, which revealed that its addition at the final concentration of 1M increases
the iCLIP library preparation efficiency by more than two fold, as seen on the TBE PAGE
analysis (Figure 3.15). This could be particularly important when we push the sensitivity
limit of iCLIP with lower amounts of input material.

Figure 3.15: CircLigase™ II betaine comparison
Sybr Green I stained TBE PAGE analysis of the PCR-amplified iCLIP library prepared
from parallel immunoprecipitations of HuR from crosslinked HEK293 lysates. When
indicated, betaine was added to the circularisation reaction at a final concentration of
1M.

3.4.5

Establishing mock iCLIP based on the optimised iCLIP protocol

eCLIP has introduced a parallel size-matched input (SMInput) sample for each experiment,
where the RNase I-treated lysate is run alongside the IP sample in the SDS-PAGE and
RNA is then isolated from the membrane at the same size range. Including this in the
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bioinformatic pipeline allows one to control for the most abundant ‘background’ transcripts
in an eCLIP experiment when analysing binding peaks (Van Nostrand et al., 2016).
Since the SDS-PAGE step purifies all protein-crosslinked RNA fragments away from
non-crosslinked fragments, this is analagous to methods which aim to determine RBP occupancy across the transcriptome (Baltz et al., 2012), where here the majority of the ends of
cDNA arise from truncations when the RT reaches the crosslinked peptide. Thus using the
modified iCLIP procedure above, I have established ‘mock iCLIP’ in the lab, a parallel input
sample for iCLIP experiments making use of the RNase treated lysate in the same way as
the eCLIP SMInput (Figure 3.16, methods section 2.1.8). (Mock iCLIP experiments were
performed for my STAU2 hiCLIP studies in Chapter 4, Table 4.2.) Instead of on-bead SeqRv L3 adapter ligations and adapter removal steps which is performed for the IP samples,
these steps are performed for the input sample after RNA isolation from the SDS-PAGE,
using the same beads-based purification procedures for the RNA between each step as I
have described above for the cDNA. Differently to the SMInput, there is no size-matching,
instead the whole lane is cut out from the membrane from ~30kDa and above to further
avoid non-crosslinked RNA fragments (Ule et al., 2005).

3.5

Discussion

3.5.1

Summary of modifications to the iCLIP protocol

The iCLIP optimisation described in this chapter was built on the protocol described in Huppertz et al. (2014) previously published from the Ule lab. In summary, these optimisations
increase the convenience of performing iCLIP by getting rid of radioactivity in the visualisation step of the SDS-PAGE, barcoding of SeqRv (L3) adapters to allow multiplexing
of samples at an early stage of the protocol, and avoiding gel purification of cDNAs prior
to PCR amplification. The sensitivity of the protocol is improved by introduction of enzymatic steps to remove excess adapters and RT primers, by performing beads-based cDNA
purification with minimal loss of material, and by optimising the conditions for reverse
transcription and cDNA circularisation.
Although the experiments which tested these variants were carried out with only a
couple of example proteins, the improvements are directly applicable for iCLIP in general,
as well as other methods closely related to the iCLIP protocol. Within the Ule lab, these
improvements have been incorporated into related methods including miCLIP, a technique
for the interrogation of RNA modifications, and perhaps more crucially for my subsequent
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Figure 3.16: Schematic of mock iCLIP
Highlighted in red are steps unique to mock iCLIP compared to iCLIP. After RNA
fragmentation, the lysate input sample is loaded on the SDS-PAGE gel and all proteinRNA complexes greater than 30kDa are isolated from the nitrocellulose membrane.
The purified RNA fragments are ligated to the same SeqRv adapter as iCLIP in solution, then proceeding to reverse transcription.

exploration of RBP bound RNA structures in the brain with STAU2 hiCLIP which I present
later on in Chapter 4. I have also established ‘mock iCLIP’ based on this improved iCLIP
protocol, which can be performed in parallel to iCLIP experiments in order to determine
the global RBP occupancy on RNAs with high positional precision. As discussed before
(section B.9), the resulting data can serve as a comparison for iCLIP experiments to computationally evaluate the enrichment of the RNA fragments isolated from the immunoprecipitation versus the input background signal as one metric for determining specificity of
the iCLIP experiment (Van Nostrand et al., 2016; Ule et al., 2005; Lee and Ule, 2018).
Similarly, the modified steps in the iCLIP protocol is directly applicable for preparing
cDNA libraries from fragmented and small RNAs, such as for the input libraries accompanying a miCLIP experiment from fragmented purified RNAs, or ribosome footprints for
ribosome profiling, or in establishing secondary structure probing techniques such as COMRADES.
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Future Perspectives on CLIP technologies for studies of RNP assembly

The large number and modularity of steps in CLIP provides many opportunities for innovation, and new purposes to which the method can be applied continue to be discovered. While
the initial development of CLIP was led primarily by the desire for stringent purification and
quality control standards, the more recent methods prioritise speed and convenience. This
will improve the capacity for high-throughput studies of many RBPs across many types of
conditions, tissues or species. However, common standards for quality control will benefit
the field to allow robust comparisons between datasets. In addition to the visualisation of
SDS-PAGE-separated protein-RNA complexes, computational tools for quality analysis of
sequenced CLIP libraries will be particularly valuable (Chakrabarti et al., 2018).
In addition to studies of endogenous protein-RNA complexes, variants of CLIP have
also been put to other purposes (Lee and Ule, 2018). As mentioned above, this includes
studies of intermolecular or intramolecular RNA-RNA duplexes (Kudla et al., 2011; Sugimoto et al., 2015; Imig et al., 2015), as reviewed in more depth elsewhere (Sugimoto
et al., 2017). Moreover, CLIP of poly(A)-binding protein (PABP) can be exploited to
study mRNA 3’ ends (Hwang et al., 2016); recently, cell-type specific expression of PABP
has been engineered in the mouse brain, thus allowing the study of cell-type specific transcripts and the prevalence of alternative polyadenylation (Hwang et al., 2017). Moreover,
iCLIP has been adapted for studies of RNA methylation, as in 5-methylcytosine- and N6 methyladenosine-miCLIP (Hussain et al., 2013; Linder et al., 2015). These methods could
be applied also to other modifications with the use of further antibodies and mutant enzymes, thus broadening the use of CLIP for the epitranscriptomic field. These methods all
benefit from the improvements presented in this Chapter.
In future, an important direction for further improvements is to increase the sensitivity of iCLIP or other CLIP methodologies. This will enable its use with limited starting
material, allowing it to be performed on more diverse biological samples, for example to
understand RNP assembly in very specific cell populations isolated from FACS or restricted
spatial compartments within a cell (further discussion in section 6.1.1).
Together, the rapidly increasing amount of CLIP data for many RBPs from the ENCODE consortium and other teams, and the orthogonal methods that interrogate the specificity, functions and localisation of these RBPs (Van Nostrand et al., 2017a), will enable
the study of how structure and modifications on diverse types of RNAs work together with
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RBPs to guide RNP assembly, dynamics and function.

Chapter 4

Studies of RNA Secondary Structure and
RNA-RNA Interactions in neuronal Staufen
RNPs

4.1

Aims

RNA structure influences RNP assembly by changing the accessibility and proximity of
RBP binding sites. Therefore its understanding is crucial for a holistic view of posttranscriptional regulation. We have taken a direct approach in studying RNA structures
bound by Staufen proteins in the brain, as a first step to uncover the relationship between
secondary structure, RNP assembly and function relevant for neuronal development and
plasticity. Staufen proteins regulate RNA stability and translation, and are present in neuronal RNA granules important for RNA localisation (section 1.3.2). They have been implicated in the regulation of neurogenesis, synaptic plasticity and memory (Heraud-Farlow and
Kiebler, 2014; Berger et al., 2017). In particular, rat models of STAU2 conditional KD in
CamkIIα expressing neurons lead to deficient LTD and behavioural deficits in tasks which
involve short-term and working spatial memory and associative learning.
In this chapter I present the work of STAU2 hiCLIP in rat brain.
1. I outline the optimised experimental conditions which enable hiCLIP to be adapted
to brain tissue.
2. I describe the prevalence of STAU2 bound RNA structures in 3’UTRs and their general characteristics from analysis of hiCLIP data. This builds on an improved and
customised hybrid cDNA mapping procedure and bioinformatic analysis which is
driven by Dr. Anob Chakrabarti from the Luscombe lab.
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3. I give examples of RNA structures on 3’UTRs of important neuronal mRNAs, which
may be dynamic during development.
4. I report sets of transcripts which are enriched in STAU2 RNPs, and reveal a potential
cross-regulatory relationship between STAU2 and Rbfox1.
Overall, the aim of these experiments and analysis is to further understand potential (intramolecular) RNA structure driven regulation of neuronal RNA granule architecture and
RNA localisation, which still requires further investigation.

4.2

Introduction

The exploration of mRNA secondary structure is a crucial aspect in understanding of posttranscriptional regulation. For example, in the context of neuronal RNPs, it is not known
the relationship between neuronal 3’UTR diversity and secondary structures. However,
the increasing length of 3’UTRs during neuronal differentiation and brain development is
likely to create more complex assembly of protein-RNA complexes and long-range RNA
structures.

4.2.1

Importance of RNA Structure for Higher Order Assembly of ProteinRNA complexes and post-transcriptional regulation

RBP binding depends on RNA secondary structure context
RNA secondary structure context has an obvious impact in regulating the accessibility and
availability of RBP binding sites. Many mutations affecting secondary structure in UTRs
of mRNAs are associated with the development of diseases such as cancer and neurodegeneration (Halvorsen et al., 2010). It is therefore of great importance to understand the
mechanisms of these structures and their impact on gene regulation.
The structure of mRNAs can define which sites are accessible to single-stranded
(ss)RBPs, which can access unpaired regions of the RNA (Taliaferro et al., 2016a). Conversely, double-stranded (ds)RBPs require formation of RNA duplexes, but their further
specificity for more complex structures, or combined specificity for structure and sequence,
is unclear in vivo. Hence there is a need to better understand the structural context around
both ssRBP and dsRBP in vivo binding sites.
Of particular interest are Staufen 1 (STAU1) and Staufen 2 (STAU2), which bind
double-stranded RNA duplexes (Wickham et al., 1999). Staufen in Drosophila has a major
role in localizing bicoid mRNA in oocyte (Ferrandon et al., 1994). In mammalian cells,
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STAU1 is expressed ubiquitously, whereas STAU2 is neuronal specific. Interestingly, a
significant portion of STAU1/2 granules localise to the distal processes. STAU1/2 protein
loss of function animal models suggest crucial role in dendritic development, learning and
memory, yet the downstream regulatory pathways of STAU1/2 proteins remains mysterious
(reviewed in Heraud-Farlow and Kiebler (2014)).

mRNA compaction and the closed-loop model
In addition to regulating the binding sites of RBPs, secondary structure in mRNAs can
impact on the conformation and compaction of RNA molecule.

For example, post-

transcriptional processes are thought to depend on 5’ and 3’ end interactions (“closedloop”). In general, translation initiation in eukaryotes requires binding of the eIF4F complex
to the 5’ methylated-guanosine cap of the mRNA. This complex consists of eIF4E, which
recognises the cap structure; eIF4A, which is an RNA helicase; and eIF4G, a large scaffolding protein. The interaction between eIF4F and the 5’ cap is facilitated by the interaction
of PABP (poly-A binding protein), which covers the 3’ poly-A tail of the transcript, with
eIF4G. This results in a circularisation of the mRNA via protein-protein interactions (Wells
et al., 1998). Interactions between machinery on the 5’ terminal and 3’ terminal of mRNAs
are also important for mRNA decay. In one major pathway, decay involves recruitment
of the CCR4-NOT deadenylase complex to the 3’UTRs of targeted mRNAs. Subsequently
many components of the de-capping machinery are assembled onto the 3’end of the mRNA,
which circularizes with the 5’end via a network of protein interactions involving 4E-T, an
eIF4E binding protein (Nishimura et al., 2015).
One of our hypothesis is that RNA secondary structure, which will be discussed more
below, may impact on RNA stability, local translation and transport through mechanisms
which disrupt or enhance the protein-protein interaction network important for mRNA circularisation during translation initiation or recruitment of 5’ de-capping machinery.
Although the intrinsic propensities for mRNAs and long non-coding RNAs (lncRNAs)
to circularise via interactions due to RNA secondary structure is supported by studies in
vitro and in silico (Lai et al., 2018), the physiological prelevance of the circularisation of
mRNAs with interaction between the 5’ and 3’ ends in vivo is recently challenged. Two
studies employing similar methods have shown that for the mRNAs which are selected for
the studies, there is little circularisation between the 5’ and 3’ ends of the transcript (Khong
and Parker, 2018; Adivarahan et al., 2018). This conclusion is based on the use of single-

110

Chapter 4. RNA Secondary Structure in Neuronal RNPs

molecule fluorescent in situ hybridisation (smFISH) probe-sets annealing to the 5’ and 3’
ends, which showed little colocalisation in imaging. Although the distances measured between the 5’ and 3’ end does suggest a compaction for individual mRNPs, this does not
seem to lead to or arise from increased direct interaction between the ends of the transcript.
The mRNAs selected for imaging in these two studies are very long (in order to enable the
imaging of the distance between the annealed probe-sets which can only be determined if
this is above the spatial resolution of light microscopy), so may not reflect the bulk of the
transcriptome (Pierron and Weil, 2018). A third study has used an orthogonal approach
to imaging to conclude that EJC-bound pre-translated mRNAs are compacted in a rod-like
fashion, without 5’ and 3’ ends being in close contact (Metkar et al., 2018). This may be
less relevant for the close-loop model which was mainly suggested for ribosome-associated
(i.e. translated) transcripts. These three studies downplay the significance of mRNA circularisation in vivo, however it is still interesting, especially for neuronal transcripts with
long 3’UTRs, and is open to other forms of mRNA compaction which does not involve
interacting 5’ and 3’ ends.

4.2.2

RNA structure might act as a scaffold for protein-RNA and proteinprotein interactions

We hypothesise that long-range intramolecular duplexes within the 3’UTR could scaffold
or anchor protein-RNA and protein-protein interactions. For example, proteins binding on
the poly-A tail such as PABP have important roles in translation initiation and translation
termination. This has been shown to be dependent on PABP protein-protein interaction with
eIF4G (Wells et al., 1998)/eRF3a (Uchida, 2002), and eRF3a/eRF1 (Ivanov et al., 2016),
and these proteins are recruited to the 5’UTR and stop codon respectively via PABP. Longrange 3’UTR RNA duplexes could anchor the 3’UTR to increase the recruitment efficiency
of PABP partners to their respective positions on the mRNA.
In another example, HuR binding on the 3’UTR recruits SET, which interacts with the
nascent translated transmembrane domains of receptors such as CD47, to alter its subcellular localisation (Berkovits and Mayr, 2015). We speculate that long-range 3’UTR duplexes
could facilitate the assembly of RBPs and their interacting protein partners on the 3’UTR
in such a manner to allow their close proximity to the membrane. Hence this could increase
access to the transmembrane protein as it is being translated from the coding sequence of
the same mRNA. For instance, they could be required for the capacity of HuR to recruit
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Rat Postnatal Age
(days)

Developmental Milestones

1-3

Blood brain barrier establishment

7-10

Peak gain in brain weight
Peak gliogenesis
Increasing axonal and dendritic density

25-35

Specialisation of prefrontal cortex neural networks
(structural maturation)
Maximum volume of grey matter and cortical thickness

35-49

Reduced synapse density (pruning), reaching a
plateau at adult levels
Ongoing myelination and increasing white matter
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Table 4.1: Stages of rat brain development (Semple et al., 2013)

SET to CD47.

4.2.3

Dynamics and Regulation of RNA structure and RNA-RNA interactions

RNA structure and RNA-RNA interactions can be dynamic. While the predominant mechanism to change RNA structure is through the action of RNA helicases (Bourgeois et al.,
2016; Jarmoskaite and Russell, 2014), recently the role of RNA methylation has also been
highlighted. m6A methylation modification has been shown to promote destabilisation of
duplexes (Spitale et al., 2015). The level of this modification increases during brain development (Meyer et al., 2012). Thus, mRNA structure could be globally regulated during
brain development both due to changes in 3’UTR isoforms, RNA methylation and activity
of RNA helicases.

4.2.4

Stages of rat brain development

The neuronal developmental milestones have been studied extensively in rats (Semple et al.,
2013). Semple et al. provides a review of key rodent brain developmental stages and its
parallel to human neuronal development. In order to contextualise the hiCLIP experiments,
I summarise these key stages from postnatal day 0 and 5 weeks of rats (Table 4.1, modified
from Semple et al. (2013)).
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4.3

Results

4.3.1

Adaptation of hiCLIP in rat brain

hiCLIP is a biochemical technique for transcriptome-wide identification of RNA secondary
structures interacting with RBPs, and has so far been applied to STAU1 in HEK293 cells
(Sugimoto et al., 2015). Following major iterative improvements to the iCLIP protocol
(Chapter 3) which forms the basis for hiCLIP (schematic in Figure 4.1), and computational algorithms by our collaborator (Dr. Anob Chakrabarti in the Luscombe lab), we have
succeeded in interrogating RNA secondary structures bound by STAU2 in rat brain cortex
tissues.
Experiments of STAU2 hiCLIP across age and brain regions were performed (Figure 4.1), together with accompanying mock iCLIP libraries where all RBP-crosslinked RNA
fragments are recovered for a global RBP occupancy profile on the transcriptome and for
future purposes of peak calling (Table 4.2). It is important to note that the brain tissue
contains a mixed population of cell types (neuronal, glial, from the vasculature), thus our
analyses cannot be restricted to neuronal specific STAU2 RNPs.
Table 4.2: List of STAU2 hiCLIP libraries and accompanying mock iCLIP grouped by each
biological replicate (animal). Library size is reported by the number of uniquely mapped
cDNAs after PCR duplicate removal.

Protein

Age

Genotype

Brain Region

Lysis

Adapter

Library
Size

STAU2

P0

WT

Cortex

Mild

Infrared

95381

STAU2

P0

WT

Cortex

Medium

Infrared

533310

IgG

P0

WT

Cortex

Medium

Infrared

8731

Mock

P0

WT

Cortex

Mild

Barcoded

241132

Mock

P0

WT

Cortex

Medium

Barcoded

626043

STAU2

P2

WT

Cortex

Mild

Infrared

112924

STAU2

P2

WT

Cortex

Medium

Infrared

1358958

IgG

P2

WT

Cortex

Medium

Barcoded

22289

Mock

P2

WT

Cortex

Mild

Barcoded

79758

Mock

P2

WT

Cortex

Medium

Barcoded

754970
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Table 4.2 – Continued from previous page
Protein

Age

Genotype

Brain Region

Lysis

Adapter

Library
Size

STAU2

P7

WT

Cortex

Mild

Barcoded

86884

STAU2

P7

WT

Cortex

Medium

Barcoded

666136

IgG

P7

WT

Cortex

Medium

Barcoded

8331

Mock

P7

WT

Cortex

Mild

Barcoded

185489

Mock

P7

WT

Cortex

Medium

Barcoded

792212

STAU2

5 week

WT

Cortex

Mild

Barcoded

132826

STAU2

5 week

WT

Cortex

Medium

Barcoded

591342

IgG

5 week

WT

Cortex

Medium

Barcoded

5738

Mock

5 week

WT

Cortex

Mild

Barcoded

132796

Mock

5 week

WT

Cortex

Medium

Barcoded

320044

STAU2

5 week

KD

Cortex

Mild

Barcoded

40807

STAU2

5 week

KD

Cortex

Medium

Barcoded

66286

IgG

5 week

KD

Cortex

Medium

Barcoded

3917

Mock

5 week

KD

Cortex

Mild

Barcoded

26730

Mock

5 week

KD

Cortex

Medium

Barcoded

208385
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Protein

Age

Genotype

Brain Region

Lysis

Adapter

Library
Size

STAU2

5 week

WT

Cortex

Medium

Infrared

502220

STAU2

5 week

WT

Cortex

Medium

Barcoded

92349

STAU2

5 week

WT

Cerebellum

Medium

Barcoded

64515

STAU2

5 week

WT

Striatum/Thalamus

Medium

Barcoded

19518

STAU2

5 week

WT

Hippocampus

Medium

Barcoded

23024

STAU2

5 week

WT

Brain Stem

Medium

Barcoded

47842

STAU2

5 week

WT

Olfactory Bulb

Medium

Barcoded

47452

IgG

5 week

WT

Cortex

Medium

Infrared

51007

IgG

5 week

WT

Cortex

Medium

Barcoded

2292

Mock

5 week

WT

Cortex

Medium

Barcoded

92550

Mock

5 week

WT

Cerebellum

Medium

Barcoded

104077

Mock

5 week

WT

Striatum/Thalamus

Medium

Barcoded

43691

Mock

5 week

WT

Hippocampus

Medium

Barcoded

70088

Mock

5 week

WT

Brain Stem

Medium

Barcoded

37249

Mock

5 week

WT

Olfactory Bulb

Medium

Barcoded

57852

STAU2

5 week

WT

Cortex

Medium

Infrared

592693

STAU2

5 week

WT

Cortex

Medium

Barcoded

79491

STAU2

5 week

WT

Cerebellum

Medium

Barcoded

51837

STAU2

5 week

WT

Striatum/Thalamus

Medium

Barcoded

32633

STAU2

5 week

WT

Hippocampus

Medium

Barcoded

29883

STAU2

5 week

WT

Brain Stem

Medium

Barcoded

39953

STAU2

5 week

WT

Olfactory Bulb

Medium

Barcoded

43425

IgG

5 week

WT

Cortex

Medium

Barcoded

5128

Mock

5 week

WT

Cortex

Medium

Barcoded

73073

Mock

5 week

WT

Cerebellum

Medium

Barcoded

51688

Mock

5 week

WT

Striatum/Thalamus

Medium

Barcoded

37669

Mock

5 week

WT

Hippocampus

Medium

Barcoded

17184

Mock

5 week

WT

Brain Stem

Medium

Barcoded

17037

Mock

5 week

WT

Olfactory Bulb

Medium

Barcoded

29258
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Part of the analyses below focus on experiments where we characterise the STAU2
bound RNA structures in the rat cortex across age, which reflect different stages of development (sections 4.3.2, 4.3.3). We have also produced data across multiple brain regions of
5 week rats, which have a more limited depth of the cDNA libraries due to issues with the
barcoded adapters that were used at the time, and therefore these datasets are not interrogated further for bioinformatic analysis at this stage. The final parts of the analysis draws on
the 3 replicates of 5 week cortex medium stringency hiCLIP experiments for determining a
confident set of RNAs which are directly bound to STAU2 (sections 4.3.4, 4.3.5).

Lysis buffer conditions and L3 SeqRv adapter affect STAU2 hiCLIP library size
and recovery of confident hybrid cDNAs
In initial experiments, I had processed samples across P0, P2, P7 and 5 week cortex with
either a mild cytoplasmic lysis buffer or a medium-stringency lysis buffer on the same biological sample (Figure 4.1). PCA analysis was performed on the normalised counts of
unique crosslink sites which overlap with the identified RNA structures (Figures 4.2). Here
it is noticed that P0-mild and P2-mild conditions, but not P7-mild and 5week-mild conditions, cluster away from the other experiments and their matched biological sample from
the medium stringency conditions. This is likely due to the combination of the use of the
infrared adapter under mild stringency conditions which is leading to the loss of specificity.
Moreover, sequencing libraries prepared from the mild lysis condition consistently have
less uniquely mapped cDNAs compared to the medium stringency condition (Table 4.2).
The further analysis of RNA structures is hence done on the medium condition experiments
shown on this PCA.

Extension of 3’UTR annotations
From the analysis of crosslink sites in STAU2 hiCLIP experiments, we discovered many
long 3’UTR isoforms that are not in the existing annotation of the rat genome. As a demonstration of this, using the existing Ensembl annotation, 50% or more of STAU2 binding is
mapped to “intergenic” regions across all samples (Figure 4.3). On inspection of these ”intergenic” crosslinking events on the genome browser however, it is clear that most crosslink
events fall in the downstream region following annotated 3’UTRs. The CAMK2A gene
is one such example where the existing ensembl 3’UTR annotation is very short, and unfortunately inadequate for this dataset (Figure 4.4, middle panel depicts iCLIP crosslinks
mapped onto genomic coordinates using STAR).
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Figure 4.1: Scheme of hiCLIP in rat cortex.
Rat brain from animals of postnatal day ages (P)0, P2, P7 and 5 week were dissected,
flash frozen and stored at −80. On the day of the hiCLIP experiment, the brain tissue
is grinded into a fine powder using mortar and pestle whilst being kept frozen with liquid nitrogen to prevent dis-associations and re-associations of RNPs. Subsequently the
tissue dry powder is spread across 6 well plates and UVC crosslinked to preserve endogenous protein-RNA contacts, then lysed in a mild cytoplasmic buffer as previously
done for HEK293 STAU1 hiCLIP or the medium stringency lysis buffer which is used in
general for iCLIP (with sonication for the latter to aid lysis). The RNA is fragmented in
lysate, then the lysate is pre-cleared prior to immunoprecipitation with Dynabeads preincubated with STAU2 antibody to specifically capture the endogenous protein and the
crosslinked RNAs. Subsequently, RNAs are 3’ end dephosphorylated and ligated to the
pre-adenylated L3 adapter on beads (without ATP) for 75 minutes. To enable proximity
ligation between the complementary strands of RNA duplexes bound by STAU2 captured on beads, the RNA is then phosphorylated on the 5’ end and incubated with RNA
ligase I without additional adapters in the presence of ATP overnight. The subsequent
procedures are exactly as described for iCLIP in Chapter 3. The proximity ligation results in a hybrid cDNA which is mapped to the transcriptome to identify RNA structures
which are bound by STAU2.
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Figure 4.2: PCA analysis of STAU2 hiCLIP experiments across lysis condition and age
PCA analysis was done on the normalised counts, within each sample, of crosslinking
events overlapping all identified RNA structures pooled together across experiments.
Samples were processed across P0, P2, P7 and 5 week cortex with either a mild cytoplasmic lysis buffer or a medium-stringency lysis buffer on the same biological sample.

Figure 4.3: Regional distribution of STAU2 crosslinking events with existing Ensembl annotation
STAU2 hiCLIP and mock iCLIP data are analysed by the iMaps webserver for mapping
of crosslink sites. Using existing Ensembl annotation, a vast majority of crosslink sites
falls into the ‘intergenic’ regions (green) in all experiments. Left panel, STAU2 hiCLIP
from P0, P2, P7 and 5 week WT rat cortex. Right panel, crosslink sites from paired
mock iCLIP libraries.

Given that Staufen proteins are known to be enriched on 3’UTRs from h/iCLIP experiments in HEK293 cells and mouse brain (Sugimoto et al., 2015; Sharangdhar et al., 2017),
and that we are performing hiCLIP experiments in brain tissue where there are extensive
alternative 3’UTR isoforms and lengthening, it is important to include these unannotated
3’UTR isoforms, which are in many cases supported by alignments to mouse or human
genomes in the mapping procedure of RNA structures. Unfortunately it is not feasible to
map hybrid cDNAs directly to the whole genome, as this is slow and generates intermediate mapping file sizes which are not sustainable. Thus we map to the transcriptome but
have extended the existing annotations for the longest transcript isoforms by up to 10kb
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Figure 4.4: STAU2 bound sites and RNA structures in the neuronal mRNA CAMK2A
Genome browser view (from http://genome.ucsc.edu) and annotation of high-confidence
duplexes bound by Staufen2 in the Camk2a 3’UTR, identified using hiCLIP in rat brain
cortex. Top panel, positions of unique RNA duplexes, with the number of unique hybrid
cDNAs that identified the duplex in each experiment shown on the left. Middle panel,
tracks depicting crosslink events in the hiCLIP experiments with bar heights indicating
the number of unique non-hybrid and hybrid cDNAs; two replicates are from wildtype brain (WT), and one replicate from Stau2 knockdown (KD) brain. Bottom panel,
gene and transcript annotations, and vertebrate conservation. P0-P7 represent 0-7 days
postnatal age.
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(termed 3’ extended UTRs, 3’eUTRs), similarly to a past study on Rbfox proteins and their
transcriptome-wide binding in mouse brain by the Darnell lab (Weyn-Vanhentenryck et al.,
2014).

4.3.2

General characteristics of confident STAU2-bound structures in the rat
cortex

We uncovered STAU2-bound RNA structures, which are presented extensively in rRNA,
3’UTR and 3’eUTR (Figure 4.5), again arguing that the extension of gene annotation is
necessary. We observed a predominance of intragenic RNA duplexes (Figure 4.6), supporting a model in which the structures of individual mRNA molecules coordinate the formation
of RNP condensates in neurons. The 3’eUTR RNA secondary structures are of the longest
range observed, often connecting regions hundreds of nucleotides apart (Figure 4.7). In
addition to uncovering these long range structures, the STAU2 hiCLIP experiments were
also able to detect short range duplexes, such as known staufen binding sites on the ARF1
and Rgs4 3’UTRs. However, there may be a technical bias against detecting duplex structures with short loop lengths, as a short loop region may be protected from RNase digestion
in the RNA fragmentation step of the hiCLIP protocol. Hence the resulting cDNAs derived from these duplexes will more likely be mapped contiguously, leading to their underPercentage of hybrid arms Number of hybrids

representation in the analysis of hybrid reads (Figure 4.7).
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Figure 4.5: Overview of STAU2-bound structures identified from rat cortex
Top panel, the number of hybrids identified by hiCLIP in rat cortex from 4 different
ages (P0, P2, P7, 5 week; corresponding to stages of brain development). Bottom panel,
regional distribution of the hybrid arms across the transcriptome, including mRNAs,
rRNAs and other ncRNAs (3’eUTR is the extended region 10 kb downstream of the
annotated 3’UTR, which captures the hybrids in putative 3’UTRs that are unannotated
in the rat Ensembl database). tRNAs were not mapped in this procedure.

Imaging of neuronal RNA granules with smFISH and live imaging and bleaching

120

Chapter 4. RNA Secondary Structure in Neuronal RNPs

Percentage of hybrids

100%

75%

50%

25%

0%
P0

P2

P7

5 week

Experiment
other intergenic

rRNA−mRNA

other intragenic

mRNA−mRNA

Figure 4.6: Predominance of STAU2-bound intragenic structures
Proportion of hybrids with arms in the same gene (intragenic - blue shades) or different
genes (intergenic - red shades).
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Figure 4.7: Loop length of STAU2-bound structures
The loop lengths of confident intragenic mRNA hybrid reads from rat cortex across age,
separated by their location in different regions of mRNAs.

events of molecular beacon targeting specific mRNAs such as beta-actin has suggested
that each granule tends to contain a single mRNA molecule (Turner-Bridger et al., 2018).
Hence it is likely that the STAU2 bound intragenic RNA duplexes represent intramolecular
interactions within single copies of the mRNA, although theoretically we cannot rule out
from hiCLIP alone that these can represent intermolecular interactions between two copies
of the same transcript. Assuming that intragenic RNA duplexes represent intramolecular
RNA-RNA interactions, this enables compaction of the mRNA, in this case especially in
the 3’UTRs of neuronal transcripts. Notably, these intragenic RNA duplexes show stable
hybridisation energies and increased sequence conservation, supporting their functional relevance (Figure 4.8, 4.9).
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Figure 4.8: Low hybridisation energies of STAU2-bound intragenic mRNA structures
As a validation of the discovered structures, predicted hybridisation energy of nonrRNA intragenic structures were calculated using the RNAduplex software of the two
arms of hybrid reads compared with shuffled sequences of each arm that preserve dinucleotide frequencies.
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Figure 4.9: Conservation around STAU2-bound intragenic mRNA structures
As a validation of the functional relevance of the discovered structures, mean phyloP conservation score from multiple alignments of 19 vertebrate genomes are plotted
around each intragenic mRNA hybrid arm.

4.3.3

STAU2-bound structures during development

As an example of a structural elements within the 3’eUTR of an important neuronal mRNA,
we focus on the mRNA encoding for CamKII (Figure 4.4). Although this Camk2a 3’eUTR
is not annotated in the Ensembl gene predictions, the 3’eUTR is supported by GenBank
mRNA reference database (Figure 4.4, bottom panel) and alignments to the mouse and human genomes and annotation (not shown). The high coverage over the Camk2a 3’eUTR allows us to be confident of the STAU2 bound structures identified, as their pairwise positions
are highly reproducible across different biological samples (Figure 4.4, top and middle panels). Across ages, there is increased STAU2 binding on Camk2a 3’eUTR, here evidenced
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by an increase in the number of unique hybrid cDNAs that identify each RNA structure
throughout the 3’eUTR.
It is particularly interesting that duplexes bring together evolutionarily conserved regions of the 3’eUTR, whereas the less conserved regions are looped out (Figure 4.4). The
sequence conservation extends beyond the immediate duplex-forming segments; we speculate these segments contain binding sites of other RBPs, brought together into close proximity via the RNA structure. This hypothesis in future should be examined by the analysis of
RNA occupancy which can be derived from mock iCLIP data, to identify flanking regions
proximal to long range duplexes which show disproportionate RBP binding. We detect intercalated long- and short-range intragenic duplexes, which may reflect an additive process
of RNA compaction along the 3’UTRs to bring together distal elements, if they occur simultaneously on single molecules of mRNA. One possibility is the anchoring of the end of the
UTR and poly(A) tail, to shorten the effective length of the 3’UTR and achieve compaction.
Consistent with this, we observe that the distal (more 3’), but not the proximal (more 5’),
arm of STAU2 bound structures are enriched upstream of polyadenylation signal sequences
(Figure 4.10).
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Figure 4.10: Enrichment of STAU2 bound RNA structures around polyadenylation signal
sequences
Plot showing the coverage of the AAUAAA canonical polyA signal motif around the
end of each confident intragenic mRNA hybrid arm.

Although CDS crosslinks are only a small portion of all binding events, we observe
interesting changes across development, with a drop in STAU2 binding on CDS at later
timepoints (Figure 4.12). This could be consistent with a subset of STAU2 mRNPs changing
from a pre-translational to a translational state, as the ribosome will unwind secondary
structures and displace RBPs which bind along the CDS during translation elongation.
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Figure 4.11: Example of long-range RNA structures identified in the neuronal mRNA
CAMK2A and their RNAfold predictions

Percentage of hybrid arms Number of hybrids

Top panel, RNA structures identified by unique hybrid cDNAs in STAU2 hiCLIP from
5 week cortex. 3 examples of confident long-range RNA structures identified in the
CAMK2A 3’eUTR are highlighted in blue, purple and light blue, for RNAfold helix structure predictions in the bottom panel. Bottom panel, the RNAfold minimum
free energy (MFE) predictions and visualisation of the highlighted long-range RNA
structures identified in the CAMK2A 3’eUTR. The MFE duplex structures and from
RNAfold predicted from the hybrid cDNAs are shown. Colour scale indicates the pairing probability.
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Figure 4.12: Regional distribution of STAU2-bound structures in mRNAs
Top panel, the number of hybrids identified by hiCLIP in rat cortex collectively from
P0-7 versus 5 week. Bottom panel, regional distribution of the hybrid arms in mRNAs
and extended annotation of 3’UTRs. At 5 weeks, there is a decrease in STAU2 binding
in the CDS.
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Intergenic structures recovered by STAU2 hiCLIP
In addition to 3’UTR binding and 3’UTR-3’UTR intragenic RNA structures, STAU2 hiCLIP also recovers a vast number of rRNA-rRNA intragenic hybrid cDNAs. Moreover, this
data also identified 3’UTR-rRNA interactions. Although we have avoided drawing conclusions from analysing hiCLIP libraries from the mild lysis condition due to uncertainty with
specificity in the P0 and P2 samples, nonetheless we observed that these 3’UTR-rRNA interactions are more prominent in the libraries prepared from the mild lysis condition across
all samples (Figure 4.13, Table 4.2).

Figure 4.13: Regions linked by RNA-RNA Interactions in mild and medium stringency
conditions
Barplots of each experiment, showing the counts of hybrid cDNA supporting each
class of interactions between transcript regions (‘links’). The links are ranked within
each experiment by their abundance. The 3’eUTR-rRNA and 3’UTR-rRNA links are
highlighted in red and orange, respectively. Note that the combination of mild lysis
buffer and infrared adapter for P0-mild and P2-mild experiments increases the number of hybrid cDNAs dramatically, likely reflecting a decrease in specificity (also see
Figure 4.2).
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Reproducibility of STAU2 hiCLIP experiments in 5 week cortex

With the initial experiments, I have further replicated the STAU2 hiCLIP experiments in
5 week old brain samples. In addition to the cortex, I had produced cDNA libraries from
different brain regions of 5 week old rats, but as I have noted above, these libraries from
cerebellum, hippocampus, striatum, olfactory bulb and brain stem were of limited depth
(Table 4.2). There are additional libraries prepared with the infrared adapter from the cortex,
which were of a similar depth to the previous experiment, hence I focus on the combined 3
replicates of 5 week cortex hiCLIP experiments and their mock iCLIP data in the analysis
below.
The two additional replicates from 5 week cortex were compared with the previous
experiments for PCA analysis. This shows that the 5 week cortex replicates from the second batch of experiments match well with the initial experiments, allowing us to group
them together confidently for analysis (Figure 4.14). In addition, the hybridisation energy
profiles of hybrids from the triplicates are similar, allowing us to look at reproducible intragenic RNA structures, such as already shown in Camk2a 3’UTR (Figure 4.4). Intragenic
duplexes, and to a smaller extent 28S rRNA - non-rRNA links have reproducibly low hybridisation energies across the three replicates, where the predicted minimum free energies
(MFE) of RNA structure formation within observed hybrid reads is shifted lower compared
to the shuffled controls (Figure 4.15, top and bottom panels). However, non-rRNA intergenic RNA structures show a higher hybridisation energy and do not show this shift between
hybridisation energies of observed hybrid reads and their shuffled randomised controls (Figure 4.15, middle panel).

4.3.5

Analysis of STAU2 bound transcripts

To gain an understanding of transcripts which are most enriched in STAU2 binding, I used
DESeq2, which performs differential expression analysis, on the number of crosslink counts
summed across the entire length of each mature transcripts, including the extended 3’UTR
annotation but excluding introns. I have excluded intronic crosslink sites from this analysis
in order focus on cytoplasmic STAU2 binding. This is because we are primarily interested
in its function in RNA localisation and assembly of neuronal RNA granules, which occurs
mainly in the cytoplasm on spliced transcripts. However conversely, because of the intron
annotation this analysis misses the crosslink sites in potential retained introns which can be
bound by STAU2, such as for Calm3 as a specific case (Sharangdhar et al., 2017; Ortiz et al.,
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Figure 4.14: PCA analysis of STAU2 hiCLIP experiments for 5 week replicate samples
PCA analysis on the normalised counts of crosslink sites, within each sample overlapping all identified RNA structures pooled together across experiments, of cortex
STAU2 hiCLIP experiments with the medium lysis conditions, including 2 additional
biological replicates at 5 weeks.

2017). The mock iCLIP cDNA libraries were used as input controls for this enrichment
analysis. Since mock iCLIP cDNA represents RNA fragments which are crosslinked to
RBPs, enrichment or depletion of STAU2 hiCLIP over mock iCLIP is not only accounting
for the abundance of transcripts, but that of which are assembled into RNPs.
Significant transcripts were determined using a threshold padj (p values adjusted for
multiple testing) < 0.05 cut-off value, and a fold change threshold of > 3 or < −3, respectively, for either STAU2 enrichment or depletion (Figure 4.16). This analysis identified
571 enriched transcripts and 584 depleted transcripts. As expected, the STAU2 enriched
transcripts included known binding targets such as Camk2a and Rgs4 (Figure 4.16). This
is cross-referenced to published STAU2 RIP dataset (Heraud-Farlow et al., 2013), which
identified overlapping enrichment (Figure 4.17). In addition, I performed gene ontology
analysis on the transcripts which are enriched or depleted from STAU2 RNPs. This revealed an enrichment for neuronal, synaptic, membrane and transport related GO terms for
transcripts which are detected in STAU2 hiCLIP, which is consistent with STAU2 being
important for localisation of mRNAs to neuronal projections and synapses (Figure 4.18).
Interestingly, one of the most significant STAU2 bound transcripts is Rbfox1. Rbfox1
is an RBP involved in the regulation of splicing, and has independent cytoplasmic function in neurons, directly regulating abundance of transcripts involved in synaptic function
and autism through binding to their 3’UTRs and masking of miRNA binding sites (WeynVanhentenryck et al., 2014; Lee et al., 2016). Therefore I decided to explore a potential
cross-regulatory relationship between the two RBPs in their cytoplasmic regulation. For
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Figure 4.15: Consistent hybridisation energies of STAU2-bound intragenic mRNA structures
Predicted hybridisation energy were calculated using the RNAduplex software of the
two arms of observed hybrid reads (maroon) compared with shuffled sequences (light
pink) of each arm that preserve dinucleotide frequencies. The identified STAU2-bound
hiCLIP structures were categorised into non-rRNA intragenic (top panel, as in Figure 4.8), non-rRNA intergenic (middle panel) and rRNA 28S - non-rRNA intergenic
(bottom panel) RNA duplexes. P values are calculated with the Mann Whitney U test.
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Figure 4.16: STAU2 bound RNAs in the 5 week rat cortex
Volcano plot showing the log2 fold change (log2FC) in normalised transcript abundance, calculated by DESeq2 with crosslink counts from each library, of the comparison between STAU2-bound fraction (from STAU2 5 week cortex hiCLIP libraries,
N=3) versus the background of total RBP-bound fraction (from paired mock iCLIP
libraries, N=3). Significant transcripts (cyan) are defined by padj < 0.05, enriched by
STAU2 = fold change > 3, or depleted in STAU2 RNPs = < −3.

this, I looked at published data from Rbfox1 iCLIP experiments performed from the cytoplasmic lysate fraction of mouse cultured neurons (Lee et al., 2016). The processed reads
of significant Rbfox1 peaks were converted from the mouse (mm9) to rat (rn6) genome annotation for this purpose (methods section 2.2.3). First, the 3’UTR of STAU2 mRNA have
cytoplasmic Rbfox1 iCLIP peak, which overlap with a GCAUG motif indicative of direct
binding (data not shown). Thus Rbfox1 protein potentially regulates STAU2 mRNA through
interaction the 3’UTR, and vice versa. Second, previous mass spectrometry experiments
identified Rbfox1 in the protein interactome of STAU2 in neuronal granules (Fritzsche et al.,
2013). This indicates that they can potentially be assembled onto the same RNPs and coregulate target transcripts in the cytoplasm. Supporting this, I investigated the overlap at
the transcript level between 3’UTR binding by Rbfox1 and STAU2 hiCLIP enrichment and
identified 193 transcripts which are confidently bound by both proteins (Figure 4.19). This
relationship needs to be further examined (e.g. on the binding site level), however, Rbfox1
can be a candidate RBP for the exploration of potential structure-scaffolded RNP assembly
on 3’UTRs and the dependence on the presence of STAU2.
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Figure 4.17: Comparison between STAU2 hiCLIP and RIP enriched transcripts
The list of mRNAs enriched by STAU2 RIP is obtained from a previous study done by
the Kiebler lab (Heraud-Farlow et al., 2013). Top, density plot of log2FC in normalised
transcript abundance, calculated by DESeq2 with crosslink counts from each library, of
the comparison between STAU2-bound fraction (from STAU2 5 week cortex hiCLIP
libraries, N=3) versus the background of total RBP-bound fraction (from paired mock
iCLIP libraries, N=3). Transcripts are grouped by RIP enrichment. Middle, volcano
plot of STAU2 hiCLIP enrichment as in Figure 4.16. For visualisation, solid dots indicate transcripts which were identified in STAU2 RIP. Bottom, Venn diagram showing
overlap between STAU2 hiCLIP and RIP enriched transcripts.
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Figure 4.18: Gene ontology analysis of transcripts enriched or depleted from STAU2 RNPs
Gene ontology analysis was performed in GOrilla (Eden et al., 2009). Redundant GO
terms were removed by REVIGO (Supek et al., 2011).

4.4

Discussion

4.4.1

Transcriptome annotation

One of the challenges we faced when describing the RNA structures found in rat brain
through STAU2 hiCLIP is the incomplete transcriptome annotation, as this is necessary
for custom mapping of hybrid cDNAs to identify RNA structures. This was particularly
inadequate for this dataset as the brain transcriptome has a complex UTR landscape with
many alternative isoforms which may be differentially localised and regulated, and Staufen
proteins are enriched on the 3’UTR.
To improve the annotation of mRNAs in rat brain, we intend to obtain high quality RNA-seq data of the rat cortex across the P0/2, P7 and 5 week developmental stages,
matching our hiCLIP data. This is necessary for full annotation especially of 3’UTRs, and
perform analysis for alternative splicing and alternative polyadenylation. In my analysis,
I have accounted for differences in RNA abundance and accumulation into RNPs to determine enrichment by STAU2 binding using mock iCLIP data for normalisation (Figure 4.16).
However this does not give isoform information. Hence, integration with the intended RNAseq experiments will allow us either to correlate switches in STAU2 crosslinking and STAU2
bound RNA structures to isoform changes driven by alternative splicing or polyadenylation,
or conversely to confirm RNA secondary structural conformations which dynamically occur
independently of any isoform changes. In both cases RNA secondary structure can have a
major role into differential assembly of RNPs on the UTR. In addition, we would be able to
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Figure 4.19: STAU2 hiCLIP enrichment of Rbfox1 3’UTR targets
The list of transcripts with Rbfox1 binding in 3’UTRs is obtained from a published
iCLIP study (Lee et al., 2016). Top, density plot of log2FC in normalised transcript
abundance, calculated by DESeq2 with crosslink counts from each library, of the comparison between STAU2-bound fraction (from STAU2 5 week cortex hiCLIP libraries,
N=3) versus the background of total RBP-bound fraction (from paired mock iCLIP
libraries, N=3). Transcripts are grouped by Rbfox1 3’UTR interaction. Middle, volcano plot of STAU2 hiCLIP enrichment as in Figure 4.16. For visualisation, solid dots
indicate transcripts which were identified in Rbfox1 iCLIP with 3’UTR binding sites.
Bottom, venn diagram showing overlap between STAU2 hiCLIP enriched and Rbfox1
interacting transcripts.
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explore the phenomenon of STAU2 binding on retained introns (Sharangdhar et al., 2017;
Ortiz et al., 2017), perhaps those which are regulated by neuronal activity (Mauger et al.,
2016), further with RNA-seq data.
Annotation of the polyadenylation site usage across developmental age would allow us
to be more precise in evaluating the positions of STAU2 RNA structures around landmarks
of mRNAs such as the poly(A) tail, as this is currently analysed with using the consensus
polyadenylation signal sequence as a proxy (Figure 4.10). This in turn can be explored to
assess the impact of STAU2 and RNA structure in compaction of the 3’UTR. By integrating
with orthogonal functional datasets (such as for activity-dependent isoform usage and localisation (Tushev et al., 2018)), we aim to evaluate the relationship between STAU2 binding,
3’UTR length and folding with RNA localisation.

4.4.2

Validity of hiCLIP in brain tissue

We have validated our approach of using hiCLIP to discover physiologically relevant RNA
structures in several ways. First, the discovered RNA structures show sequence conservation
in vertebrate genomes (Figure 4.9). Second, the discovered RNA structures as a population
have a lower hybridisation energy distribution than the shuffled control, indicating that they
form more stable structures than expected from the sequence content alone (Figure 4.8).
Third, only very few hybrid cDNAs are mapped in the accompanying mock iCLIP libraries
(data not shown), indicating that these hybrid cDNAs do not arise through random ligations
within the lysate. In the future the rRNA-rRNA hybrid cDNAs are useful for validation
of the technique by aligning them to the known rRNA structures, as previously done in
Sugimoto et al. (2015) for STAU1 hiCLIP in HEK293 cells.
I have compared the mild and medium stringency lysis conditions for hiCLIP with rat
brain samples, and opted for the medium stringency lysis in subsequent experiments, as it
consistently yield libraries which are greater in depth (Table 4.2) in terms of unique cDNAs,
as well as a good coverage of hybrid cDNAs which were mapped to the transcriptome.
From a naive perspective, it is perhaps surprising that we find we are able to enrich for RNA
duplexes for proximity ligation even after medium stringency lysis, RNA fragmentation
and high salt washes of the IP sample. This make sense in light of the negative (stable)
hybridisation energies of the discovered STAU2 bound duplexes. It is possible that the 4
dsRBDs of staufen proteins, which can also homo- or heterodimerise (Park et al., 2013),
stabilise the RNA duplexes to allow them to survive the high salt washes. Each dsRBD
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bind to duplex RNAs of a minimum length of 11-16 nts (Ryter and Schultz, 1998; Ramos
et al., 2000), which may be sufficient for them to remain stable in lysate. Moreover, I
have previously performed optimisations of STAU1-RIP from HEK293 cells under native
conditions without UVC crosslinking. As a readout of specificity, I used RT-PCR of two cotransfected luciferase-ARF1 3’UTR constructs, WT versus deletion of the known STAU1
binding site as a readout of specificity. These optimisations had indicated that even without
any protein-RNA crosslinking, I enriched for ARF1 WT construct over deletion construct
under the same medium stringency lysis and high salt wash conditions as used in our hiCLIP
study (data not shown). Together this confirms that the RNA structures bound by staufen
proteins remain stable under these conditions which enable their proximity ligation and
sequencing. Whether this is a feature of all dsRBP-bound structures, or specific to staufen
proteins remains an open question.

4.4.3

Specificity of Staufen proteins

In this chapter I identified specific transcripts which are directly bound to STAU2 in rat
cortex. By looking at the RNA structures recovered by hiCLIP within these transcripts
and modelling their 3D conformations, it may be possible to further understand specificity
of recognition of RNA duplexes. However there may be other factors which drive this
enrichment, such as localisation or co-assembly with other RBPs. It is still unclear what
is the relationship between the global landscape of RNA secondary structures and the ones
bound by Staufen proteins. A complementary technique to hiCLIP would be psoralenbased methods to probe RNA-RNA interactions. This is possible in cell lines but not in
brain tissue. Nonetheless, parallels can be drawn from such analysis done by Lu et al.
between STAU1 hiCLIP and PARIS (Lu et al., 2016). A recent crystal structure of dsRBDs
3 and 4 of STAU1 in complex with ARF1 staufen binding site has revealed some sequence
specificity within RNA duplexes for binding of STAU1 (Lazzaretti et al., 2018), and similar
studies may help us to understand the specificity of STAU2 dsRBDs.

4.4.4

mRNA and 3’UTR compaction

Our data on RNA structures on 3’UTR of neuronal transcripts helps us to formulate a
model for the folding or compaction of the UTR regions. Although we have yet to address
these questions systematically, for instance, what are the frequencies of structures which
are mutually compatible or exclusive? Do compatible secondary structure interactions occur simultaneously? If technically feasible, single molecule imaging studies of mRNAs in
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neuronal RNA granules will allow a definitive answer as to whether intramolecular RNA
structures occur simultaneously, or whether different molecules have alternative structural
‘isoforms’ or conformations.

4.4.5

3’UTR-rRNA interactions

The 3’UTR-rRNA interactions have yet to be studied systematically for long 3’UTRs
(Pánek et al., 2016). As noted above, the 3’UTR-rRNA contacts are over-represented in
the mild condition. There may be a few explanations from technical biases which are not
mutually exclusive:
1. these may form RNA structures which are less stable in terms of hybridisation energy
and do not survive the more stringent conditions; or
2. are only stabilised in the presence of another co-factor which is co-IPed with STAU2
under the mild conditions but is lost during more stringent lysis and washes prior to
proximity ligation; or
3. are more sensitive to RNA fragmentation, since although the RNase I concentration
used is the same between the two conditions, the RNA is more accessible for digestion
for the medium stringency lysis condition; or alternatively
4. are over-represented in the mild condition because of its accessibility compared to a
intragenic interactions within a compacted 3’UTR RNP.
The 3’(e)UTR-rRNA interactions can have implications in models of ribosome recycling or tethering to mRNAs in order to regulate translation or RNA stability, and are
interesting candidates for further study.

4.4.6

Candidates for functional studies of STAU2

In collaboration with the Kiebler lab, we are currently pursuing functional studies of RNA
stability and RNA localisation for STAU2. For example, luciferase reporters of Mapt,
Camk2a 3’UTR are cloned. The dependence of RNA stability, translation (and localisation in rat primary cortical neuronal cultures) on the STAU2 bound structures will be tested
with deletion constructs lacking one complementary arm of the RNA duplex, in conjunction
to STAU2 KD experiments to delineate between the possible structural effects of 3’UTR
compaction and STAU2 protein recruitment to the 3’UTR. Of those which show an effect,
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mutations targeting the hybrid arms of the RNA structure will be introduced to disrupt basepairing, which will be rescued by compensatory mutations in the complementary hybrid
arm (Sugimoto et al., 2015). With this plan we intend to uncover regulation of key neuronal mRNAs by STAU2 which may underlie the LTD and behavioural deficits of STAU2
KD models, to understand its involvement in short-term and working spatial memory, and
associative learning.

Chapter 5

Higher Order Assembly of Protein-RNA
complexes as a Liquid Phase phenomenon:
Studies of TDP-43

5.1

Aims

Many RBPs harbour IDRs in their coding sequence, which are regions where there is little secondary structure and not adopting an ordered conformation. IDRs are now known
to drive a process known as LLPS in vitro and in vivo by participating in multivalent interactions, where proteins or other macromolecules condense from the surrounding liquid
to form a compartment containing higher concentration of the phase separated component.
RBPs can also have multiple RNA-binding domains, which can also mediate the multivalent protein-RNA interactions on repetitive sequence or structure RNA motifs. Hence many
RBPs, including those which are implicated in neurodegenerative disease, are capable of
LLPS.
Until the last years, most studies have characterised LLPS of RNPs in vitro. Studies of
LLPS of ALS-relevant RNPs have largely focused on FUS and related family of proteins,
rather than TDP-43 because it was previously difficult to obtain purified recombinant TDP43 which would remain soluble, hampering in vitro biochemical and biophysical assays
(Wang et al., 2018a). Although FUS has been pioneered as an RBP for studies of LLPS
(Kato et al., 2012; Murakami et al., 2015; Patel et al., 2015; Shin et al., 2017; Qamar et al.,
2018; Guo et al., 2018; Yoshizawa et al., 2018; Hofweber et al., 2018) and its impact on
axonal protein synthesis (Murakami et al., 2015; López-Erauskin et al., 2018; Qamar et al.,
2018), TDP-43 is hugely relevant for ALS, as its aggregation is associated with a vast
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number of pathological subtypes of ALS/FTD. We aim to closely dissect the role of TDP43 as another example, in order to find general principles of higher-order RNP assembly
which are relevant for ALS, and in particular we aim to disentangle loss-of-function and
gain-of-function characteristics in manipulations of the TDP-43 IDR.
In section 5.3, I describe the confocal imaging experiments, including FRAP and foci
counting procedures, performed on WT, deletion or point mutation constructs. These experiments mainly investigate the effect of manipulations of its C-terminal IDR for the biophysical and LLPS properties of TDP-43 in vivo. I discuss these findings in the context
of understanding multivalent TDP-43 assembly on its RNA targets, and give insights into
some of the ALS-associated mutations (section 5.4).

5.2

Introduction

TDP-43 is encoded by the TARDBP gene, consisting of 2 RRM domains and a C-terminal
IDR. In addition there is a nuclear localisation signal (NLS) in the N-terminal part of the
protein (Figure 5.1) and a nuclear export signal (NES) within the second RRM domain.
Hence, TDP-43 is a shuttling protein but predominantly localises to the nucleus under
normal physiological condition. Under pathological states or cellular stress, TDP-43 redistributes to the cytoplasm, localising to stress granules or other cytoplasmic aggregates.
These cytoplasmic inclusions, occuring in ALS-patient derived brain and spinal cord tissues,
show abnormal post-translational modifications of TDP-43, including ubiquitinylation and
hyperphosphorylation, as well as the presence of various truncated forms of TDP-43 (Neumann et al., 2006, 2009; Xiao et al., 2015; Kametani et al., 2016).
TDP-43 performs important functions in the regulation of alternative splicing and alternative polyadenylation, which are important in early embryonic development as well as
for brain development (reviewed by Sephton et al. (2012)). For example, TDP-43 regulates
alternative polyadenylation of multiple genes underlying the pluripotency network in a concerted fashion during early embryonic development (Modic et al., 2019). In brain, TDP-43
associates with transcripts which are important for neuronal development and function, supported by studies using both RIP and CLIP methods (Sephton et al., 2012; Tollervey et al.,
2011). TDP-43 binding is enriched in intronic regions, as expected by its predominant
nuclear localisation. However in addition, TDP-43 also show binding to mature mRNAs
in the cytoplasm (Tollervey et al., 2011), and localises to neuronal projections (axons and
dendrites) as part of RNA transport granules in different neuronal types, with supportive
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evidence that its localisation may be dynamic with neuronal activity (Wang et al., 2008),
and where such a cytoplasmic role for RNA localisation to distal neuronal compartments
might be impaired by ALS mutations of TDP-43 (Alami et al., 2014).

Figure 5.1: Domain structure and ALS mutations of human TDP-43
Top panel, schematic of protein domain organisation of human TDP-43. The NLS sequence is coloured in magenta, RRMs are coloured in beige. The C-terminal glycinerich IDR domain, also known as the prion-like or low complexity domain, is coloured
in blue. Bottom panel, primary amino acid sequence of human TDP-43, coloured according to the domain structure as above. Mutations of TDP-43 associated with ALS
within the IDR (in red) are listed below the WT amino acid position, as they are found
concentrated in the C-terminal region. (Figure is adapted from Dr. Martina Hallegger.)

5.2.1

Properties of the TDP-43 C-terminal IDR and implications for ALS

ALS mutations are enriched within the TDP-43 IDR
The C-terminal IDR of TDP-43 is known by alternative names in the literature. Firstly, in
reference to its similarity to the yeast prion protein, it is sometimes identified as the prionlike domain. Secondly, due to its primary amino acid sequence, which is over-represented
in glycine residues and few other amino acids, it is also known as the glycine-rich or low
complexity domain. Regardless of the nomenclature, this C-terminal domain has been highlighted because of two reasons. Firstly, it is highly relevant for ALS pathogenesis, as mutations in TDP-43 from sporadic and familial patients are highly concentrated within this
C-terminal region (Figure 5.1, bottom panel, mutations in red underneath the WT sequence).
Thus one hypothesis is that the mutations within the IDR disrupts the dynamics of its RNP
assembly, leading to toxicity, perhaps arising from an increased propensity to form solid
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Figure 5.2: TDP-43 IDR undergoes LLPS in vitro
Differential interference contrast images depicting in vitro LLPS of the TDP-43 IDR,
in the presence of 150µM NaCl (top) or 15µg/mL yeast RNA (middle); or in control
conditions omitting NaCl where no LLPS occurs (bottom). Figure reproduced from
Conicella et al. (2016), with permission from Elsevier.

aggregates.

C-terminal IDR undergo LLPS in vitro
Moreover, the IDR of TDP-43 has been shown to undergo LLPS in vitro, supporting the idea
that this region can have a large impact on TDP-43 RNP assembly and its regulatory function on RNA processing. LLPS of this region in vitro was dependent on salt-concentration,
and interestingly was enhanced by addition of low amounts of yeast RNA even in the absence of the canonical RRM domains (Conicella et al., 2016) (Figure 5.2).
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Figure 5.3: Secondary structure prediction of the TDP-43 IDR
Protein secondary structure of amino acids 274-414 of human TDP-43, corresponding
to the C-terminal IDR, is predicted using the PSIPRED 4.0 webserver (Buchan et al.,
2013). Amino acids 316-346, highlighted by the green box, corresponds to the ultraconserved region (UCR) which contains a predicted alpha-helical secondary structure.
Adapted from Conicella et al. (2016).

Molecular structure of the Ultra-Conserved Region
Within the IDR, there is a region of high amino acid conservation across vertebrate species
(the ’ultra-conserved region’, or UCR) (Conicella et al., 2016; Lim et al., 2016). Secondary
structure prediction reveals a folded helical structure within this region (Figure 5.3), suggesting that this could have important roles in regulating the molecular dynamics and interactions mediated by the TDP-43 IDR. Thus this helical element embedded within the UCR
is the subject of detailed in vitro study of its biophysical characteristics and its importance
for LLPS in vitro (Conicella et al., 2016). Conicella et al. performed NMR measurements on
the TDP-43 IDR, which confirmed significant alpha-helical structure propensity for amino
acids 321-330, which cooperatively form a transient alpha-helical structure stabilised by
intermolecular self interaction along this region, in addition to a minor helical population
for the adjacent residues 331-342. They next tested the contribution of the UCR region for
LLPS. Indeed, deletion of the alpha-helical segment and adjacent residues abrogated LLPS
in vitro. A single point mutation which disrupts the alpha-helix (A326P) also had a similar
effect on LLPS, consistent with the importance of the folding of this region in determining
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the dynamics of TDP-43 (Conicella et al., 2016). These in vitro observations form the basis
for my investigation into the contribution of the IDR for TDP-43 nuclear dynamics, which
I explain below.

5.3

Results

5.3.1

TDP-43 dynamics in the nucleus and the effect of deletions and truncations of the IDR

Protein-RNA complexes and their intracellular dynamics is influenced by binding to the
RNA as well as higher-order protein-protein interactions, which will decrease the mobility
of the protein of interest. Since IDRs regulate LLPS and assembly of large RNPs, we
have investigated the contribution of the IDR of TDP-43 in its mobility and TDP-43 foci
formation in the nucleus where it is normally localised.
Initially, to investigate mobility of GFP-TDP-43 protein-RNA complexes in the nuclei,
I employed Fluorescence Recovery After Photobleaching (FRAP) experiments on HEK293
FlpIn cell lines which have stably incorporated different constructs of GFP-TDP-43 (Figure 5.4) under a dox-inducible promoter. Moreover, these GFP-TDP-43 constructs have
silent mutations which make them resistant to siRNAs used for knockdowns, allowing
functional experiments where endogenous TDP-43 is depleted and rescued with the doxinducible expression of the constructs. First, to narrow down regions in the C-terminal
IDR, 6 constructs of GFP-TDP-43 are tested, including WT, trunc (deletion of amino acids
320-414), deltaC (deletion of amino acids 367-414), deltaUCR (deletion of amino acids
316-346), deltaN (deletion of amino acids 274-319), deltaQN (deletion of amino acids 320366). These correspond to regions with different amino acid compositions within the IDR,
and we hypothesise that they have differential impact on TDP-43 higher-order assembly and
mobility.
I performed FRAP assays to assess TDP-43 mobility in the nucleus by inducing expression of the GFP constructs (explained in methods sections 2.3.1 and 2.5.1). As expected,
deletion of the entire IDR (trunc) of TDP-43 leads to faster rate constant of fluorescence
recovery, suggesting that assembly into high-order RNP complexes is impaired, and/or interactions with RNA is more transient. Smaller deletions along the IDR with deltaN and
deltaUCR constructs led to the same FRAP behaviour as the trunc construct (Figure 5.5A).
This is reassuring as it indicates the molecular weight differences between the protein constructs do not contribute significantly to the observed changes in protein FRAP mobility, and
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Figure 5.4: GFP-TDP-43 constructs and cell lines
Schematic of GFP-TDP-43 constructs, illustrating the WT construct, truncation construct (trunc), and deletion constructs (deltaC, deltaUCR, deltaN, deltaQN). Cell lines
were established by Dr. Martina Hallegger and Dr. Frederique Rau.
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Figure 5.5: FRAP analysis in GFP-TDP-43 WT and deletion cell lines
(A-C) Summary of fluorescence recovery after photobleaching (FRAP) experiments on
GFP-TDP-43 HEK293 FlpIn cell lines. N=34 cells. Showing mean ± 95% confidence
interval. Significance was tested with Kruskal-Wallis test followed by Dunn’s Multiple
Comparison Test. The p-values reported are for the individual comparisons. (A) GFP
fluorescence recovery curve after bleaching a spot of pre-defined size in the nuclei.
(B) Rate constant of fluorescence recovery, obtained by non-linear regression of single
exponential equation to the timecourse of recovery for each individual cell. (C) Mobile
fraction, obtained from the plateau of the fitted exponential curve from FRAP.
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hence supports the idea that the effects are mediated by properties of the deleted regions.
This is interesting as it may allow us to pinpoint specific regions of the IDR which are
crucial for its self-assembly properties. This also agrees with previous studies showing the
importance of the UCR region of the TDP-43 IDR in LLPS (Conicella et al., 2016). The
deltaQN construct showed slightly slower dynamics than the trunc construct (Figure 5.5A),
however the differences in the rate constant is not significant (Figure 5.5B). Interestingly,
deltaC construct shows an intermediate rate constant compared to the WT and trunc constructs. This suggests that sub-regions of the IDR vary in their contributions to assembly of
TDP-43 complexes, but it is unclear whether the different sequences act cooperatively or as
separate modules to determine its mobility.
I have performed initial FRAP experiments under conditions where the exogenous
TDP-43 constructs are expressed in the presence of the endogenous protein, which could
have confounding effects. Therefore, I next performed FRAP to compare untreated cells
with KD of endogenous TDP-43 for each cell line (Figure 5.6A-F). Overall there were no
significant changes in the mobility of the GFP-tagged protein upon depletion of endogenous
TDP-43 when comparing all pairs of knockdown versus untreated conditions within each
cell line (Figure 5.7C), indicating that competition with the endogenous WT TDP-43 for
protein-protein or protein-RNA interactions is not a main determinant of the mobility of
the different constructs. It thus appears that mobility of TDP-43 deletion or truncation
constructs is independent of the presence of endogenous TDP-43. However, it remains to be
seen whether expression of the exogenous truncation or deletion constructs of GFP-TDP-43
interact with and affect the mobility or function of endogenous TDP-43 (Wang et al., 2018a)
such that the bulk mobility of TDP-43 is affected.
As an independent readout of the formation of higher-order TDP-43 complexes, I have
noticed a remarkable difference in the pattern of GFP-TDP-43 dispersion in the nuclei between WT construct compared to deletions of the IDR (Figure 5.8). In WT nuclei, GFPTDP-43 signal localise to a punctate pattern in addition to a more diffused background. This
pattern has been observed in previous studies for both N-terminal GFP-tagged TDP-43 and
endogenous TDP-43 (by immunofluorescence) and has been referred to as ”nuclear speckles” (Ling et al., 2010). However to avoid confusion with the subnuclear membraneless
organelle enriched in splicing machinery named speckles or also nuclear speckles (Lamond
and Spector, 2003), here I refer to the puncta as TDP-43 foci. In the case of the truncation
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Figure 5.6: FRAP experiments on GFP-TDP-43 cell lines comparing untreated with endogenous TDP-43 knockdown
(A-F) FRAP curve for each cell line (WT, deltaC, deltaUCR, deltaN, deltaQN, trunc),
comparing between cells without any siRNA transfection to cells transfected with
siRNA against endogenous TDP-43. N = 12 cells per cell line.

construct, foci are rarely seen and are very sparse in each nuclei, and the signal is generally
diffuse (Figure 5.8).
Because of these observations, I decided to quantify nuclear foci formation of the 6
cell lines expressing the different GFP-TDP-43 constructs (Figure 5.9, segmented confocal
images are included in Appendix D). For this purpose, I performed confocal imaging of zstacks of GFP-TDP-43 in fixed cells. I wrote a custom macro on FIJI (Rueden et al., 2017;
Schindelin et al., 2012) to automate the counting process (Appendix E), taking advantage of
existing plugins available for the purpose of object counting in z-stacks, as well as quantifying the fluorescence intensities of individual nuclei. This involves segmentation of nuclei

5.3. Results

A

siTDP43
Normalized fluorescence intensity

deltaN
deltaN siTDP43

147

1.0

WT siTDP43

0.8

deltaC siTDP43
deltaUCR siTDP43

0.6

deltaN siTDP43
0.4

deltaQN siTDP43

0.2

trunc siTDP43

0.0

0

2

4

6

8

10

time after bleaching [s]

B

untreated
Normalized fluorescence intensity

detaQN
deltaQN siTDP43

1.0

WT

0.8

deltaC
deltaUCR

0.6

deltaN
0.4

detaQN

0.2

trunc

0.0

0

2

4

6

8

10

time after bleaching [s]

C
rate constant [s-1]

1.5

1.0

0.5

lta

de

W
T

si W
TD T
P4
C de 3
si lta
de
lta d TD C
U e P4
C lta 3
R U
si C
TD R
de
lta d P43
N e
si lta
de
TD N
lta
P
Q de 43
N ta
si Q
TD N
P
tru
nc t 43
si run
TD c
P4
3

0.0

Figure 5.7: Summary of FRAP experiments on GFP-TDP-43 cell lines comparing untreated
with endogenous TDP-43 knockdown
(A,B) Summary of FRAP dynamics of different GFP-TDP-43 constructs in knockdown
(A) or untreated (B) conditions, related to Figure 5.6. (C) Rate constant of FRAP from
each condition of WT and deletion constructs, with or without siRNA mediated knockdown of endogenous TDP-43. N = 12 cells per cell line. Significance was tested with
Kruskal-Wallis test followed by Dunn’s Multiple Comparison Test. Rate constant was
not found to be significantly different between all pairs of siTDP-43 vs untreated conditions.
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Figure 5.8: Confocal Images of GFP-TDP-43 WT and deletion cell lines
Maximum z-projection of confocal z-stack images of HEK293 FlpIn cell lines expressing dox-inducible GFP-TDP-43 contructs.

signal from background, use of the watershed function to separate touching nuclei, and use
of the ImageJ 3D object counter plugin (Bolte and Cordelires, 2006). An internal intensity
threshold is set for each nucleus to be 1.6x of the mean fluorescence intensity. An intensity
threshold for foci counting which scales with the average fluorescence intensity per nucleus
is important to account for heterogeneity in expression between cells, and to account for
potential different expression levels of the constructs. The threshold 1.6x was chosen in
line with a previous publication from where I had adapted its analysis for counting of RNA
foci to TDP-43 foci (Jain and Vale, 2017).
In agreement with observations by eye, quantification of normalised variance in fluorescence intensity and TDP-43 foci counts reveal a reduction in foci formation by deltaUCR,
deltaN, deltaQN and trunc compared to WT, but the number of foci per nuclei is not significantly different between deltaC and WT (Figure 5.9B, C).
In this process, the mean GFP fluorescence intensity per nuclei is quantified, which
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Figure 5.9: Quantification of foci formation in GFP-TDP-43 WT and deletion cell lines
(A-C) Quantification of 0.35µm z-stacks of GFP-TDP-43 expressing cell lines. N
(counted cells): WT=21, deltaC= 23, deltaN = 20, deltaQN=20, deltaUCR=22,
trunc=23; segmented from N (fields of view): WT=9, deltaC= 10, deltaN = 9,
deltaQN=10, deltaUCR=8, trunc=10. Images are presented in Appendix D. (A) Quantification of normalised mean GFP fluorescence (arbitrary units) of segmented nuclei
from the maximal z-projections. (B) Quantification of normalised variance of GFP fluorescence of segmented nuclei from the maximal z-projections. (C) Quantification of
number of foci (see methods section 2.6.2) in each segmented nuclei from cell lines
expressing different GFP-TDP-43 constructs.
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is a rough proxy for the nuclear protein levels of each construct (Figure 5.9A). To be conclusive, I have evaluated these changes in protein levels for some of these cell lines with
western blotting, which showed the same decreases in protein abundance from total lysate
for the deltaQN and deltaUCR constructs, while confirming that the truncation construct is
expressed at the same level as the WT construct (Figure 5.10). Since the same doxycycline
induction conditions were used, this suggests that the deletion constructs may be less stable,
and the concordance between imaging and western blot analysis provides evidence against
the alternative explanation of differential nuclear/cytoplasmic localisation as a major reason for changes in GFP intensity in the nucleus from the imaging. Protein concentration
is a general determinant for LLPS in vitro and in vivo (Shin et al., 2018; McGurk et al.,
2018), however as the truncation construct is expressed at the same level as WT, it confirms
that the loss of foci formation or increases in mobility is not driven by changes in protein
concentration between the different GFP-TDP-43 constructs alone.

Figure 5.10: Western blot quantification of GFP-TDP-43 protein levels
Western blot analysis of GFP-TDP-43 expression for 5 different GFP-TDP-43 constructs (WT, G298S - disease mutation construct not investigated in this thesis, truncation, deltaQN, deltaUCR), normalised to GAPDH which was used as the loading
control.

In summary, the FRAP experiments and foci counting procedure provide complementary data to evaluate the impact of different segments of the IDR of TDP-43, and its ability to
form compartments (nuclear foci), likely involving LLPS, and participation in higher-order
protein-RNA assembly. To look at the functional impact of each deletion and whether LLPS
is correlated to protein function, Dr. Martina Hallegger (Ule lab) has performed iCLIP for
each construct to look at their RNA-binding transcriptome-wide, as well as knockdown and
rescue experiments followed by RNA-seq for the cell lines to evaluate how the deletions
impact TDP-43 function in post-transcriptional regulation, including its role in regulating
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splicing and 3’end processing. Preliminary analysis performed by Dr. Anob Chakrabarti
(Luscombe lab) from the iCLIP data is discussed in section 5.4 to put into context our
interpretation of TDP-43 higher-order RNP assembly from my imaging studies.

5.3.2

Characterising point mutations of TDP-43

In the previous section, the UCR region of the IDR was identified to be particularly important for nuclear TDP-43 dynamics, as deletions overlapping this region had the same effect
as the truncation construct which lacks most of the IDR. The UCR region has been characterised to adopt a alpha-helical structure which mediates dimerisation of the IDR, which
affect LLPS in vitro (Conicella et al., 2016). Therefore this interaction may underlie key
regulation of TDP-43 mobility and fluidity of compartments formed by TDP-43.
To investigate the correlation between helical formation and TDP-43 dynamics in vivo
in more detail, we generated additional HEK293 FlpIn cell lines containing dox-inducible
point mutation constructs of GFP-TDP-43. The A326P mutant breaks the helix, whereas
conversely the G335A mutant extends its formation, therefore we expect to see opposite
effects on nuclear mobility. Additional point mutants which alter LLPS in vitro and dimerisation but without affecting helical propensity were also included in these experiments,
which are listed in Table 5.1. FRAP experiments were performed with the 5 point mutant
constructs in Table 5.1, in parallel with WT and deltaUCR cell lines as control comparisons
(Figure 5.11A), using the same bleaching and imaging parameters as before. The fluorescence recovery rate constant (Figure 5.11B) and the mobile fraction (Figure 5.11C) were
calculated.
In concordance to in vitro phase separation propensity of the A326P helix breaker
mutant, in vivo FRAP experiments indicate a significant increase in its nuclear mobility.
Conversely, the G335A helix extension mutant exhibit a significant decrease in its nuclear
mobility, also corroborating with previous observations on in vitro phase separation (Conicella et al., 2016). The M337P mutant, which do not affect helical structure but nonetheless inhibits in vitro phase separation, exhibit a milder but significant decrease in nuclear
mobility compared to the WT construct. In the contrary, Q331K and G294A disease mutations behave similarly to WT GFP-TDP-43 in FRAP experiments in our HEK293 model
(Figure 5.11). This confirms the importance of the helical region within the IDR in the
higher-order assembly of TDP-43 nuclear RNPs in vivo.
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Figure 5.11: FRAP assay on GFP-TDP-43 point mutation constructs focusing on the ultra
conserved alpha helix forming region
(A-C) Summary of fluorescence recovery after photobleaching (FRAP) experiments
on GFP-TDP-43 HEK293 FlpIn point mutation cell lines, with the WT and deltaUCR
cell lines as establilshed control comparisons. (No. of cells undergone FRAP: WT,
N=48; deltaUCR, N=37; all others, N=36). Showing mean ± 95% confidence interval. Significance was tested with Kruskal-Wallis test followed by Dunn’s Multiple
Comparison Test. The p-values reported are for the individual comparisons. (A) GFP
fluorescence recovery curve after bleaching a spot of pre-defined size in the nuclei.
(B) Rate constant of fluorescence recovery, obtained by non-linear regression of single
exponential equation to the timecourse of recovery for each individual cell. (C) Mobile
fraction, obtained from the plateau of the fitted exponential curve from FRAP.
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Mutation
G294A
A326P

Q331K
G335A
M337P
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In Vitro Characterisation/Rationale
Affects arginine methylation at the R293 residue,
disease mutation
Helix breaking proline substitution in the centre of
the alpha-helix forming region (amino acid 321330)
Disrupts LLPS in vitro without changes in helical
propensity, disease mutation
Extends alpha-helical formation, same position as
mutation G335D found in ALS patient
Disrupts LLPS in vitro without changes in helical
propensity, but in the adjacent 331-340 region which
is involved in dimerisation, same position as disease
mutation M337V

Table 5.1: GFP-TDP-43 point mutants
List of GFP-TDP-43 point mutations assessed in section 5.3.2 and their observed effects
on LLPS and biophysical properties in vitro (Conicella et al., 2016).

5.3.3

Dynamics of TDP-43 within foci

We are interested to further characterise TDP-43 foci dynamics. To begin, I have quantified
the volume of each foci identified by the foci counting procedure, which revealed that the
average volume of TDP-43 foci is not different between the constructs (Figure 5.12, top
panel), however the distribution of focal volume is more right-skewed and heavy-tailed for
WT (Figure 5.12, bottom table showing skewness and kurtosis of each dataset).
We were next interested in the mechanism for their higher-order assembly. If nuclear
foci of TDP-43 arise from LLPS, these foci should show liquid-like properties. Therefore
I decided to perform bleaching of nuclear foci to investigate the dynamics of fluorescence
recovery within these structures. Here the results showed that nuclear foci of TDP-43 have
liquid-like properties, as there is recovery within seconds after bleaching of the whole foci,
indicating exchange of GFP-TDP-43 from the surrounding nucleoplasm (Figure 5.13).
For some preliminary insight, I had chosen the deltaUCR, Q331K and G335A cell
lines for foci FRAP, as these 3 GFP-TDP-43 constructs demonstrate fast, medium (similar
to WT) and slow relative nucleoplasmic mobility, respectively. Although I had only performed 3 trials of each cell line for photobleaching of nuclear foci, we are able to see that
recovery within nuclear foci is slower than the nucleoplasmic population, indicating that
these liquid-like compartments have a different biophysical property from the surrounding
bulk environment (Figure 5.14). Interestingly, the differences between constructs in mo-
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Minimum
25% Percentile
Median
75% Percentile

0.009
0.014
0.023
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0.01
0.015
0.023
0.044

0.01
0.01475
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0.05575

0.011
0.01375
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0.009
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0.009
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1.211
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88.09

4.338
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18.88
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28.83

2.236
6.84

Figure 5.12: Quantification of TDP-43 foci volume
Top, scatterplot of the GFP-TDP-43 foci volume calculated by ImageJ 3D Object
Counter (Bolte and Cordelires, 2006) for individual foci identified from 20-23 nuclei of each cell line (related to Figure 5.9), error bars showing the interquartile range.
Bottom, summary table of number of foci counted and the distribution of foci volumes
(µm3 ) for each cell line.

bility within foci still follow the same trend as their counterpart nucleoplasmic population.
Thus the behaviour of TDP-43 within phase-separated compartment is still governed by the
intrinsic ability for homodimerisation with mutations of the UCR.
In addition, previous studies on phase-separated membraneless organelles or granules
have used a chemical reagent, 1,6-hexanediol, as a means to differentiate between liquidto-solid phase-transitioned granular structures from membraneless compartments which are
formed by LLPS in vivo. In these studies, 1,6-hexanediol, which is an aliphatic alcohol, is
reported to disturb weak hydrophobic interactions and dissolve liquid-phase compartments
(such as mammalian stress granules and P-bodies) but not solid-phase granules or fibrils
(such as yeast stress granules and FUS aggregates) (Kroschwald et al., 2017; Yamazaki
et al., 2018; Kroschwald et al., 2015). Therefore I have performed confocal time-lapse
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Figure 5.13: GFP-TDP-43 nuclear foci exhibit FRAP recovery

Normalized fluorescence intensity

An example of photobleaching experiment centered on a TDP-43 nuclear foci. Consistent with liquid-liquid phase separation of GFP-TDP-43 into nuclear foci, FRAP assay
indicates exchange of TDP-43 between the LLPS compartment with the surrounding
nucleoplasm.
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Figure 5.14: GFP-TDP-43 FRAP recovery within foci
Summary of FRAP analysis of TDP-43 mobility, for the nucleoplasmic pool versus
within nuclear foci, on deltaUCR, Q331K and G335A GFP-TDP-43 cell lines. Data
shown for nucleoplasmic FRAP is the same as presented in Figure 5.11, showing the
mean at each timepoint after photobleaching, error bars indicating ±95% CI. Because
of the low number of trials for foci FRAP, normalised fluorescence intensity for each
replicate is plotted instead of error bars, the connecting dashed line indicating the mean
(N = 3 cells, 1 foci per independent cell, for each cell line). GFP-TDP-43 FRAP
recovery is slower within foci but mimic their relative nucleoplasmic mobility.

imaging on GFP-TDP-43 WT cells upon treatment of 1,6-hexanediol at a final concentration of 3.5%, 8% (data not shown) or 10%, at 30 second intervals. However, even with
10% 1,6-hexanediol treatment for 10 minutes, the granular pattern of TDP-43 nuclear foci
localisation still persists (Figure 5.15). Therefore 1,6-hexanediol fails to dissolve TDP-43
nuclear foci in bulk, even though I have shown that the foci displays liquid-like behaviour
upon photobleaching (Figure 5.13, 5.14). This may point towards a different mechanism
of assembly in TDP-43 foci which is not dependent on weak hydrophobic protein-protein
interactions (discussed in section 5.4.2).
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Figure 5.15: GFP-TDP-43 WT live imaging upon 10% 1,6-hexanediol treatment
Confocal time-lapse imaging was performed on dox-induced GFP-TDP-43 WT HEK
FlpIn cells under control untreated conditions (top panels) or 10% 1,6-hexanediol
treated conditions (bottom panels) showing the maximum z-projection at 0 minute,
5 minute and 10 minute timepoints. N=3 imaging frames are shown.
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Transcription can influence TDP-43 mobility

Unlike in studies which used a RRM1/2-replaced GFP reporter of TDP-43 (Schmidt and
Rohatgi, 2016; Wang et al., 2018a), our constructs do not phase separate into a singular large
compartment in the nucleus. Another recent study has reported that after direct digestion of
RNA by RNase A microinjection into the nucleus of Hela cells, phase separation of TDP43 rapidly increases (Maharana et al., 2018). This indicates that protein-RNA interaction
is important for inhibiting aberrant LLPS of the full length protein in vivo. LLPS of the
C-terminal IDR and full-length protein has also been shown in vitro to be promoted by
RNA at initial low to intermediate concentrations, but condensates dissolve with increasing
high RNA concentration, consistent with saturation of protein-RNA interactions which have
modulatory effects on TDP-43 (Maharana et al., 2018; Conicella et al., 2016). Thus I wished
to investigate the dependence for TDP-43 mobility on nascent RNA. As an initial test of this
hypothesis, FRAP experiments were performed during treatment with the drug DRB (5,6dichloro-1-β -D-ribofuranosylbenzimidazole), which is a drug used to reversibly inhibit Pol
II transcription elongation (Yankulov et al., 1995). The results indicate that during initial
stages when transcription is inhibited, this leads to gradual increasing mobility of TDP-43
(Figure 5.16).

5.3.5

TDP-43 mobility in mESCs

In a step towards understanding TDP-43 biological function, mouse embryonic stem cell
(mESC) models of TDP-43 mutants were generated by Dr. Miha Modic and Ms. Federica
Capraro in the Ule lab. First, a multifunctional integrase (MIN)-tag (Mulholland et al.,
2015) was inserted into the N-terminus of TDP-43 in the mouse endogenous locus, right
after the start codon. This was generated by CRISPR-Cas9 mediated genome engineering
with homology directed repair for incorporation of the MIN sequence. The MIN sequence
encodes a recombination site for Bxb1 integrase, and a panel of cassettes targeting the Bxb1
site can be integrated (Mulholland et al., 2015). Subsequently, this MIN-tagged TDP-43 cell
line was used as the background line to generate lines where human versions of TDP-43
(hTDP-43) replaces the endogenous mouse protein (mTDP-43), by recombining constructs
encoding N-terminal GFP-tag, full length hTDP-43, stop codon and 3’UTR sequence into
the MIN-tag. Using this strategy, WT GFP-hTDP-43 and Q331K GFP-hTDP-43 mES lines
were generated for imaging and other studies.
Imaging revealed that GFP-hTDP-43 resides predominantly in the nucleus of mES
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Figure 5.16: FRAP assay on GFP-TDP-43 upon DRB treatment
FRAP experiments were performed on GFP-TDP-43 Q331K or G335A expressing
HEK293 cells upon DRB treatment. Top, the fluorescence recovery rate constant is
calculated for each cell and plotted against time after addition of DRB (up to 85 minutes) to assess the effect of DRB transcription elongation inhibition. Bottom, the rate
constant is normalised to the mean rate constant of the first 3 timepoints within each
cell line. Solid line is obtained by linear regression, dashed line indicates the ±95%
confidence intervals. No. of cells and intervening timepoints: 33 for each cell line.

cells. I performed FRAP experiments on GFP-hTDP-43 in mES cells, comparing the
mobility of WT and Q331K mutants. This reveals that the mobile fraction of Q331K is
higher than WT (Figure 5.17). Interestingly, the mobility of the proteins, quantified by the
FRAP rate constant, is ~2.5-3 times slower in mESCs than in the HEK293 model (from
Figure 5.11, 5.17. Rate constant [s-1 ], mean ±95% CI: HEK293 WT = 0.2142 ± 0.0143,
mESC WT = 0.08069 ± 0.01395, HEK293 Q331K = 0.2483 ± 0.0175, mESC Q331K =
0.08538 ± 0.01259).

5.4

Discussion

To summarise, I first showed that TDP-43 nuclear dynamics and foci formation is dependent on its C-terminal IDR in HEK293 cells. Deletion of different regions along the IDR
lead to increased mobility and decreased formation of foci. Deletion of regions surrounding
the UCR element lead to similar effects compared to the truncation construct which misses
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Figure 5.17: FRAP assay in mESCs expressing human GFP-TDP-43 protein
(A-C) Summary of fluorescence recovery after photobleaching (FRAP) experiments on
mouse embryonic stem cells constitutively expressing the same human WT or Q331K
GFP-TDP-43 constructs as in HEK293 cells. (WT, N=12; Q331K, N=12 cells). Showing mean ± 95% confidence interval. Significance was tested with Mann Whitney test.
(A) GFP fluorescence recovery curve after bleaching a spot of pre-defined size in the
nuclei. Note the scale of the x-axis, which is compressed compared to Figures 5.5A,
5.6A and 5.11A of FRAP analysis in HEK293. (B) Rate constant of fluorescence
recovery, obtained by non-linear regression of single exponential equation to the timecourse of recovery for each individual cell. p = 0.4428. (C) Mobile fraction, obtained
from the plateau of the fitted exponential curve from FRAP. p = 0.0332.
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most of the IDR, which argues that this region is of great importance for TDP-43 nuclear dynamics in vivo (Figures 5.4, 5.5, 5.8, 5.9). Second, to further investigate the UCR element,
which harbours a alpha-helical region important for dimerisation, point mutant constructs
established to increase or decrease helical propensity were tested with FRAP experiments
(Table 5.1). This indicates that manipulating the alpha-helical region, which influences
LLPS in vitro, modified TDP-43 nuclear mobility in the expected direction consistent with
the differences in LLPS of the constructs (Figure 5.11). Third, I investigated the biophysical state of in vivo TDP-43 foci, which showed liquid-like properties (Figure 5.13, 5.14).
Fourth, I present experiments where I attempt to dissect the additional interactions which
are important for higher-order assembly of TDP-43 RNPs, including treatment of cells with
1,6-hexanediol and DRB to assess the contribution of multivalent hydrophobic interactions
and interaction with nascent RNAs, respectively (Figure 5.15, 5.16). I also investigated
TDP-43 nuclear dynamics in other cell culture models to understand if cell state affects
TDP-43 dynamics (Figure 5.17).

5.4.1

TDP-43 mobility is variable according to cell type

I have shown that GFP-TDP-43 in mESCs, introduced to the endogenous locus via MINtagging, shows a slower mobility than in HEK293s. This further indicates that TDP-43
assembly, while dependent on its intrinsic sequence/structural properties, could undergo
tight regulation which differ according to cell identity. There are two caveats of interpretation from this experiment, first of expression level, and second of the extra MIN sequence
in the N-terminus which may have unintended effects on TDP-43 RNP assembly. The results in HEK293 FlpIns upon knockdown of endogenous TDP-43, which showed no overall
differences in mobility (Figure 5.7), argues that TDP-43 total protein level should not significantly impact its apparent mobility assayed by FRAP and thus mitigating the first issue.
To address the second caveat we can engineer the MIN-GFP-TDP-43 in the HEK293 Flp-In
locus for comparison in FRAP assay. Notwithstanding these uncertainties, it suggests that
extrinsic factors such as the nuclear or cellular environment, or particular cell-state specific
PTMs or interaction partners, contribute to changes in TDP-43 assembly which is reflected
in its nuclear mobility. The degree of transcription may also be a contributing factor (Figure 5.16). Thus it would be interesting to follow the dynamics of TDP-43 assembly with
imaging over the course of neuronal differentiation, to investigate if there are such differences, which as a speculation could be a facet for selective motorneuron vulnerability in
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ALS.

5.4.2

Interpretation of TDP-43 mobility and foci formation

Correlating TDP-43 higher-order assembly and mobility with multivalent RNA
interactions
With iCLIP, we are investigating the RNA composition and protein-RNA interactions which
underlie formation of these granules, by comparing to either mutants or deletions which do
not form nuclear foci. The truncation and deltaUCR constructs were chosen for analysis in
this case as it also has the most robust effect in imaging. In this analysis, we discover that
for both deletion constructs, there is a proportionate reduction in multivalent UG motifs as
the ability of the IDR deletion constructs to bind canonical TDP-43 binding sites is reduced
(Figure 5.18). Thus this supports the notion that multivalency of protein-RNA interaction
between TDP-43 and its bound RNAs drives the formation of phase separated foci in the
nucleus, which is perturbed by deletions of the C-terminal IDR.

Figure 5.18: Motif multivalency analysis of GFP-TDP-43 iCLIP peaks
Analysis of iCLIP performed in HEK293 FlpIn cells expressing the GFP-TDP-43 WT,
trunc and deltaUCR constructs, highlighting the effects of IDR deletions on RNA binding. iCLIP-defined binding regions after peak-calling are categorised using the ratio of
WT/Deletion TDP-43 normalised iCLIP crosslink counts. Peaks with positive log2FC
values (red shades) indicate regions which show more binding in the WT and peaks
with negative log2FC values (blue shades) indicate enriched binding in the deletion
constructs (trunc or deltaUCR, solid or dashed lines). The multivalency of UG-rich
motif is measured by assessing the coverage of the motif in a sliding window across
the region around the end of the binding cluster. Experiments were performed by Dr.
Martina Hallegger, and analysis by Dr. Anob Chakrabarti.
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Interpretation of TDP-43 foci as phase-separated compartment
From foci FRAP experiments I gave evidence that TDP-43 foci display properties which
are consistent with a liquid compartment (Figure 5.13, 5.14), consistent with recently published findings by the Cleveland lab on nuclear (WT) TDP-43 under physiological conditions (Gasset-Rosa et al., 2019). Because of the small size of the TDP-43 foci, it would
be difficult to perform ‘half-bleach’ experiments on the foci compartment to measure the
equilibration of fluorescence intensity within the foci, which would help to determine the
internal rearrangements within TDP-43 nuclear foci. To further demonstrate liquid state,
time-lapse imaging of foci to demonstrate foci-fusion and subsequent relaxation into spherical shapes would fulfil commonly accepted criteria to confirm these as in vivo LLPS compartments (Alberti et al., 2019; Gasset-Rosa et al., 2019).
The Gasset-Rosa et al. study did not compare TDP-43 dynamics between the nucleoplasmic and phase-separated pool, and did not examine TDP-43 mutations. My investigations of these variables therefore add complementary and valuable insight in the understanding of in vivo TDP-43 LLPS. From the foci FRAP experiments I had concluded that
the behaviour of TDP-43 within phase-separated compartment is still governed by intrinsic
ability for homodimerisation, even though its mobility is slower within foci compared to
the surrounding nucleoplasm (Figure 5.14). This analysis will benefit from additional foci
FRAP trials for all cell lines. In particular, it would be interesting to compare whether any of
thein vitro aggregation-prone constructs (Q331K, M337P), while remaining in their physiological state under normal conditions in our system, would have higher liquid-to-solid phase
transition propensities or more easily mature to hydrogel-like compartments than the WT
construct within TDP-43 foci.

Hypothesis on the identity of TDP-43 foci
TDP-43 exists broadly in (at least) two pools: phase separated into foci, or diffusely distributed in the nucleus. However, deletions and mutations in the IDR of TDP-43 constructs
do affect its nuclear mobility properties in both pools (Figure 5.14). This is a first demonstration that manipulations which result in changes in phase separation propensity of an
RBP is reflected in the non-phase separated pool. This suggests that there is an anchor
or seed for higher-order granules of TDP-43 which drives its formation, which raises the
question of the identity of TDP-43 foci.
Although I have yet to investigate the colocalisation of TDP-43 with markers of nu-
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clear membraneless bodies in our system, it has been shown previously that a subset of
nuclear foci signal of TDP-43 colocalises with NEAT1 2. Indeed, TDP-43 is a paraspeckle
protein which resides in the ‘shell’ structure of paraspeckles, binding to the 3’ and 5’ ends
of NEAT1 2 lncRNA (West et al., 2016; Tollervey et al., 2011; Polymenidou et al., 2011).
In addition, previous studies have shown TDP-43 nuclear colocalisation with SMN protein
and coilin cajal body marker (Tsuiji et al., 2013). Thus it is likely that at least some of the
TDP-43 foci correspond to the paraspeckle, cajal body or SMN foci (Gems) compartments
in the nucleus. There are typically 0-6 cajal bodies and 10-20 paraspeckles found per cell
with diameters of ~0.1-2µm and ~0.5-1µm respectively (Spector, 2006). This could be consistent with the number and variable size of TDP-43 foci identified in the GFP-TDP-43 WT
conditions in HEK293 cells (Figure 5.9, 5.12). This is also consistent with the top RNA
interactors of TDP-43 found in iCLIP (performed by Dr. Martina Hallegger), which are:
SCARNA2, XIST, MALAT1, NEAT1, SCARNA7.
In addition, TDP-43 LLPS compartments, may only be partially miscible with other
compartments formed by particular RBPs, for example with FUS but not HuR or G3BP1
(Maucuer et al., 2018). Corroborating this observation, previous experiments in vitro has
shown that TDP-43 binds to FUS, but not hnRNPA2 hydrogels (Kato et al., 2012). Similarly,
TDP-43 myogranules do not contain hnRNPA2B1 (Vogler et al., 2018). Hence the protein
composition of our foci compartments is of interest, and could potentially be regulated by
the IDR. Changes in protein interactors with different TDP-43 deletion and point mutation
constructs can be examined by co-immunoprecipitations and mass spectrometry analysis.

Interpretation of hexanediol experiments
To understand the implications for TDP-43 foci formation for protein-RNA interactions, it
would be nicely complemented with manipulations which can disrupt TDP-43 dynamics
specifically within macroscopic granules or outside. We have investigated the compound
1,6-hexanediol, which disrupts many LLPS compartments (paraspeckle marker NONO, cajal body marker) (Yamazaki et al., 2018), however unexpectedly this treatment does not
dissolve TDP-43 granules (Figure 5.15). This is not unprecedented, as 1,6-hexanediol also
fails to disrupt nuclear speckles, another nuclear compartment which is thought to undergo
LLPS (Yamazaki et al., 2018). However in the Yamazaki et al. study, it is interesting to note
that 1,6-hexanediol treatment still leaves visible NEAT1 2 granular smFISH signal, thus the
RNA components of paraspeckles, and possibly other protein interactors, do not dissolve
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completely in this scenario. Hence, it is possible that unlike NONO, TDP-43 remains colocalising with NEAT1 2 after hexanediol treatment. I have confirmed that nuclear foci of
TDP-43 under normal circumstances do not display properties of a solid (Figure 5.13), thus
contradicting previous simplistic interpretations of the use of 1,6-hexanediol to differentiate
liquid- from solid- phase compartments in vivo (Kroschwald et al., 2015).
In fact, preliminary iCLIP analysis suggests that unlike the effect seen with IDR deletions (Figure 5.18), 1,6-hexanediol does not perturb the endogenous RNA interactions of
TDP-43 that have features of RNA multivalency, in this case defined by the high local density of UGU/GUG motifs, but it rather perturbs the less multivalent binding sites (data not
shown). The exact mechanistic explanation for this observation is unclear, but consistent
with the concept that the TDP-43 foci are driven by its assembly on highly multivalent
RNAs, and the persistence of these foci upon hexanediol treatment as seen in time-lapse
confocal microscopy (Figure 5.15).
This also highlights a current limitation in the field which is a lack of techniques to manipulate endogenous LLPS compartments in a predictable manner. 1,6-Hexanediol is not
applicable for all membraneless compartments, suggesting that we still do not understand
the myriad of interactions which contribute to this phenomenon in vivo, perhaps especially
for RNA multivalency driven phase separation or that driven by electrostatic interaction
components (Courchaine et al., 2016; Ma and Mayr, 2018; Hofweber and Dormann, 2018),
which may be insensitive to 1,6-hexanediol, in contrast to the hexanediol-sensitive LLPS
driven by weak hydrophobic protein-protein multivalent interactions between IDRs. IDRs
in RBPs may facilitate LLPS or alter the material properties and threshold of LLPS, eg.
concentration dependence, but may not be sufficient or necessary in all circumstances, and
instead protein-RNA and RNA-RNA interactions could be the driving force for some higher
order RNP assemblies. This would benefit from optogenetic tools to manipulate LLPS,
which use light to trigger their multivalent interactions through fusion of IDRs to a lightactivated clustering domain (Shin et al., 2017). These ‘optodroplet’ systems has been recently expanded for Cas9, Cas-drop (Shin et al., 2018), to study LLPS at partciular genomic
locations, but conceptually can be applied to catalytically inactive versions of RNA-specific
Cas effectors (Terns, 2018) in order to drive LLPS on specific RNA scaffolds. The recruitment and clustering of RNA scaffold with IDR-containing RBPs may be an important tool
to study RNP assembly and phase separation where it is not sufficient to consider the protein
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on its own.

5.4.3

Other domains and factors relevant for higher-order assembly of TDP43

In addition to the C-terminal IDR, which harbours the alpha-helical UCR element for its
dimerisation, which I have studied, the N terminus has also been shown to be important for
dimerisation and oligomerisation of TDP-43 (Afroz et al., 2017). A head-to-tail arrangement of TDP-43 dimers, mediated by this region, has been shown to mediate a ‘filamentous’
polymerisation of TDP-43 in some systems. This region has been shown to assemble autonomously. In addition, this region has also been shown to be important for TDP-43 role as
a regulator of alternative-splicing (Afroz et al., 2017). Importantly, a phosphememetic mutant at S48 can disrupt this polymerisation, phase separation in vitro and alternative splicing
(Wang et al., 2018a). Hence it will be important to understand the crosstalk of regulatory events on the N-terminus and C-terminal IDR, in order to achieve a holistic view of
TDP-43 phase separation and higher-order RNP assembly. Creating a HEK293 Flp-In cell
line with this mutant will allow us to assess its higher-order RNP assembly in this system.
We could independently assess the in vivo formation of functional TDP-43 oligomers by
our IDR mutants through disuccinimidyl glutarate-mediated crosslinking (or ideally with a
photoactivated amine-amine crosslinker) followed by western blotting as done in the study
by Afroz et al., to give orthogonal insight into TDP-43 RNP assembly. Importantly, combinatorial mutations may give insight into their interplay and/or reveal differential targets of
splicing mediation.
TDP-43 can also produce many types of ‘N-terminal truncation’ fragments arising
from caspase-mediated or calpain-mediated protein cleavage and/or alternative splicing, especially pathologically, in particular the TDP-43-C35 (~35kDa) and TDP-43-C25 (~25kDa)
forms found in ALS patient spinal cord and brain tissue (Neumann et al., 2006; Xiao et al.,
2015; Kametani et al., 2016). Since our GFP-tag is at the N-terminus, we neglected these
forms of TDP-43 in our imaging assays. In vitro studies of TDP-43 indicated that two
of these N-terminal truncations show altered liquid-liquid phase separation: TDP-43-C35
formed small solid spherical structures while TDP-43-C25 formed filamentous solid structures under conditions where the full-length protein formed liquid droplets (McGurk et al.,
2018). Our model is limited in this regard and do not assess the status of these disease
relevant trunctaions.
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It has been shown for FUS that PTMs can affect its LLPS. In particular, arginine methy-

lation is important, and can modulate the binding of protein TNPO1 (Transportin 1) which
is a nuclear import receptor, but here functions as a ‘chaperone’ which can modulate its material state in vivo (Qamar et al., 2018; Guo et al., 2018; Yoshizawa et al., 2018; Hofweber
et al., 2018). On the other hand, pathological aggregates of TDP-43 in ALS and FTD show
abnormal hyper-phosphorylation and ubiquitinylation (Neumann et al., 2006, 2009). Elucidating these mechanisms for TDP-43 and in the context of the IDR deletions may enable
us to pinpoint PTMs which affect LLPS or liquid-to-solid phase transition and aggregate
formation of TDP-43, using similar techniques as presented in this chapter. Binding of
chaperones to TDP-43 can be an important factor in further understanding high-order assembly of TDP-43 into phase separated granules, and may be important modifiers of ALS.

5.4.4

Implications for understanding solid-phase transitions of TDP-43 RNPs
and for ALS

In ALS, TDP-43 redistributes from a predominantly nuclear localisation, leading to sequestration in cytoplasmic aggregates. In contrast to LLPS, liquid-to-solid phase transition of
RNPs or maturation into aggregates, or in cases of stress granule formation, are often seen
as non-physiological, and this transition may seed further molecular events and perpetuate
cycles of aggregation, which is relevant for the understanding of aging-dependent neurodegeneration. In the case for TDP-43 and understanding of ALS, both oxidative or osmotic
triggers for stress granule formation are of interest. A recent study has shown that cytoplasmic phase-separated WT TDP-43 liquid-like compartments can quickly and irreversibly
transition into a solid/gel-like state in response to arsenite stress (Gasset-Rosa et al., 2019).
Therefore one future direction with our HEK293 and mESC models would be to induce
stress and cytoplasmic localisation of TDP-43 constructs similarly to the published study,
allowing us to assess the contribution of the IDR and alpha-helical region to aberrant solid
phase transitions of TDP-43 RNPs.
However, liquid-to-solid phase transition of RNPs do not necessarily equate to aberrant aggregation and cellular toxicity, and can have physiological functions. In fact, TDP-43
has been shown recently to undergo liquid-to-solid phase transition in myogranules which
have amyloid features, staining for A11 antibody, under muscle damage conditions. This
liquid-to-solid phase transition is physiological and important for muscle generation and
localising for example sacromeric mRNAs (Vogler et al., 2018). There are intriguing ques-
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tions whether these can become seeds for aggregation contributing to retrograde motor neuron axonal degeneration, through cell-to-cell transfer at NMJs, thus explaining the selective
vulnerability of motorneurons. Hence in addition to LLPS, liquid-to-solid phase transition
and its reversibility are important measures to assess the impact of our TDP-43 mutants and
relevance to ALS. In order to study this in more relevant cell types, we can make use of the
mESC lines expressing hTDP-43 and differentiation into muscle or neuronal cell types.

Chapter 6

General Discussion
RNPs are important in neuronal development, function and homeostasis, and are perturbed
in disease. Hence I have been intrigued by how the assembly of RNPs is regulated in these
contexts. A large part of the work presented here in this thesis concerned the development of
an optimised iCLIP protocol, which allows comprehensive mapping of the binding sites of
a selected RBP in order to understand its function. I have described my work on the studies
of the RBPs STAU2 and TDP-43. With STAU2, I investigated its protein-RNA interactions
in rat brain, and leveraged the hiCLIP protocol to study RNA structures bound to STAU2
on the neuronal transcriptome. With TDP-43, I focused on the cellular and macromolecular
dynamics of its RNP through imaging, contextualising these with insights into protein-RNA
interactions as revealed by iCLIP.
To conclude this thesis, I present my view on the challenges and future directions
of the study of RNPs in neuronal RNA localisation and relevance for neurodegenerative
diseases, drawing on the examples of Staufen and TDP-43 and highlighting potential areas
for methods development.

6.1

CLIP: Ideas and theoretical considerations for further
methodological development

6.1.1

Lower Limits of Detection scaling with the Sensitivity of CLIP

Increasing the sensitivity of CLIP technologies enables the studies of particular cell populations, such as from cells isolated via FACS. Ultimately, an exciting direction for CLIP
development would be to be able to describe heterogeneity in protein-RNA interactions
within a population of cells, and link this to cellular heterogeneity in gene expression. For
example, the trajectory of RNA expression can predict lineage progression with the con-
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cept of ‘RNA velocity’ which quantifies pre-mRNA/mature mRNA ratios (La Manno et al.,
2018). One can imagine that how these trajectories are dependent on programmes of posttranscriptional regulation orchestrated by RBPs, and can benefit from the analysis of binding
sites of RBPs in single cells.

6.1.2

Including aspects of spatial information in iCLIP

One of the major motivations of our study of STAU2 bound RNA structures in brain (Chapter 4) is to understand the assembly of neuronal RNA granules and how this enable RNA
transport to distal compartments, since localisation is a major function of Staufen proteins
in neurons. As an extension we hope to find hints at the remodelling of these RNPs during transport as it reaches its destination and/or upon stimulation. We find examples where
there is remodelling of secondary structure and STAU2 binding during different timepoints,
where we speculate a localised mechanism could have contributed to this difference. However we are limited in this study as the hiCLIP experiments were done in homogenised brain
tissue, thus we probe the structures of RNAs bound by STAU2 regardless of localisation.
The ability to combine insights from h/iCLIP on RNP assembly with spatial information is
therefore highly valuable. As discussed in the core steps of CLIP for cell lysis and proteinRNA complex purification (sections B.2, B.4), these steps in CLIP methods can be modified
to focus on RBP binding at subcellular compartments.

6.1.3

Investigation of protein-RNA interactions in neuronal compartments

Specifically, we should apply spatial insight to highlight particular neuronal compartments,
one of which is the neurites compartment in our motorneuron models (Figure 6.1). This
culture system relies of human motorneurons differentiated from iPSCs, which are seeded
on the top side of a porous membrane to encourage the extension of dendrites and axons
onto the lower side of this membrane for the separation of the soma and neuronal projections
compartments. This setup is particularly pertinent to both our studies of STAU2 and TDP43. In our studies of Staufen in Chapter 4, we are interested in localised mRNPs, and
how RNA structures and Staufen binding drives RNA localisation. At the moment from
brain tissue, we were interrogating the RNA structures from both neurite localised or soma
localised RNPs, as STAU2 is found in both compartments. Thus we are extremely excited
to perform Staufen hiCLIP experiments on motorneuron neurite preparations as the next
stage of our investigation (Figure 6.1).
Equally, iCLIP from motorneuron compartmentalised cultures can be applied for fur-
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Figure 6.1: Compartmentalised culture system for isolation of localised RNPs from human
motor neurons
Human motorneurons, differentiated from iPSCs, are seeded on top of a porous membrane with geltrex pre-coating of the lower side, so that dendrites and axons preferentially extend on the lower side of the membrane, enabling separation of the two
cellular compartments. (A) Immunocytochemistry of TUJ1 (Neuron-specific class III
beta-tubulin) found in the cell bodies, dendrites, axons, MAP2 (Microtubule-associated
protein 2) found only in dendrites, and DAPI, a nuclear stain. A confocal z-stack was
taken through the top and bottom compartments separated by the membrane (indicated
by the dashed line), showing a projected orthogonal view from the side. (B) As in b, but
showing the z projections of the separate top (soma) and bottom (neurite) compartments.
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ther understanding of TDP-43 gain- and loss-of-function in neurons. Physiological granules
of TDP-43 can exhibit differing biophysical properties depending on subcellular location:
proximal axonal granules of TDP-43 are more viscous whereas at more distal locations
these axonal granules are more spherical and dynamic; the fluidity of these granules is altered with ALS-associated mutations, along with axonal transport of mRNAs such as NEFL
(Alami et al., 2014; Gopal et al., 2017). Our studies with TDP-43 mutants suggest that the
UCR and helical propensity within this region is a major determinant of TDP-43 dynamics
and the assembly of phase-separated granules, thus post-translation modifications of these
regions may be contributing to this phenomenon in axons. Moreover, interpolating from
our findings with iCLIP where loss of multivalent RNA binding is correlated with loss of
LLPS (Figure 5.18), one could speculate that TDP-43 might transition between different
RNA binding modes in proximal or distal axons in conjunction with the observed differences in biophysical properties of the granules. Thus we are excited to move forward with
iCLIP from neuronal compartments from motorneurons. As material may be limited in this
way, these experiments will benefit from the increased sensitivity of the iCLIP protocol as
a result from the optimisations done in Chapter 3.
In addition to the motorneuron model, other model systems which allow isolation of
neuronal compartments can be considered. For example, the axonal compartment can be
isolated via microfluidic chambers, though the material is further limited. The hippocampal
neuropil is another preparation which can be applied for CLIP studies in order to enrich
for dendritic projections. Preparation of particular dissections in combination with genetic
manipulation by cell type specific tagging of RBP-of interest can enable CLIP studies of
axonal projections, as has been done with ribo-tag for retinal ganglion axons (Shigeoka
et al., 2016). For example, to study retinal ganglion cell axonal projections, one can express tagged RBP under a promoter specific to the retina, then performing CLIP in the brain
regions where the axons project. Similarly, one can express tagged RBP in spinal cord neurons via intraspinal viral injections, then perform iCLIP in muscle to analyse RBP binding
in the local NMJ compartment. One can perform stereotactic injections of viruses ipsilaterally and look at intercallousal axonal projections to the contralateral cortex. Synaptoneurosome preparations in conjunction with iCLIP, if it is possible to retain endogenous binding
patterns after their isolation prior to UVC crosslinking, would be valuable experiments to
understand neuronal RNA granules in restricted spatial compartments.

6.2. Multifaceted biology of RNPs requires integrative studies
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Ultimately, these can be done under dynamic signalling, to understand the spatiotemporal aspect of RBP mediated post-transcriptional regulation and translation in neurons, for
example to understand activity-dependent plasticity and homeostasis, or the wiring up of
neuronal circuits.

6.2

Multifaceted biology of RNA binding proteins requires integrative studies from transcriptomics, proteomics and imaging to elucidate the dynamics of their functional interactions

The wide range of methods presented in this thesis highlights the many perspectives one can
take in understanding the assembly of RNPs; on the transcriptomic level, integration with
RNA secondary structure as an additional layer of complexity, and on the macroscopic level
to study condensation of RNPs through LLPS which is intimately linked to binding rearrangements on the transcriptomic level. Although I have demonstrated integration between
protein-RNA interactions through iCLIP analysis and higher-order assembly of RNPs for
TDP-43, throughout this thesis one unanswered question is the contribution of RNA structures to LLPS of RNPs. This is an important direction to address, as RNA structure can
determine the biological and biophysical properties of a phase-separated RNP compartment
(Langdon et al., 2017). As an example, here I discuss the challenges in studies of mRNA
structure, the idea of mRNA compaction in condensation of RNPs, and how answering this
question would require integration of orthogonal transcriptomic, RNA structure, proteomic
and imaging methodologies, and development of tools to manipulate RNA structure and
RNP assembly.

6.2.1

Challenges in studies of mRNA structure and RNA-RNA interactions

The structure and function relationship of RNAs is a challenging topic. For some selective
examples, this is understood very much in detail, for example, for aptamers, tRNAs, and
specific ncRNAs. However for mRNAs, where there are many theoretical possibilities of
folding, it is difficult to obtain a global view of mRNA structure.
Intermolecular RNA-RNA interactions between mRNAs or lncRNAs have been recently highlighted as a potential driving force for assembly of higher-order RNP complexes
(Van Treeck and Parker, 2018). However, the prevalence of intermolecular RNA-RNA interactions is not well defined, experimental evidence on a transcriptome-wide level is lacking.
Instead, our data with STAU2 (and previous STAU1 hiCLIP study from the Ule lab) sug-
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gest a prevalence of stable intramolecular RNA-RNA interactions (Sugimoto et al., 2015).
It remains to be seen whether an increased portion of intermolecular RNA-RNA interactions can be detected by Staufen hiCLIP during stress conditions, which triggers the formation of stress granules containing staufen proteins (Thomas et al., 2009; Paul et al., 2018;
Van Treeck et al., 2018). One can imagine that intermolecular interactions may play a bigger role in partially gel-like liquid-solid phase-transitioned compartments or in the core of
stress granules (Van Treeck and Parker, 2018).
Our hiCLIP approach gives a very detailed view of the RNA structures directly driving
RNP assembly of dsRBPs, but this is limited by the immunoprecipitation of the dsRBP.
For a global view of both intramolecular and intermolecular RNA-RNA interactions contributing to RNA structure and regulated assembly and disassembly of large phase-separated
RNP compartments, we can make use of published methods based on psoralen-crosslinking
to stabilise and enrich for RNA structures to sequence global RNA-RNA interactions, as
introduced in section 1.5.3. I plan to optimise a method based on COMRADES (Ziv et al.,
2018) but replacing the viral genome RNA enrichment step with oligo-d(T) bead selection
of polyadenylated RNAs to enrich for global mRNA structures and mRNA-ncRNA interactions. When conducted in parallel with hiCLIP of a specific dsRBP, this can contextualise
direct dsRBP-interacting mRNA structures to the global background of mRNA-RNA interactions. It would be valuable to perform RIP experiments of staufen proteins in combination
with COMRADES and sequencing the RNA structures enriched by staufen binding versus
the depleted supernatant, as all together this will provide insight into how binding of staufen
proteins influence the compaction of mRNAs by comparing the same transcripts in the enriched and depleted libraries. Similarly, combining RIP or CLIP protocols with structure
probing protocols such as SHAPE- and DMS-seq will provide complementary information
for RNA structures in assembled RNPs.
An additional difficulty in the study of RNA structure lies in a paucity of experimental
methods to directly manipulate RNA secondary structure or RNA-RNA interactions in a
high-throughput manner. Often experiments focus on reporters and mutations or deletions
of the sequences underlying structure formation, but this is laborious and does not scale up
in a way that we would be able to generate models for global principles behind structuremediated post-transcriptional regulation. Here, we look towards the recent CRISPR technologies, some of which specifically target RNA, such as Cas13 (Terns, 2018). By gener-
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ating libraries of gRNAs against regions which we identify to be involved in RNA-RNA
interactions, the presumed stable binding of deactivated CRISPR-effectors may allow for
high-throughput manipulations of RNA structure, as well as RNP assembly.
Complementary to transcriptomic methods, imaging can potentially be used to assess
the conformation of RNPs and RNA structure. For example, super resolution imaging has
been applied to phase-separated RNP compartments such as paraspeckles to assess its assembly and localisation of different components within paraspeckle architecture (West et al.,
2016; Yamazaki et al., 2018). Imaging of colocalisation between 5’ and 3’ ends of mRNAs
have also been achieved recently (Khong and Parker, 2018; Adivarahan et al., 2018). Adopting this approach for long 3’UTRs of neuronal transcripts bound by STAU2 may yield direct
insight into mRNA compaction, in a manner that retains spatial information and allowing
the assessment of UTR conformation along the process of RNA localisation.
To assess rearrangements in RNP assembly, RBPome proteomic approaches can quantify the abundance of RBPs dynamically assembled onto RNA. In a collaboration with Dr.
Miha Modic in the Ule lab, I have been involved in the establishment of an RNA interactome capture method to assess a re-distribution of TDP-43 binding on mRNAs upon induction of paraspeckles using genetically manipulated hES model, which drive the expression
of NEAT1 2, the lncRNA scaffold for paraspeckles (Modic et al., 2019). These techniques
are valuable for understanding the global effects of RNP assembly upon signalling, differentiation or understanding rearrangement of RBPome networks upon manipulation of
RNA structure or specific RBPs. For example, manipulating regions important for RNARNA interaction between 5’ and 3’ end of NEAT1 2 (Lin et al., 2018) and assessing RBP
re-distribution from mRNAs will give valuable insight into how RNA structure affects the
RNA scaffolded assembly of proteins within a phase-separated RNP compartment in vivo.

6.3

Regulation of RNPs in neuronal function and neurodegeneration

6.3.1

RNA binding proteins in neuronal RNA localisation

Through my studies of STAU2, I identified transcripts which are enriched in STAU2 RNPs,
a portion of binding would occur in transport granules. Hence I have identified RNAs
whose localisation should be directly affected by STAU2. There are many more RBPs
which mediate RNA localisation. 3’UTRs are long platforms for RNP assembly, and the

176

Chapter 6. General Discussion

combinatorial action of RBPs could determine the behaviour in terms of RNA localisation.
Curiously, by looking at transcripts which are bound by RBPs but depleted in STAU2 RNPs,
we identify transcripts for the pre-synaptic density compartment (Figure 4.16, 4.18, such as
Pclo, Unc13b, Rims2, SNAP25), which are likely also localised, through transport granules
but which do not contain STAU2. Thus this supports the notion that RBPs can become key
adapters to determine the localisation behaviour of RNAs (Cioni et al., 2018), potentially to
engage different motor proteins for their polarised transport. By extension, the analysis of
mock iCLIP data by normalisation with RNA-seq data can reveal transcripts and transcript
regions which are occupied by RBPs disproportionately. I speculate that different transcript
isoforms in neurons, arising from alternative splicing or alternative polyadenylation, may
exhibit differential RBP binding to reflect packaging into neuronal RNA granules which
correlate with the degree of localisation.
Recent papers have suggested that organelle surfaces, such as late endosomes, can
be platforms for RNA localisation and local translation (Cioni et al., 2019). This is an
intriguing direction for further study, to globally determine the RNPs assembled on localised
organelles, how/if this differs to neuronal RNA granules which usually contain single copies
of mRNAs, and how the identity of the RNPs correlate with the function of the organelle
due to their spatial coupling, and the coupling of energy provision, local translation and
plasticity (Rangaraju et al., 2019).

6.3.2

RNA binding proteins as a general theme in neurodegeneration

TDP-43 is central to ALS in two ways, first through direct disease-linked mutations, and
second through its aggregation as a hallmark of pathology. However this is unlikely the
full picture, as many additional RBPs can be mutated or aggregated in ALS patients (Nussbacher et al., 2015). Although understanding of TDP-43 function is important, there is
increasing awareness that single heterozygous mutations of one RBP, which is causative,
can lead to imbalance of a network of RBPs. This is due to their overlapping specificity and
various feedback loops, their tendency to be hubs for protein-protein interactions through
over-representation of IDRs, which then determine abundance, isoform expression, or localisation of a network of RBPs. For example, TDP-43 misregulation leads to altered splicing
of hnRNPA1, and the inclusion of the regulated cassette exon leads to a protein isoform
with greater toxicity as it has a longer prion-like domain (Deshaies et al., 2018; Sivakumar et al., 2018). In another example, ALS cases with FUS, TDP-43 and VCP genetic
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causes may converge mechanistically to cause altered intron retention in the FUS transcript
(Humphrey et al., 2019). This complexity presents in a manner that we yet to understand.
Hence, this calls for an approach which is beyond studying the single RBP and its role. It
would be beneficial to integrate changes in RBP binding with proteomic methods, and a
transcriptome landscape of protein-bound regions, across multiple models of ALS or other
neurodegenerative disorders, to understand the altered post-transcriptional networks at play.
Another approach is to study the modifiers of neurodegenerative disease, which in
some cases are RBPs. Examples include ATXN2 for ALS, TIA1 for tau mutations, STAU1
for ATXN2 and TDP-43 mutations (Apicco et al., 2018; Elden et al., 2010; Becker et al.,
2017; Paul et al., 2018). To understand late-onset neurodegenerative diseases, it is important
to bear in mind that effects of aging are manifested in the neuronal transcriptome (Lee et al.,
2018) and RBPome networks, in addition to the disease-specific effects.

6.4

Concluding remarks

Throughout the thesis, I have explored different methods for studying RNPs. Using these
tools, I have uncovered new dynamic aspects of STAU2 and TDP-43, to give perspectives
from RNA secondary structure of neuronal mRNAs and higher-order assembly of (nuclear)
phase-separated compartments, respectively. Understanding the relationship between these
two aspects of RNP assembly, and their links to function in post-transcriptional regulation
will be the future goals following on from this research. A mechanistic view of neuronal
RNP assembly will be valuable in understanding the many neurodevelopmental processes
which are regulated by RBPs, and perhaps reveal opportunities for intervention in neurodegenerative diseases where aberrant RNP assembly is a recurring feature.

Appendix A

Table summary of CLIP variants

Number of
protocols
(developer
labs)

23 (10)

21 (9)

12 (6)

5 (4)

Controlled RNA
fragmentation by
optimising limited RNAse
digestion

Use of RNase I

On-bead RNase digestion

3 (3)

25 (11)

RNase digestion in lysate

3. RNA fragmentation

Fractionated cells

Total cell

1 (1)

1 (1)

3 (2)

UV-A crosslinking of cells
after incubation with
photoactivatable
ribonucleosides

Mutation-induced
crosslinking
In vitro UV-C crosslinking
of antibody to purified RNA
2. Cell lysis

23 (11)

UV-C crosslinking of intact
cells or tissues

1. Covalent protein-RNA crosslinking

Core steps and their
variations in CLIP
protocols

UV-C crosslinking (254nm) can be applied on any type of sample, including postmortem human
tissues, and its efficiency is generally similar to the use of UV-A with 4SU.

Description and rationale for each step and its variations

RBP is purified from total cellular lysate, which enables to simultaneously examine all types of RNAs
bound by an RBP in all cellular compartments.
RBP is purified from cellular subcompartments. The basic approach is to fractionate crosslinked
cells into nuclear and cytosol fractions, and here polysomes are studied in addition.
Here, nucleoplasm and chromatin are studied in addition to cytosol.

RNA fragmentation in the lysate ensures that RNA-dependent RNP complexes dissociate before
incubation with the beads, thus avoiding co-purification of additional RBPs.
The procedure for optimising limited RNAse digestion is presented by using gel shift analysis of
protein-RNA complexes separated by SDS-PAGE. This is important to A) Ensures that the final
cDNAs are long enough to enable unique genomic mapping. B) Overdigestion introduces sequence
CLIP (2005)
constraints and biases due to preferred RNase cleavage patterns (Haberman et al., 2017). C) Avoid
insufficient RNase digestion, which could keep larger RNPs intact, thus leading to co-purification of
non-specific RBPs and RNAs.
Most RNases preferentially cleave after one or two specific nucleotides. RNase I is capable of
cleaving at all nucleotides, and thus has less sequence specificity than other RNases. This
iCLIP (2010)
minimises the sequence bias of RNA fragmentation, thus decreasing the sequence constraints at
cDNA ends (Haberman et al., 2017).
In addition to RNase digestion in lysate, a second round of RNase digestion is performed on beads.
PAR-CLIP (2010) This leads protein-RNA complexes migrating as a sharp band on SDS-PAGE, indicative of RNA
overdigestion that can lead to short reads which may not map uniquely to the genome.
CLIP (2003)

Fractionation
CLIP (2008)
fr-iCLIP (2017)

CLIP (2003)

UV-A crosslinking (365nm) requires preincubation of cells with 4SU or 6SG. It can lead to
preferential identification of those protein-RNA contact sites that contain U or G, and long
PAR-CLIP (2010) preincubation with 4SU or 6SG can lead to cellular stress (Huppertz et al., 2014). It increases
efficiency for some RBPs, and is likely to be particularly valuable for studies of RBP interactions with
nascent RNAs.
m5C-miCLIP
This method employs a mutant RNA methylase, NSun2, which forms a covalent bond with its m5C
(2013)
methylated base.
m6A-miCLIP
RNAs are purified from cells and fragmented. The RNA fragments are then incubated with m6A
(2015)
specific antibody. Captured RNA fragments are crosslinked to the antibody with UV-C.

CLIP (2003)

First protocol
developing the
variation
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Table A.1: Core steps of CLIP and their variations in published protocols

5 (4)

CLIP (2003)

21 (10)

6 (4)

Immunoprecipitation under
stringent conditions

Denaturing purification with
the use of epitope tags

On-bead ligation

Ligation to purified RNA

23 (10)

4 (3)

CLIP (2005)

CLIP (2003)

In the original protocol, adapters are ligated to RNA after membrane transfer and digestion of the
protein. This requires an additional gel purification to remove the adapter, which leads to some loss
of RNA. This protocol can also be prone to amplifying non-specific bacterial or yeast RNAs that can
be introduced as contaminants during PAGE or transfer of the protein-RNA complexes, and adapteradapter concatamer artefacts. The protocol can be of use in rare cases where on-bead ligation is
inefficient.
On-bead ligation allows removal of the adapter by washing the beads, and free adapters are further
removed by SDS-PAGE and transfer. Thus no additional step is needed to remove the adapter. The
on-beads ligation is efficient when used with magnetic beads, as long as the RNA fragments are
>15nt and the relative volume of beads vs. ligation reaction is appropriate. Its efficiency needs to be
tested when changing the type of beads used.

RBP is fused with a biotinylation tag, which enables it to be biotinylated in cell lines expressing the
bacterial biotin ligase BirA. The RBP is then purified with streptavidin beads and subjected to
multiple denaturing 8M urea and 2% SDS washes.

dCLIP (2017)

5. Ligation of SeqRv adapter to fragmented RNA

Like CLAP, but replacing the 8xHis- and Strep-tag with 3xFlag-tag and histidine-biotin-histidinetagging.

RNA immunoprecipitation, in its original version, is performed without RNAse, and under conditions
that are mild enough to preserve protein binding to the RNA targets without any crosslinking. This
serves to identify RNAs enriched in the immunoprecipitation, rather than to define the position of
binding sites.
Stringent washing with high salt buffers and ionic detergents preserves only the crosslinked proteinRNA contacts, followed by SDS-PAGE and membrane transfer to further separate any remaining copurified proteins that are of different MW. Nitrocellulose membrane does not bind well to nucleic
acids, thus allowing to further remove any remaining free RNAs.
Uses two-step affinity purification of tagged proteins in yeast under denaturing conditions to
completely remove any interacting RBPs and free RNAs that are not crosslinked to the protein of
interest.
Like CRAC, but uses two-step affinity purification of tagged proteins in mammalian cells under
denaturing conditions. Relies on 8xHis- and two Strep-tag II peptides. While ensuring specificity, the
method requires expression of tagged proteins, which may not fully reflect the binding pattern of
untagged endogenous proteins.
Like CLAP, but using a 3xFlag-tag, such that the RBP is eluted after the first immunoprecipitation
with denaturing conditions (eg. high SDS or urea and heat), which is then followed by a second
immunoprecipitation.

Purified RNAs are fragmented by zinc(III)-mediated RNA cleavage.

On-bead RNase digestion allows the use of nuclease S1, a less efficient enzyme that is not
compatible with in-lysate digestion. Nuclease S1 leaves a 3'OH group on RNA fragments, which is
convenient by avoiding the need for an additional phosphatase step. However, the on-beads
digestion might be less efficient in dissociating large RNP complexes.

uvCLAP (2017)

urea-iCLIP
(2014)

CLAP (2010)

CRAC (2009)

RIP (1979)

m6A-miCLIP
(2015)

irCLIP (2016)

Immunoprecipitation under
mild conditions

In vitro fragmentation of
1 (1)
purified RNA
4. Purification of protein-RNA complexes

On-bead RNase digestion
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An aliquot of the immunoprecipitation is labelled by conjugating biotin-ADP to the 3' end of the
crosslinked RNAs. Subsequently this is visualised with streptavidin-HRP chemiluminescence.

sCLIP (2017)

9 (4)

3 (1)

TBE-Urea acrylamide gel

BrdU capture

Excess RT primers are removed with gel purification, which also serves to select specific cDNA size
ranges as an additional quality control. This is followed by ethanol precipitation. Under optimal
conditions, recovery is ~90%, but the method requires some experience to avoid carrying over salts
or any other reagents that could inhibit PCR.
Br-dUTP replaces dTTP in the reverse transcription reaction, enabling purification of cDNAs by two
rounds of immunoprecipitation with an anti-BrdU antibody. During the second round, cDNAs are
circularised and linearised as in iCLIP, and then eluted by heating.

BrdU CLIP
(2014)

This step has been used by protocols that ligated both seqRv and seqFw adapters to the purified
RNA in order to remove the adapters. After RT-PCR, the cDNA undergoes further size selection.

UMIs (also referred to as random barcodes, or randomers) allow to quantify the number of unique
cDNAs that map to the same position in the genome, thus differentiating them from PCR amplicons
of the same cDNA molecule, taking full advantage of highthroughput sequencing to the quantify
cross-linking at specific nucleotides.

A primer complementary to the SeqRv adapter is used to convert RNA fragments into cDNAs.

iCLIP (2010)

CLIP (2003)

iCLIP (2010)

15 (7)

3 (2)

CLIP (2003)

CRAC (2009)

Proteinase K (PK) is used to cleave the protein crosslinked to RNA under denaturing conditions.
This releases the RNA into solution, along with a small peptide that remains on the RNA at the
crosslink site.
Both urea and SDS denature proteins and enhance PK activity, but urea can be unstable upon
prolonged storage, and therefore SDS is proposed to be used instead.

Infrared signal is introduced via a dye-coupled SeqRv adapter, which allows visualisation of proteinRNA complexes without the use of radioactivity, while also monitoring ligation efficiency.

irCLIP (2016)

CLIP (2003)

Allows visualisation and validation of the specificity of the protein-RNA complexes, to confirm
absence of non-specific co-purified RBPs or RNAs, and to demonstrate that RNase conditions are
well optimised. The original protocol used radioactive 5' end labelling of RNA fragments for this
purpose.

Allows multiplexing of experiments immediately after IP, which can save time and reduce
experimental variation between samples. However, this loses the capacity to examine the specificity
of purified protein-RNA complexes during the membrane visualisation step. It also requires PE
sequencing or long sequencing reads, in order to ensure that the full cDNA together with the
barcode in the SeqRv adapter are sequenced.
Instead of ligating SeqRv, the purified RNA fragments are polyadenylated, and the poly(A) tail is
then used as the template for annealing the RT primer.

CLIP (2003)

sCLIP (2017)

28 (13)

5 (4)

Denaturing acrylamide gel
purification of ligated RNAs

8. Reverse transcription
Conversion of RNA
fragments into cDNAs
Introduction of
experimental barcodes and
unique molecular
identifiers (UMIs) into
cDNAs
9. cDNA purification

Use of SDS buffer

Proteinase digestion

28 (13)

2 (2)

Non-radioactive
visualisation of proteinRNA complexes

7. RNA extraction

24 (11)

1 (1)

4 (3)

Visualisation of PAGEseparated protein-RNA
complexes

Polyadenylation of purified
RNAs
6. Quality control

Barcoded seqRv adapter

eCLIP (2016),
uvCLAP (2017)
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2 (1)

2 (2)

Silane beads purification of
cDNA

Column purification of
cDNA

18 (8)

SeqFw adapter is ligated to
3' end of cDNAs to enable
amplification of truncated
cDNAs

eCLIP (2016)

Fast-iCLIP
(2015)

iCLIP (2010)

CLIP (2003)

SeqFw adapter is required to amplify cDNAs. Since it is ligated to the 5' ends of RNA fragments, the
full RNA fragment needs to be reverse transcribed in order to create amplifiable cDNAs in CLIP.
Therefore, only cDNAs that read through the crosslinked nucleotide can be amplified by PCR,
leading to loss of truncated cDNAs.
Ligation of SeqFw to cDNA is achieved by introducing the seqFw sequence into cDNAs via the RT
primer, followed by its efficient intramolecular ligation to the 3' end of cDNAs with the use of
circligase. The circular cDNA is then linearised through a BamHI site in the RT primer, which then
enables amplification and sequencing of both 'read-through' and 'truncated' cDNAs. When
combined with analysis of clustered cDNA starts, this allows to map the position of the highoccupancy cross-linking with nucleotide resolution.
As iCLIP, except that RT primer contains two carbon spacers between the SeqFw and SeqRv
sequences, which allow termination of the PCR enzyme, thus removing the need for BamHI
digestion.
The cDNA circularisation is replaced by an intermolecular ligation of SeqFw with the use of RNA
ligase.

After RT, the protocol employs second strand cDNA synthesis, in vitro transcription, and adapter
ligation to the antisense RNA, each coupled with column-based purification steps.

After RT, cDNA is column purified. There are no further purification steps after circularisation.

FLASH (2017)
sCLIP (2017)

After enzymatic degradation of free RT primers with Exo-SAP, cDNA is purified with silane beads,
and after PCR amplification, further purified with native agarose gel.

eCLIP (2016)

Similar to Fast-iCLIP, but after circularisation, cDNA is incubated with isopropanol and AMPure
beads for further purification and size selection of cDNA.

irCLIP (2016)

cDNA libraries

Fast-iCLIP
(2015)

Phusion enzyme is used for PCR, and qPCR is used to determine the optimal number of PCR
cycles.

11. cDNA amplification and sequencing of multiplexed libraries
cDNA cloning and Sanger
4 (3)
CLIP (2003)
Individual cDNAs are cloned for Sanger sequencing.
sequencing
Overhangs are added to PCR primers, which include experimental barcodes for each sample and
HITS-CLIP
sequencing adapters, which allows multiplexing of the cDNA libraries and high-throughput
High-throughput
(2008)
sequencing.
sequencing of multiplexed
25 (12)

9 (5)

SeqFw adapter is ligated to
the 5' end of RNA
fragments

10. SeqFw adapter ligation

2 (1)

Streptavidin beads
purification of cDNA

Streptavidin purification of cDNA is enabled via biotinylated SeqRv that has been ligated to RNA,
and remains attached to cDNAs. After circularisation, cDNA is eluted from the streptavidin beads
and column purified. This increases the convenience and speed of the protocol. After PCR
amplification, cDNAs are then size-selected with acrylamide gel.

Fast-iCLIP
(2015)
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Appendix B

Core steps of CLIP and their variations
This chapter is revised from the following publication: Lee, F. C. Y. and Ule, J. (2018).
Advances in CLIP Technologies for Studies of Protein-RNA Interactions. Molecular Cell,
69(3):354–369

B.1

Covalent crosslinking of direct protein-RNA contacts

Most variants of CLIP exploit the capacity of UV light to promote formation of covalent bonds between RBPs and their direct RNA binding sites. Unlike the formaldehyde
crosslinking that is used in chromatin immunoprecipitation (ChIP) and some variants of
RIP, UV does not lead to major protein-protein crosslinking at the doses used in CLIP
methods. UV crosslinking requires direct contact between an amino acid and a nucleobase,
and therefore ensures that only direct protein-RNA interactions are preserved, and the high
strength of the covalent bond allows further stringent purification of individual RBPs and
their crosslinked RNA fragments.
The original and most later variants of CLIP exposes cells or processed tissues to the
UVC wavelength (254nm), which can crosslink RBPs to their bound RNAs without the
need for any additional pre-treatment (Ule et al., 2003). The recommended crosslinking
procedure for cells in a monolayer is with 150 mJ/cm2 (König et al., 2010); the crosslinking
takes place in a short time period to allow a snapshot of the interactions to be captured.
Therefore CLIP can be used to monitor changes in RNP assembly that occur upon a response to extracellular signals or other treatments (Schor et al., 2012). UVC has also been
used, predominantly in vitro, for crosslinking between protein and DNA, however this is not
an issue for CLIP as the high intensity energies required to induce efficient protein-DNA
crosslinking is 10-100 fold more than what is being used in CLIP and iCLIP (Trendel et al.,
2018a; Steube et al., 2017).
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A higher total energy can be employed for tissues or cells in suspension, where

multiple rounds of UV exposure with intermittent mixing are needed in order to obtain
evenly-distributed crosslinking throughout the sample. Some protocols employ high UVC
crosslinking energies also for cells in a monolayer, since this increases crosslinking efficiency and thus sensitivity of CLIP, but this can also increase a cellular response to UVinduced (DNA) damage, and the propensity of multiple RBPs to crosslink on the same
RNA fragment, thus risking co-purification of contaminating RBPs. In addition, recent
development and use of specialised UVC crosslinker devices allows for even more rapid
crosslinking, enabling studies of protein-RNA interactions with better temporal resolution
to study dynamic processes (Nues et al., 2017).

PAR-CLIP introduces a variation in the crosslinking strategy (Hafner et al., 2010).
Cells in culture are pre-incubated with photoactivatable ribonucleosides 4-thiouridine (4SU)
or 6-thioguanosine (6SG), which enable protein-RNA crosslinking to be performed with
UV-A wavelength (365nm). Mass spectroscopy analyses indicate that this does not have a
major effect on crosslinking efficiency of most RBPs, but it does increase the efficiency for
certain RBPs (Castello et al., 2012). This protocol is limited to biological systems where
the photoactivatable nucleosides can be efficiently incorporated. Moreover care needs to be
taken, since prolonged pre-incubation with 6SG (and to a lesser extent 4SU), could cause
cellular toxicity (Burger et al., 2013; Huppertz et al., 2014). In addition, the use of 4SU and
6SG restricts crosslinking to a specific base, which can bias against the binding sites where
these bases are not in close contact with the bound protein. Application of pulsed 4SU has
been used in techniques for tagging and enriching nascent RNAs for sequencing (Windhager
et al., 2012), and this concept could be combined with CLIP to study the patterns of cotranscriptional RNP assembly on newly transcribed RNAs.

Other approaches for protein-RNA crosslinking have been used in CLIP variant
methodologies, especially for the purpose of studying the prevalence and location of RNA
modifications on a transcriptome-wide manner (methylation iCLIP - miCLIP). This includes
the use of a specific mutant NSun2 RNA methylase enzyme which covalently attaches to
the base at the site of the m5C modification instead of completing the methylation, or the in
vitro UV-C crosslinking between antibodies recognising RNA modifications and the modified base in purified RNA (reviewed in (Lee and Ule, 2018)).

B.2. Cell lysis

B.2

187

Cell lysis

In almost all CLIP derived protocols, a stringent buffer containing ionic detergents is used
for cell lysis, which disrupts most protein-protein and protein-RNA interactions. This increases the accessibility of RNA and allows unbiased RNase fragmentation, by decreasing
the chance that long RNA binding sites remain protected by large RNPs. It also minimises
the chance of co-purifying multiple associated RBPs during later immunoprecipitation, thus
helping to ensure data specificity. In addition, with methods where the whole cell lysate
is used as the input, the proportions of the different types of RNAs in the resulting data
can inform on the cellular distribution of the RBP. For example, predominance of intronic
reads can indicate that the RBP primarily binds to nascent RNAs on chromatin, whereas
enrichment of exonic and junction-spanning reads indicates that the RBP primarily binds
to spliced mRNAs in the cytoplasm. For studies where the interactome of specific subcellular compartmentalisation is of interest, cell lysis can be adapted to accommodate the
fractionation of sub-cellular compartments. The first protocol developed for this purpose
produced CLIP data from nuclear, cytosolic and polysome fractions (Sanford et al., 2008).
More recently the Fr-iCLIP method has been developed, which fractionates the nucleus into
chromatin and nucleoplasm before proceeding to iCLIP (Brugiolo et al., 2017).

B.3

RNA fragmentation

RNA fragmentation is crucial to avoid co-purifying multiple RBPs that crosslink to the same
RNAs, and to provide insight into the position of RNA binding sites, since the RNA fragment contains the crosslink site. While the variation in RNase concentration in eCLIP did
not lead to changes in the enriched motifs for RBFOX2 at the crosslink sites (Van Nostrand
et al., 2016), analysis of the crosslink sites identified by various PTBP1 iCLIP experiments
revealed changes at the ends of cDNA inserts, corresponding to the sites of RNase cleavage,
that can impact binding site assignment (Haberman et al., 2017). The appropriate conditions
of RNase fragmentation were found to be particularly important for the assignment of long
binding sites of RBPs.
Overdigestion results in short RNA fragments, and thus a narrow distribution of cDNA
sizes, which can introduce constraints at the ends of the cDNA insert due to the preferred
pattern of RNase cleavage, and produce short cDNAs that are less likely to map uniquely to
the repetitive regions of the genome (Haberman et al., 2017). On the other hand, insufficient
RNA digestion could lead to co-purification of additional RBPs that bind to the long RNA
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fragments together with the immunoprecipitated RBP. Most RNAs contain a large number
of binding sites for many RBPs, hence long RNA fragments could be crosslinked to multiple RBPs at different positions. Thus, by increasing the presence of co-purified RBPs, long
RNA fragments could decrease the specificity of the final data. An optimal RNA size range
of 30-200 nt can be achieved with a short incubation of the lysate with a low RNase concentration, which can be optimised by using the visualisation of protein-RNA complexes
after SDS-PAGE separation upon a titration of RNase conditions (Huppertz et al., 2014;
Ule et al., 2005). This optimisation is important especially when starting experiments with
a new RBP, or from a new type of cell or tissue, or when testing new reagent stock.
While most protocols perform RNase treatment in the lysate, several protocols employ
on-bead RNase treatment. For example, PAR-CLIP and sCLIP protocols digest with RNase
in the lysate as well as after IP (Hafner et al., 2010; Kargapolova et al., 2017). Zarnegar
and colleagues compared the effects of performing the RNase digestion step either in the
lysate, or on-bead after immunoprecipitation. By using the irCLIP infrared visualisation to
examine the amount of SeqRv adapter-ligated RNA-protein complexes on the membrane
after SDS-PAGE, the on-bead approach was found to result in the highest signal (Zarnegar
et al., 2016). However, it is unclear whether this reflects higher efficiency, or an increase
in non-specific signal. For example, the presence of non-fragmented RNAs during IP could
stabilise large RNPs, leading to formation of multiprotein complexes that would be harder
to perturb with later washing steps. While this possibility remains to be examined, the
low density of binding motifs at sites assigned by PTBP1 irCLIP indicates compromised
specificity for this experiment (Haberman et al., 2017).
CLIP protocols also differ in the choice of RNase enzymes. The original CLIP used
RNaseT1 and RNase A, while the original PAR-CLIP used RNaseT1 and MNase. These
nucleases have sequence preferences in their cleavage patterns, and extensive digestion can
lead to biases assignment of binding sites from CLIP protocols (Kishore et al., 2011). The
iCLIP protocol introduced the use of RNase I, which is not known to have any nucleotide
preferences, and is thus expected to introduce minimal sequence bias at both ends of RNA
fragments (König et al., 2010). The irCLIP protocol also introduced the use of S1 nuclease,
which leaves a 3’OH instead of a 3’ phosphate at the ends of RNA fragments (Zarnegar
et al., 2016). This makes the 3’ end dephosphorylation step unnecessary, which otherwise
needs to precede the adapter ligation step. S1 nuclease is a relatively inefficient enzyme on

B.4. Bead-based purification of the RBP-RNA complex
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RNA, and therefore we find its treatment compatible only with the on-bead digestion (data
not shown).

B.4

Bead-based purification of the RBP-RNA complex

CLIP allows the purification of RBPs from cells and tissues with stringent immunoprecipitation conditions, including the use of ionic detergents in the lysis and washing buffers, and
the use of high salt washes. Purification of endogenous RBPs normally requires that antibodies are available for efficient immunoprecipitation. As an alternative, endogenous RBPs
can be epitope tagged, which can be achieved with the use of genome editing (Van Nostrand et al., 2017b). When using epitope tagging, however, it is important to confirm that
the function, stability and localization of the tagged RBP remains unperturbed.
The need for stringent purification and quality control varies depending on the type
of RBP being studied. Some RBPs contain many single-stranded RNA-binding domains;
for example, ELAVL1 contains 3 RNA-recognition motifs domains, and PTBP1 contains 4
such domains. These domains recognise U-rich motifs, and are thus expected to crosslink
efficiently, whilst these RBPs are also typically expressed in high abundance. On the other
hand, many RBPs lack canonical binding domains, or recognise the backbone of doublestranded RNA. It has been shown that cysteine, tryptophan, phenylalanine, tyrosine, arginine, lysine and methionine are the most reactive (Shetlar et al., 1984), and thus RBPs
lacking these amino acids in close proximity to the RNA base might crosslink poorly. Even
a minor co-purification of another RBP that crosslinks with higher efficiency can lead to
major loss of specificity, and this problem is exacerbated if the RBP-of-interest is of low
abundance. Finally, some RBPs participate in stable RNPs that may not efficiently dissociate under standard CLIP immunoprecipitation conditions, thus increasing their risk of
co-purifying multiple RBPs.
In order to minimise the risk of co-purifying multiple RBPs, denaturing strategies are
particularly valuable. Several epitopes enable denaturing and sequential purification strategies, which can further reduce the chance of co-purifying non-specific RBPs and RNAs.
Denaturing purification was first implemented by CRAC for yeast, and later by CLAP, ureaiCLIP and uvCLAP, among others (Aktaş et al., 2017; Granneman et al., 2009; Huppertz
et al., 2014; Wang et al., 2010). Sequential histidine- and streptavidin-based affinity purification systems are commonly used (Maticzka et al., 2017; Wang et al., 2010), but immunoprecipitation is also possible if the antibody can bind to the denatured epitope. An example
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of an RBP that crosslinks poorly is the double-stranded RNA binding protein STAU1, which
is prone to co-purification with other more abundant and strongly crosslinking RBPs and the
RNAs crosslinked to them. Denaturing purification has been implemented with a 3xFlagSTAU1 and an anti-Flag antibody by using two rounds of immunoprecipitation, such that
STAU1 was eluted after the first immunoprecipitation with a high concentration of urea, and
then diluted to a lower concentration that enables the second round of immunoprecipitation
(Huppertz et al., 2014).
Instead of aiming to purify a single RBP, recently CLIP has been adapted in such a way
where either a large RNP complex or RBPs localised to the same subcellular compartment
are co-purified, with varying degrees of stringencies (Briese et al., 2018; Benhalevy et al.,
2018). In the first case, this was applied with the human spliceosome, using iCLIP to
map the progression of splicing by the engagement and crosslink sites across small nuclear
(sn)RNAs and pre-mRNAs, in order to reveal concerted changes of pre-mRNA positiondependent binding of many spliceosomal proteins (Briese et al., 2018).
In the second case, PAR-CLIP has been adapted with the purpose of mapping proteinbound RNA fragments and protein-occupancy on transcripts in a particular subcellular location, named Proximity-CLIP. This is enabled in 4SU pre-treated cells by the expression
of APEX2 protein fused to a marker of the cellular compartment of interest and biotinylating all proteins, including RBPs, which are localised to this region, then carrying out the
PAR-CLIP procedure with the purification of all biotinylated proteins and crosslinked RNA
fragments (Benhalevy et al., 2018). This still retains the information of precise position
of UV-crosslinking, and is valuable for the studies of localised RNPs and the dynamics of
the localised transcriptome in future. Both cases demonstrate the versatility of the CLIP
procedure beyond monitoring the specificity in RNA binding on the transcriptome of single
RBPs.

B.5

Adapter ligation

To prepare cDNA libraries from the CLIP RNA fragments, they must contain common
sequences complementary to the primers used in reverse transcription (RT) and PCR. Most
CLIP protocols have a similar organisation of the sequenced reads (Figure 3.1), therefore we
have named the adapters according to their conventional orientation relative to sequencing.
The exceptions are eCLIP and sCLIP (Kargapolova et al., 2017; Van Nostrand et al., 2016),
where the orientation is switched. The SeqRv adapter is complementary to the RT primer,

B.6. Visualisation of the purified complexes on SDS-PAGE
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and is ligated to the 3’ end of the RNA. The first version of the CLIP protocol ligates the
adapters to purified RNA fragments (Ule et al., 2003), but most later variants perform onbead RNA ligation, which reduces the amount of contaminating RNAs (Ule et al., 2005).
On-bead ligation also allows removal of excess adapters by stringent washes of the beads
instead of using denaturing acrylamide gel purification, thus minimising the loss of specific
RNAs. An alternative to the ligation of an adapter to the 3’ end of the RNA is developed
by sCLIP, where the purified RNAs are polyadenylated, followed by the use of modified
oligo-dT primers for RT (Kargapolova et al., 2017).
The original CLIP protocols ligated both adapters to the RNA fragments, which is also
employed by HITS-CLIP and PAR-CLIP. This was modified by the iCLIP protocol, which
ligates only the SeqRv adapter to the RNA. While the SeqFw adapter was ligated to the 5’
end of RNA fragments in previous protocols, it is ligated to the 3’ end of cDNAs in iCLIP
(König et al., 2010). This enables amplification of cDNAs that prematurely truncate at
the crosslinked nucleotide. These truncated cDNAs lack the SeqFw adapter in the original
CLIP protocols, and are therefore lost. Beyond increasing the sensitivity of the experiment,
the amplification of truncated cDNAs has an additional advantage by enabling nucleotideresolution mapping of the crosslink sites, which are located at the start of the great majority
of iCLIP cDNA inserts (Haberman et al., 2017; Sugimoto et al., 2012; Huppertz et al.,
2018). Since the development of iCLIP, many other published protocols similarly amplify
truncated cDNAs, including BrdU CLIP, eCLIP, irCLIP and FLASH (Aktaş et al., 2017;
Van Nostrand et al., 2016; Weyn-Vanhentenryck et al., 2014; Zarnegar et al., 2016; Lee and
Ule, 2018). The eCLIP protocol achieves this by introducing SeqFw with an intermolecular,
rather than intramolecular ligation of the SeqFw adapter to cDNAs.

B.6

Visualisation of the purified complexes on SDS-PAGE

In addition to the stringent bead-based purification, CLIP further purifies the protein-RNA
complexes with the use of SDS-PAGE and membrane transfer procedure. The SDS-PAGE
separation reduces contamination of non-crosslinked RNAs, which normally run at a lower
range of the gel than the fragments crosslinked to the RBP. These are further removed
by nitrocellulose membrane transfer, since the membrane has poor RNA-binding capacity.
This also helps to remove excess adapters that can remain stuck on the beads after the RNA
ligation step. SDS-PAGE analysis is also the central quality control step of CLIP that allows
visualisation of the purified complexes, and presentation of the resulting images alongside
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the publication of data ensures a quality control standard that has been established by the
first publication of CLIP (Ule et al., 2003).
In the original protocol, the 5’ end of the RNA is radioactively labelled with 32P in
order to visualize the protein-RNA complexes after transfer to the membrane (Ule et al.,
2003). This serves to control for the specificity of crosslinked RNAs, and to check that
the RNA fragmentation conditions are appropriate (Ule et al., 2005). In certain cases, such
as for Ago HITS-CLIP, where 5’ labelling is inefficient, a radiolabeled SeqRv adapter was
ligated to the RNA to enable visualisation (Chi et al., 2009). Two RNA fragmentation
conditions are recommended for the initial experiments. The high RNase condition serves
to visualise the specificity of purified complex, since it migrates as a clear band slightly
higher than the molecular weight (MW) of the immunoprecipitated RBP. To ensure the
specificity of CLIP, no other bands should be visible near the expected band, since these
bands indicate co-purification of non-specific RBPs. The low RNase conditions, in contrast,
serves to purify RNAs for preparation of the cDNA library. This condition should lead
to complexes which migrate diffusely above the expected MW of the immunoprecipitated
RBP, since the diverse sizes of RNA fragments variably affects the migration of the RBP.
The complexes are then excised from the appropriate region of the membrane according to
the described recommendations (Huppertz et al., 2014; Ule et al., 2005).
In the early versions of PAR-CLIP, the membrane transfer step is omitted and the RNA
fragments are purified directly from the SDS-PAGE gel (Hafner et al., 2010). However, the
developers included the option of performing the nitrocellulose membrane transfer in a more
recent PAR-CLIP publication (Garzia et al., 2017). Recently, irCLIP has been developed
for non-radioactive labelling of the purified protein-RNA complexes, increasing the convenience of this quality control step (Zarnegar et al., 2016). This is achieved by covalently
coupling an infrared dye to the SeqRv adapter, which allows visualisation of the complexes
after the SDS-PAGE and transfer, with infrared imaging which can be performed with a
LI-COR Odyssey CLx Imager. Since the infrared signal is present in the adapter that needs
to be ligated to the RNA fragments, it additionally allows monitoring of on-bead adapter
ligation efficiency. Another strategy for non-radioactive visualisation has been developed
in sCLIP, where an aliquot of the immunoprecipitated sample is labelled with biotin-ADP
and RNA ligase. The labelled and unlabelled fractions then proceed to SDS-PAGE and nitrocellulose transfer, followed by incubation of the membrane with streptavidin-HRP and
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ECL, in order to visualise the biotinylated RNA (Kargapolova et al., 2017).

The implications of omitting the visualisation of purified complexes
Visualisation of the protein-RNA complex is the central quality control step in CLIP. It
serves to optimise RNA fragmentation, and to control for the specificity of purified complexes. Inclusion of this step guarantees the comparative value of CLIP data produced
across the different RBPs, laboratories, and experimental settings. Nevertheless, several
protocols omit this step; while increasing the convenience, these protocols risk sacrificing
the high specificity of the method. The specificity of purification conditions can be affected
by many factors, including the cellular material and lysis conditions used, the type of RBP
studied, and the stock and storage time of RNase and other reagents. Maintaining specificity
is particularly challenging for studies of non-canonical RBPs that might crosslink weakly
to RNA, or lowly expressed RBPs, since even a small amount of another co-purified RBP
can lead to dominance of its crosslinked RNAs in the resulting libraries.
One protocol that omits the visualisation is uvCLAP (Aktaş et al., 2017); this protocol
employs denaturing affinity purification, since the additional specificity gained by the denaturing step reduces the need for further purification by SDS-PAGE. However, even though
FLASH does not include denaturing affinity purification, it skips the SDS-PAGE and membrane transfer steps (Aktaş et al., 2017), which could compromise the specificity of data. In
eCLIP and seCLIP, the SDS-PAGE and membrane transfer are used without labelling the
RNA, and the RBP-RNA complexes are blindly cut from the membrane according to their
estimated MW (Van Nostrand et al., 2016, 2017c).

B.7

RNA extraction and reverse transcription

After visualising the complexes on the nitrocellulose membrane, the appropriate region of
the membrane is excised, and the RBP is digested with proteinase K, which leaves only
a short peptide at the crosslink site and releases the RNA fragments into solution. The
resulting RNA fragments are then available for RT with a primer that contains a sequence
complementary to the SeqRv adapter. In iCLIP, additional sequences have been introduced
to the tail of the RT primer. These include the SeqFw adapter, which is oriented in the
opposite direction, experimental barcode and unique molecular identifier (UMI) (Figure 3.1,
methods 2.1.2). The SeqFw adapter enables the later intramolecular ligation of the adapter
to truncated and readthrough cDNAs; the experimental barcodes enable multiplexing of
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different cDNA reactions before proceeding to further steps; and the UMIs (which consist of
a sequence of random nucleotides) enable quantification of unique cDNAs in combination
with computational analysis that removes artefacts of variable PCR amplification (König
et al., 2010). UMIs have also been introduced into the RNA SeqFw adapter in an early
HITS-CLIP study (Chi et al., 2009), but explanation of its use for the analysis of sequencing
data was only provided in later publications (Darnell et al., 2011; Moore et al., 2014).
CLIP variants often use different RT enzymes and conditions, including the use of
Superscript II, III or IV, AffinityScript and TGIRT. The impact of different RT conditions
on cDNA truncation and readthrough has been recently investigated (Van Nostrand et al.,
2017d). Most standard conditions primarily lead to truncation of RT at the crosslinked nucleotide, and are thus appropriate for iCLIP and other protocols that ligate SeqFw adapter
to cDNAs. Two additional studies modified iCLIP and eCLIP approaches in order to evalute the percentage of readthrough directly, by ligating an additional 5’ adapter to the RNA,
which will be sequenced at the start of the trimmed read only if reverse transcription has
readthrough (Huppertz et al., 2018; Hocq et al., 2018). The latter technique, named monitored eCLIP, showed a variable truncation rate across replicates and experimenters, as well
as suggesting differences in truncation efficiency and RT efficiency when comparing different RT enzymes (Hocq et al., 2018). While most enzymes produce a majority of cDNA
truncation, the position of truncation may be offset by one nucleotide when AffinityScript
(used in eCLIP), is compared to other enzymes such as Superscript (used in iCLIP and most
other protocols) (Van Nostrand et al., 2017d). This needs to be further examined by comparing the position of crosslink sites assigned with eCLIP and iCLIP for multiple different
RBPs.

B.8

cDNA purification, amplification and high-throughput sequencing

In the original CLIP or iCLIP protocols, gel purification is used to purify the RNA fragments
or cDNAs, respectively (König et al., 2010; Ule et al., 2003). The primary purpose is to
remove free adapters or RT primers, which would otherwise become templates for reverse
transcription or PCR. Carry-over of excess adapters can lead to cDNA libraries that are
dominated by PCR artefacts which contain only the barcode or adapter sequences. However,
gel purification, phenol-chloroform extractions and ethanol precipitations can be laborious,
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especially in large-scale experiments.
In recent years, several independent approaches have been developed to replace the
gel purification steps with approaches that increase the convenience and speed of CLIP
protocols, as well as minimising loss of material. These approaches can be separated conceptually into two types:
1. The first captures nucleic acids above a certain size range with the use of silica beads
or columns (Van Nostrand et al., 2016; Kargapolova et al., 2017; Aktaş et al., 2017);
2. The second specifically captures the cDNAs via an incorporated molecule, such as
BrdU in BrdU CLIP, or a biotinylated SeqRv adapter that remains annealed to the
cDNA in FAST-iCLIP (Flynn et al., 2015; Weyn-Vanhentenryck et al., 2014; Zarnegar
et al., 2016).
It remains to be seen which of these variant solutions will be most broadly adopted; the
ideal solution should be practical, while efficiently capturing all specific cDNAs without
any bias in cDNA size or sequence, in order to maximize the sensitivity of CLIP.
While less convenient, gel extraction provides the most precise size selection of RNA
fragments or cDNAs of defined length, thus mitigating potential variations in cDNA length
distribution in the final library, and ensuring that adapter products are completely removed
prior to PCR. To compensate for this, methods such as FAST-iCLIP and eCLIP that omit gel
extraction before PCR often employ an additional gel extraction of the final PCR-amplified
cDNA libraries (Flynn et al., 2015; Van Nostrand et al., 2016). Loss of material is not a major concern at this step, since many copies of each cDNA are available due to amplification.
However, this approach could be prone to amplifying adapter artefacts in situations where
the amount of specific cDNA is limiting, for example when studying an RBP that crosslinks
poorly.
For PCR amplification of cDNAs, most recent methods use enzymes that are slightly
more efficient than the Accuprime enzymes that were used by the original protocols. The
switch to the Phusion enzyme allows amplification of the final cDNA library with a decreased number of PCR cycles, in our hands, without much impact on the data quality (data
not shown). In general, while a reduced number of PCR cycles required for cDNA amplification is a promising sign, it should be interpreted cautiously, since it can be due to
either an increase in sensitivity or a decrease in specificity. For example, reduced PCR cycle numbers could arise from the increased co-purification of non-specific RBPs and their
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crosslinked RNAs. When the SDS-PAGE quality control analysis is omitted, one cannot
distinguish between these two possibilities.

Sequencing requirements and initial steps for analysis
Single-end sequencing is appropriate for iCLIP and several derived protocols (such as irCLIP), because both the experimental barcode and UMI are present at the start of the
trimmed sequencing read (Figure 3.1). The start of the cDNA insert contains information
for the crosslink site; the end of the cDNA insert corresponds to the position of RNA cleavage, which is useful to assess biases of RNA fragmentation (Haberman et al., 2017), but
is otherwise not crucial for data analysis. However, several protocols introduce important
information at both sides of the cDNA inserts, which requires paired-end sequencing, or
long-read single-end sequencing that covers the whole cDNA insert. This applies to eCLIP
and sCLIP, where the cDNA insert is inverted relative to orientation of sequencing; hence
the crosslink site needs to be sequenced from the reverse direction (Kargapolova et al., 2017;
Van Nostrand et al., 2016). uvCLAP and FLASH protocols also use paired-end sequencing,
where a part of the experimental barcode and UMI are introduced by the SeqRv adapter,
and are therefore positioned at the end of the cDNA insert (Aktaş et al., 2017; Garzia et al.,
2017). However, single-end eCLIP (seCLIP) has been recently described, which reverts to
the iCLIP-like read structure compatible with shorter single-end sequencing (Van Nostrand
et al., 2017c). Sequencing of long reads is also beneficial for protocols where the full read
or internal mutations are used for analysis, such as HITS-CLIP and PAR-CLIP, as it allows
to fully quantify the internal mutations in cDNAs.
The first step in analysing sequencing data produced by CLIP is to examine the experimental barcodes to demultiplex the cDNA libraries, which is followed by mapping the data
to the genome. For iCLIP and the other protocols that introduce UMIs into cDNAs (Lee and
Ule, 2018), this can be used to quantify unique cDNAs that map to same loci on the genome
without ambiguity. The results can then be exploited by using the full position of mapped
reads as in HITS-CLIP (Licatalosi et al., 2008), or by identifying the most likely position of
the crosslink site, which can be achieved in three ways. PAR-CLIP examines C to T transitions in reads (Hafner et al., 2010), iCLIP and others including irCLIP and eCLIP examines
cDNA truncations (König et al., 2010; Lee and Ule, 2018), and crosslinking-induced mutation sites (CIMS) in HITS-CLIP reads examines deletions and other types of mutations
(Zhang and Darnell, 2011).

B.9. Analysis of quality and normalisation of CLIP data
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Analysis of quality and normalisation of CLIP data

In addition to visualising the purified protein-RNA complexes during the CLIP protocol,
the quality of the resulting data can also be examined computationally. Many parameters
can be considered to compare the effectiveness of CLIP-derived methodologies, with sensitivity and specificity being the two central measures. The simplest measures of sensitivity
and specificity are the number of unique cDNAs in the sequencing library, and clusters of
significant crosslinking events (‘peaks’), respectively (Chakrabarti et al., 2018).
To monitor the sensitivity of CLIP, the capacity to quantify unique cDNAs with the
use of UMIs is particularly valuable. This is because UMIs distinguish unique cDNAs from
those that have been duplicated as a result of PCR amplification. In addition, the ratio
of unique versus duplicated cDNAs is also a useful measure to assess whether the depth
of sequencing was optimal, and thereby inform on the conditions for most cost-effective
sequencing.
To monitor the specificity of CLIP, a suitable peak-calling program needs to be chosen
according to the CLIP protocol used to produce the data (Chakrabarti et al., 2018). A low
number of peaks indicates that the cDNAs are randomly dispersed along the transcripts,
or that they are concentrated in a small number of abundant RNAs (such as rRNA). However, these features could reflect true binding preferences of the RBP that is studied, since
many RBPs do not recognise specific sequence or structural RNA motifs (Jankowsky and
Harris, 2015), and therefore the number of crosslink peaks is only a rough approximation
of specificity. For example, proteins such as FUS or SUZ12 have been shown to have low
sequence preference, and therefore their crosslink sites are broadly dispersed across nascent
RNAs (Beltran et al., 2016; Rogelj et al., 2012; also see Loughlin et al., 2018 for a recent
structural study concerning the different modes of specificity/degeneracy for different domains of FUS protein) and rarely lead to crosslink peaks. Nevertheless, analysis of crosslink
peaks is particularly valuable to compare multiple data sets for the same RBP. For example,
data produced by iCLIP of PTBP1 led to a larger number of peaks than data produced by
other protocols, even though the number of unique cDNAs in iCLIP is equal or smaller, and
this agrees with highest motif enrichment in iCLIP peaks, especially when compared with
irCLIP (Haberman et al., 2017).
To normalise the binding patterns relative to RNA abundance, input control libraries
that have not undergone immunoprecipitation can be produced (Ule et al., 2005).This has
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been exploited for an approach to analyse eCLIP data, which filters the sites that are not
significantly enriched compared to the size-matched input (SMInput) control (Van Nostrand
et al., 2016, 2017a). This approach can help to enrich the high-affinity binding sites relative
to low-affinity transient interactions, both of which can be detected by CLIP.
However, neither definition of crosslink clusters, nor the normalisation by SMInput
control can ensure the specificity of CLIP data. Presence of non-specific RNAs in CLIP
is most often introduced via co-purification of one RBP or a small number of RBPs, along
with their crosslinked RNAs. Since these non-specific RNAs were bound by the co-purified
RBPs, they can lead to the identification of distinct binding peaks that are strongly enriched
compared to the SMInput control, and can have clear motif enrichment. Therefore, the ideal
way to validate the specificity of CLIP data is to experimentally visualise the quality of purified RBP-RNA complexes on SDS-PAGE. Moreover, integrative computational analyses
that use orthogonal functional information can be used, such as comparison with motifs
known to be bound by immunoprecipitated RBP (Haberman et al., 2017). In addition,
the metaprofile of binding sites can be visualised around exons or other RNA landmarks
(polyadenylation sites) that are regulated by the RBP, and compared with non-regulated exons, which is commonly referred to as RNA maps. These approaches, and other methods
and databases for computational analysis of CLIP data have been reviewed recently in detail
(Chakrabarti et al., 2018).

Appendix C

STAU2 targets
Table C.1: List of transcripts significantly enriched or depleted in STAU2 hiCLIP compared
to mock iCLIP (input) from DESeq2 analysis
Significance threshold: padj < 0.05, FoldChange > 3 (enriched) or < −3 (depleted)

name
RF00181
Acvr2b
AABR07014114.1
Mir29b1
AABR07049574.1
Tollip
Cyb561
Atp6v0e2
B4galt5
AC123213.1
AABR07052897.2
Dusp3
Clec2g
Ankfy1
RGD1562136
Tspan9
Ppa1
Ttc9c
Mir144
Rbm18
Got2
Eid2
Rcan1
Rpa1
AABR07024593.2
Atp6v1e1
Ttc4
Pygo2
Ddx47
Tecpr1
Mir22
Mir6326
Ccdc32
Plcxd3
Trub2
AABR07042541.1
Dnajc18
Dhcr24
Adarb1

baseMean
253.138
257.365
12.847
51.704
9.550
27.484
9.106
41.935
8.026
79.639
14.121
24.321
13.560
14.068
30.138
6.866
21.371
6.623
6.605
6.542
12.089
11.907
6.352
11.403
19.319
80.608
5.469
5.469
5.255
5.182
13.999
13.999
30.790
66.579
4.831
4.727
67.430
9.414
39.072

Enriched
log2FC lfcSE
8.997 1.895
6.598 1.457
5.550 1.341
5.425 1.411
5.123 1.332
5.076 1.024
5.055 1.255
4.931 0.989
4.873 1.248
4.850 0.841
4.806 1.629
4.804 1.036
4.746 1.618
4.693 1.156
4.666 0.895
4.647 1.256
4.609 1.033
4.597 1.292
4.590 1.722
4.579 1.283
4.558 1.132
4.534 1.122
4.534 1.262
4.478 1.261
4.456 1.096
4.441 0.769
4.319 1.315
4.317 1.342
4.260 1.508
4.240 1.413
4.201 1.495
4.201 1.495
4.146 0.805
4.142 0.544
4.137 1.445
4.110 1.336
4.100 0.634
4.079 1.151
4.073 0.830

stat
4.747
4.529
4.140
3.843
3.846
4.957
4.029
4.983
3.903
5.766
2.950
4.635
2.934
4.058
5.212
3.700
4.463
3.557
2.666
3.569
4.027
4.040
3.593
3.551
4.067
5.775
3.284
3.218
2.825
3.000
2.811
2.811
5.147
7.612
2.863
3.077
6.466
3.544
4.909

pvalue
2.065E-06
5.926E-06
3.472E-05
1.214E-04
1.200E-04
7.152E-07
5.595E-05
6.246E-07
9.508E-05
8.122E-09
3.179E-03
3.569E-06
3.349E-03
4.941E-05
1.864E-07
2.158E-04
8.074E-06
3.748E-04
7.685E-03
3.589E-04
5.648E-05
5.339E-05
3.263E-04
3.833E-04
4.757E-05
7.681E-09
1.022E-03
1.290E-03
4.735E-03
2.697E-03
4.942E-03
4.942E-03
2.640E-07
2.691E-14
4.201E-03
2.092E-03
1.009E-10
3.946E-04
9.147E-07

padj
5.948E-05
1.482E-04
6.707E-04
1.749E-03
1.736E-03
2.394E-05
9.482E-04
2.178E-05
1.452E-03
4.762E-07
2.280E-02
9.614E-05
2.366E-02
8.730E-04
7.809E-06
2.766E-03
1.911E-04
4.311E-03
4.191E-02
4.163E-03
9.523E-04
9.176E-04
3.866E-03
4.356E-03
8.520E-04
4.682E-07
9.429E-03
1.141E-02
3.061E-02
2.008E-02
3.159E-02
3.159E-02
1.029E-05
6.149E-12
2.817E-02
1.634E-02
9.977E-09
4.462E-03
2.886E-05

200
name
Rbm15b
Sema7a
Smg6
Rgs4
Cep68
Galnt16
Ykt6
AABR07042077.1
Fitm2
Tbc1d13
Hsdl1
Trappc5
Kif3b
Syt6
Tbc1d24
Smu1
Rcan3
AABR07050156.1
Dcaf5
Thnsl1
Hmg20a
Sstr1
Rgs14
Ankrd28
Mmgt1
AABR07067042.4
Pdap1
Spopl
Abcb10
Rnf34
Naf1
Zfp346
Cops2
RF00003
Prkar1b
Dcbld2
Jph3
Lgi3
Rab3c
Opa3
Kcnk1
Dnajc5
Nudt11
Lyrm7
Pcyt1b
Arf1
Ap3s2
Tmem250
Tecpr2
Dffa
Sc5d
Tef
Atcay
Fam174b
AABR07012826.1
Mgat3
Rgs2
Hcfc2
AABR07045405.1
Ube2d3
Psmd3
Ube2g2
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baseMean log2FC lfcSE
stat
pvalue
4.612
4.073 1.283
3.174 1.502E-03
54.796
4.007 0.619
6.472 9.701E-11
8.198
4.004 1.539
2.601 9.294E-03
142.124
4.003 0.611
6.549 5.788E-11
4.368
3.996 1.314
3.041 2.355E-03
14.214
3.987 1.014
3.933 8.406E-05
8.835
3.982 1.145
3.479 5.033E-04
56.417
3.945 0.607
6.499 8.086E-11
16.413
3.938 1.181
3.335 8.540E-04
8.766
3.934 1.250
3.147 1.650E-03
4.103
3.903 1.453
2.686 7.230E-03
4.008
3.871 1.369
2.828 4.684E-03
12.005
3.850 1.018
3.781 1.560E-04
3.942
3.845 1.345
2.859 4.251E-03
56.145
3.837 0.579
6.623 3.528E-11
3.817
3.799 1.345
2.824 4.744E-03
7.164
3.787 1.158
3.270 1.075E-03
7.164
3.787 1.158
3.270 1.075E-03
3.753
3.775 1.308
2.887 3.890E-03
7.095
3.774 1.180
3.198 1.386E-03
26.181
3.765 0.840
4.483 7.352E-06
11.165
3.765 1.089
3.458 5.442E-04
3.709
3.758 1.316
2.856 4.295E-03
46.357
3.756 0.865
4.341 1.420E-05
6.927
3.738 1.172
3.190 1.423E-03
3.635
3.727 1.332
2.798 5.148E-03
3.583
3.709 1.309
2.835 4.589E-03
3.590
3.709 1.368
2.711 6.713E-03
6.735
3.697 1.196
3.091 1.998E-03
3.547
3.694 1.315
2.808 4.988E-03
3.525
3.686 1.317
2.800 5.118E-03
3.523
3.685 1.371
2.689 7.169E-03
10.707
3.680 1.025
3.589 3.323E-04
3.488
3.670 1.312
2.796 5.173E-03
130.930
3.667 0.539
6.806 1.002E-11
7.428
3.658 1.170
3.126 1.774E-03
19.186
3.645 0.903
4.035 5.457E-05
3.421
3.643 1.323
2.753 5.906E-03
391.512
3.626 0.273 13.299 2.347E-40
3.378
3.624 1.314
2.758 5.809E-03
17.142
3.596 0.919
3.913 9.131E-05
134.157
3.587 0.410
8.760 1.960E-18
3.276
3.579 1.360
2.631 8.520E-03
10.998
3.577 1.031
3.468 5.242E-04
3.260
3.573 1.322
2.704 6.859E-03
29.097
3.558 0.704
5.055 4.306E-07
3.223
3.555 1.327
2.678 7.396E-03
10.798
3.555 1.116
3.185 1.450E-03
6.950
3.551 1.172
3.031 2.441E-03
6.059
3.546 1.362
2.604 9.206E-03
27.058
3.542 0.748
4.733 2.208E-06
39.223
3.538 0.587
6.024 1.705E-09
10.511
3.523 1.074
3.281 1.035E-03
3.143
3.521 1.334
2.640 8.291E-03
18.256
3.520 0.826
4.264 2.010E-05
17.283
3.514 1.034
3.399 6.756E-04
9.374
3.508 1.107
3.170 1.523E-03
5.929
3.505 1.160
3.022 2.511E-03
14.820
3.502 0.909
3.854 1.164E-04
67.064
3.499 0.724
4.832 1.348E-06
10.500
3.497 1.199
2.917 3.530E-03
5.839
3.489 1.322
2.638 8.328E-03

padj
1.267E-02
9.739E-09
4.818E-02
6.186E-09
1.810E-02
1.308E-03
5.449E-03
8.243E-09
8.142E-03
1.365E-02
4.031E-02
3.040E-02
2.127E-03
2.848E-02
4.101E-09
3.061E-02
9.827E-03
9.827E-03
2.667E-02
1.205E-02
1.778E-04
5.788E-03
2.864E-02
3.005E-04
1.226E-02
3.246E-02
2.992E-02
3.861E-02
1.582E-02
3.175E-02
3.236E-02
4.022E-02
3.911E-03
3.258E-02
1.355E-09
1.438E-02
9.296E-04
3.584E-02
5.184E-37
3.554E-02
1.397E-03
1.181E-15
4.516E-02
5.620E-03
3.891E-02
1.610E-05
4.085E-02
1.239E-02
1.861E-02
4.777E-02
6.306E-05
1.269E-07
9.521E-03
4.419E-02
4.123E-04
6.804E-03
1.277E-02
1.903E-02
1.698E-03
3.988E-05
2.467E-02
4.436E-02

201
name
Psma3l
Cnot7
Rims4
Rnf216
Mtmr9
Foxo3
Cdkn1b
Phf24
Zdhhc8
Slc36a4
Shc1
Chrnb2
Tgfb2
Pdk2
Hdac11
Gfer
Klhl23
Snrpd1
Abcg1
Map1lc3b
Pds5b
Tmem9
AABR07035790.1
Amz2
Ip6k1
Snn
Klhl24
Ndrg4
Manf
Nefl
Btrc
AABR07055917.1
Orc2
Islr2
Ermp1
RF00026
Ube3c
Zfyve27
Nptxr
Vapb
Rnf219
Crk
Slc35e1
Emc10
Zfpm2
AABR07018062.2
Gpr83
Wsb2
Fbxo28
RGD1561590
Efnb2
Bmpr1a
Dagla
Mapt
Fam32a
RGD1310429
Mir6327
Kcnf1
Ap3m2
Agap2
RF00427
Rab1a
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baseMean log2FC lfcSE
stat
pvalue
29.411
3.489 0.699
4.992 5.976E-07
10.251
3.468 1.015
3.415 6.370E-04
9.251
3.463 1.035
3.348 8.146E-04
5.641
3.434 1.214
2.830 4.661E-03
18.275
3.431 0.797
4.304 1.679E-05
18.466
3.429 0.803
4.269 1.961E-05
16.776
3.428 0.882
3.885 1.023E-04
22.176
3.408 0.734
4.641 3.472E-06
5.547
3.407 1.183
2.881 3.967E-03
12.787
3.403 0.925
3.679 2.340E-04
6.264
3.403 1.236
2.753 5.898E-03
6.148
3.399 1.163
2.924 3.458E-03
8.524
3.393 1.217
2.788 5.298E-03
15.908
3.393 0.957
3.544 3.945E-04
12.183
3.380 1.020
3.315 9.162E-04
27.319
3.372 0.693
4.867 1.132E-06
13.366
3.363 0.901
3.731 1.907E-04
35.042
3.349 0.740
4.525 6.029E-06
5.334
3.349 1.184
2.828 4.681E-03
12.206
3.347 0.950
3.523 4.272E-04
30.292
3.343 0.637
5.244 1.573E-07
5.262
3.326 1.170
2.842 4.478E-03
9.402
3.319 1.215
2.731 6.312E-03
27.043
3.317 0.858
3.867 1.102E-04
17.122
3.313 0.813
4.077 4.561E-05
8.356
3.312 1.043
3.174 1.503E-03
39.081
3.311 0.810
4.088 4.344E-05
161.997
3.306 0.428
7.724 1.129E-14
5.188
3.305 1.165
2.836 4.567E-03
113.472
3.304 0.782
4.227 2.366E-05
15.462
3.304 0.880
3.753 1.744E-04
9.287
3.303 1.037
3.184 1.451E-03
5.173
3.301 1.193
2.766 5.674E-03
9.305
3.300 1.057
3.122 1.794E-03
5.158
3.299 1.175
2.809 4.977E-03
15.160
3.297 0.921
3.581 3.419E-04
5.759
3.289 1.169
2.813 4.905E-03
8.045
3.284 1.137
2.889 3.859E-03
201.898
3.276 0.595
5.504 3.718E-08
15.161
3.259 0.857
3.801 1.441E-04
5.819
3.248 1.193
2.723 6.476E-03
4.961
3.240 1.184
2.736 6.218E-03
4.930
3.229 1.218
2.651 8.020E-03
4.887
3.218 1.182
2.722 6.496E-03
7.723
3.215 1.109
2.900 3.736E-03
4.871
3.212 1.198
2.681 7.344E-03
4.873
3.211 1.180
2.722 6.488E-03
7.747
3.205 1.062
3.018 2.548E-03
4.821
3.195 1.171
2.727 6.389E-03
4.768
3.179 1.194
2.662 7.763E-03
16.845
3.179 0.919
3.460 5.407E-04
8.406
3.178 1.023
3.108 1.884E-03
22.310
3.168 0.720
4.398 1.093E-05
161.296
3.158 0.459
6.881 5.948E-12
11.884
3.151 0.920
3.424 6.179E-04
15.054
3.142 0.965
3.256 1.129E-03
8.238
3.141 1.038
3.026 2.481E-03
13.045
3.141 1.023
3.071 2.134E-03
15.079
3.139 0.831
3.776 1.597E-04
63.252
3.128 0.526
5.945 2.771E-09
63.743
3.125 0.455
6.875 6.205E-12
37.838
3.118 0.561
5.560 2.703E-08

padj
2.101E-05
6.533E-03
7.863E-03
3.030E-02
3.498E-04
4.036E-04
1.538E-03
9.502E-05
2.704E-02
2.926E-03
3.584E-02
2.427E-02
3.315E-02
4.462E-03
8.624E-03
3.425E-05
2.488E-03
1.496E-04
3.040E-02
4.782E-03
6.723E-06
2.941E-02
3.723E-02
1.619E-03
8.234E-04
1.267E-02
7.962E-04
2.673E-12
2.981E-02
4.680E-04
2.302E-03
1.239E-02
3.484E-02
1.450E-02
3.174E-02
4.002E-03
3.143E-02
2.652E-02
1.910E-06
1.993E-03
3.777E-02
3.695E-02
4.327E-02
3.779E-02
2.578E-02
4.073E-02
3.779E-02
1.925E-02
3.746E-02
4.230E-02
5.769E-03
1.511E-02
2.471E-04
8.757E-10
6.377E-03
1.024E-02
1.889E-02
1.663E-02
2.159E-03
1.895E-07
8.937E-10
1.444E-06

202
name
RF00003
Gna11
Mpped1
Lsm11
Fam168a
Actr2
Tmem8b
Naa15
Pcmt1
AABR07068351.1
RF00026
G3bp2
Elmo2
Flywch1
LOC102548514
AC111804.2
Ogfod1
Ddx3x
Sumo3
Zfp639
Sgtb
RF00004
Uhrf1bp1l
Map1lc3a
Pdcd6ip
Stx1a
Gnb4
Mir127
Hif3a
Xpot
Timp2
Agpat4
Cnpy2
Efr3b
Nrip3
RF00003
Selenop
Fam168b
Ccser2
Kcnab2
Cops8
Nexmif
Rbfox1
Eif1ax
Srsf3
Mad2l1
Acsl4
Selenof
Urm1
Slc23a2
Ipp
Usp22
Pithd1
Deptor
Cx3cl1
Ormdl3
Dusp7
RF00003
Ypel5
Ube2n
Slc6a1
Sort1

Appendix C. STAU2 targets
Table C.1 – Continued from previous page
baseMean log2FC lfcSE
stat
pvalue
280.068
3.117 0.604
5.160 2.472E-07
23.244
3.112 0.702
4.436 9.180E-06
42.177
3.096 0.531
5.827 5.659E-09
8.022
3.096 1.061
2.920 3.505E-03
51.985
3.089 0.564
5.473 4.426E-08
35.718
3.083 0.572
5.389 7.098E-08
14.454
3.082 0.890
3.462 5.361E-04
7.032
3.077 1.127
2.729 6.348E-03
35.573
3.073 0.563
5.460 4.759E-08
15.905
3.058 0.868
3.524 4.247E-04
23.230
3.056 0.670
4.560 5.116E-06
64.048
3.055 0.451
6.772 1.269E-11
7.773
3.043 1.068
2.850 4.367E-03
14.036
3.025 0.835
3.623 2.909E-04
9.784
3.019 0.972
3.107 1.893E-03
22.492
3.016 0.686
4.400 1.083E-05
23.604
3.016 0.779
3.873 1.076E-04
18.366
3.012 0.725
4.156 3.233E-05
14.887
3.012 0.811
3.714 2.041E-04
10.609
2.999 0.992
3.024 2.497E-03
17.213
2.997 0.753
3.982 6.841E-05
18.017
2.975 0.773
3.847 1.198E-04
6.660
2.969 1.058
2.805 5.027E-03
17.907
2.965 0.772
3.838 1.239E-04
6.551
2.956 1.101
2.686 7.226E-03
42.967
2.955 0.628
4.705 2.539E-06
6.485
2.945 1.113
2.647 8.119E-03
30.598
2.944 1.091
2.699 6.956E-03
13.175
2.940 0.905
3.247 1.165E-03
6.498
2.933 1.057
2.776 5.504E-03
81.122
2.930 0.431
6.798 1.064E-11
6.431
2.929 1.098
2.667 7.656E-03
15.984
2.927 0.942
3.109 1.878E-03
43.493
2.918 0.622
4.693 2.693E-06
23.205
2.918 0.740
3.943 8.041E-05
26.512
2.909 0.752
3.871 1.084E-04
56.198
2.908 0.462
6.294 3.101E-10
90.780
2.901 0.542
5.349 8.829E-08
12.979
2.899 0.827
3.504 4.588E-04
23.062
2.897 0.666
4.348 1.371E-05
8.776
2.887 1.040
2.777 5.489E-03
7.210
2.882 1.045
2.758 5.821E-03
156.839
2.880 0.316
9.106 8.580E-20
45.798
2.880 0.499
5.774 7.740E-09
8.963
2.876 0.957
3.006 2.644E-03
7.025
2.874 1.065
2.698 6.983E-03
50.189
2.868 0.471
6.084 1.169E-09
19.092
2.867 0.796
3.602 3.160E-04
9.994
2.865 1.041
2.752 5.922E-03
39.428
2.862 0.496
5.770 7.942E-09
6.190
2.857 1.056
2.705 6.831E-03
57.875
2.857 0.475
6.011 1.843E-09
12.524
2.840 0.823
3.449 5.626E-04
9.803
2.835 0.986
2.876 4.028E-03
78.438
2.828 0.513
5.515 3.487E-08
6.818
2.822 1.084
2.604 9.203E-03
68.235
2.819 0.662
4.258 2.063E-05
16.149
2.809 0.921
3.049 2.298E-03
18.021
2.805 0.712
3.942 8.081E-05
20.581
2.803 0.691
4.058 4.955E-05
57.270
2.799 0.684
4.093 4.254E-05
88.537
2.796 0.378
7.401 1.348E-13

padj
9.692E-06
2.142E-04
3.605E-07
2.455E-02
2.256E-06
3.383E-06
5.729E-03
3.735E-02
2.389E-06
4.761E-03
1.299E-04
1.617E-09
2.890E-02
3.499E-03
1.516E-02
2.466E-04
1.588E-03
6.282E-04
2.646E-03
1.897E-02
1.111E-03
1.736E-03
3.188E-02
1.777E-03
4.031E-02
7.189E-05
4.349E-02
3.929E-02
1.051E-02
3.412E-02
1.383E-09
4.182E-02
1.510E-02
7.562E-05
1.266E-03
1.596E-03
2.854E-08
3.980E-06
5.025E-03
2.922E-04
3.409E-02
3.558E-02
8.122E-17
4.682E-07
1.978E-02
3.941E-02
9.560E-08
3.780E-03
3.584E-02
4.727E-07
3.891E-02
1.357E-07
5.925E-03
2.729E-02
1.805E-06
4.777E-02
4.206E-04
1.773E-02
1.266E-03
8.732E-04
7.852E-04
2.481E-11

203
name
Actr1a
Smcr8
Enc1
Pcyox1
Nxph1
Mgrn1
B4galt6
Prpf19
Ube2ql1
Zer1
Arnt2
Arf3
Reep1
Slc30a3
Mapk1
Ankh
Luzp1
AC106663.2
Ppp3r1
Arl2bp
Ywhag
Cacna2d1
Slc35f1
Nfib
Pigq
Prkar2a
Nifk
Slc12a5
Cds2
Kbtbd11
Foxj3
Tenm3
Nat8l
Khdrbs1
Tppp
Itm2c
Ipcef1
Ndst1
Usp46
AABR07065531.4
AABR07065531.2
Amigo1
Chordc1
Fam131b
Pnma8a
Nr2c2
Pdia3
Fam169a
Tomm20
Mosmo
Slc35f3
Rnf165
Rangap1
Tmed8
Akap6
Mtmr4
Azin1
Oprl1
Mir540
Rcc2
RF00398
Tmem33
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baseMean log2FC lfcSE
stat
pvalue
9.353
2.796 1.028
2.721 6.510E-03
6.815
2.786 1.041
2.675 7.474E-03
192.717
2.781 0.380
7.319 2.501E-13
36.098
2.776 0.558
4.971 6.649E-07
18.403
2.770 0.689
4.017 5.890E-05
32.744
2.765 0.558
4.957 7.153E-07
133.078
2.758 0.310
8.884 6.468E-19
21.181
2.747 0.796
3.451 5.582E-04
11.767
2.746 0.858
3.201 1.371E-03
10.574
2.743 0.921
2.977 2.907E-03
25.820
2.739 0.668
4.103 4.080E-05
10.819
2.738 1.021
2.681 7.332E-03
47.908
2.728 0.508
5.374 7.694E-08
25.310
2.719 0.781
3.483 4.967E-04
283.785
2.714 0.310
8.763 1.907E-18
7.933
2.709 0.997
2.718 6.575E-03
16.394
2.707 0.761
3.555 3.782E-04
52.697
2.705 0.516
5.238 1.622E-07
287.869
2.700 0.291
9.273 1.806E-20
45.712
2.693 0.557
4.839 1.306E-06
490.145
2.692 0.346
7.779 7.321E-15
148.062
2.691 0.319
8.446 3.017E-17
11.408
2.690 0.832
3.232 1.227E-03
86.094
2.685 0.389
6.907 4.958E-12
10.368
2.681 0.872
3.074 2.113E-03
13.416
2.679 0.851
3.146 1.654E-03
15.145
2.650 1.023
2.591 9.583E-03
110.674
2.642 0.367
7.200 6.030E-13
256.337
2.640 0.311
8.487 2.119E-17
9.789
2.637 0.980
2.691 7.134E-03
14.894
2.637 0.739
3.568 3.593E-04
17.100
2.629 0.779
3.372 7.459E-04
196.341
2.626 0.390
6.734 1.645E-11
22.305
2.625 0.738
3.555 3.778E-04
111.718
2.625 0.428
6.138 8.380E-10
70.840
2.624 0.462
5.680 1.344E-08
33.092
2.599 0.538
4.834 1.339E-06
7.449
2.595 0.970
2.676 7.455E-03
9.495
2.595 0.956
2.713 6.665E-03
36.053
2.594 0.958
2.708 6.770E-03
36.053
2.594 0.958
2.708 6.770E-03
10.791
2.581 0.936
2.759 5.804E-03
23.424
2.580 0.608
4.242 2.212E-05
23.740
2.575 0.593
4.343 1.403E-05
37.314
2.575 0.615
4.185 2.853E-05
14.120
2.573 0.772
3.335 8.540E-04
17.225
2.569 0.756
3.397 6.822E-04
9.483
2.567 0.941
2.729 6.360E-03
39.518
2.554 0.471
5.420 5.953E-08
15.494
2.554 0.696
3.669 2.432E-04
31.604
2.545 0.741
3.435 5.935E-04
61.483
2.542 0.442
5.757 8.538E-09
19.876
2.540 0.673
3.772 1.619E-04
15.027
2.540 0.723
3.514 4.414E-04
35.673
2.531 0.502
5.043 4.582E-07
9.088
2.530 0.964
2.624 8.698E-03
39.175
2.530 0.466
5.434 5.514E-08
9.155
2.524 0.938
2.692 7.112E-03
30.241
2.522 0.901
2.799 5.129E-03
11.502
2.514 0.811
3.100 1.936E-03
11.502
2.514 0.811
3.100 1.936E-03
25.160
2.511 0.631
3.978 6.957E-05

padj
3.784E-02
4.110E-02
4.479E-11
2.307E-05
9.806E-04
2.394E-05
5.357E-16
5.890E-03
1.195E-02
2.117E-02
7.680E-04
4.072E-02
3.548E-06
5.395E-03
1.181E-15
3.811E-02
4.329E-03
6.887E-06
1.995E-17
3.897E-05
1.835E-12
1.333E-14
1.095E-02
7.466E-10
1.649E-02
1.365E-02
4.926E-02
1.024E-10
1.003E-14
4.010E-02
4.163E-03
7.344E-03
2.057E-09
4.329E-03
7.029E-08
7.549E-07
3.979E-05
4.103E-02
3.842E-02
3.877E-02
3.877E-02
3.554E-02
4.428E-04
2.980E-04
5.577E-04
8.142E-03
6.838E-03
3.737E-02
2.879E-06
3.012E-03
6.174E-03
4.963E-07
2.185E-03
4.890E-03
1.687E-05
4.595E-02
2.726E-06
4.004E-02
3.240E-02
1.542E-02
1.542E-02
1.124E-03

204
name
AABR07073186.1
Hpcal4
Smim17
Apc2
Plcxd2
Sez6l
Atp6v1b2
Pum2
Pdha1
Tmem179
Sult4a1
AABR07005633.1
Gda
Arcn1
Gtf3c4
Tmcc2
Kcna2
Ak5
Pkia
Kpna1
Adap1
Cds1
Hdgf
Syngr1
Mir665
Ankrd12
Rab6b
Nptx1
Nkiras1
Fbxw11
Spock3
Camk2a
Dkk3
Wdr47
Bag4
Cplx1
RGD1304884
Rnf187
Hspa4l
Zdhhc21
Syngr3
Thrb
Strbp
Gnl3l
Mir337
Abhd2
Lmtk2
Mir103a1
Ghitm
Brsk2
Enpp5
Add1
Ulk1
Sema3e
Fbxo11
Capza2
Smpd3
Gmfb
MARCH6
Kif3c
AABR07007916.1
Tub

Appendix C. STAU2 targets
Table C.1 – Continued from previous page
baseMean log2FC lfcSE
stat
pvalue
11.451
2.507 0.811
3.091 1.993E-03
56.211
2.505 0.482
5.199 2.002E-07
9.155
2.501 0.899
2.782 5.411E-03
13.605
2.501 0.796
3.140 1.689E-03
56.546
2.498 0.465
5.368 7.954E-08
30.249
2.495 0.627
3.978 6.952E-05
131.684
2.493 0.412
6.053 1.419E-09
36.790
2.491 0.738
3.374 7.414E-04
7.993
2.490 0.939
2.650 8.042E-03
17.900
2.488 0.738
3.370 7.506E-04
16.634
2.486 0.706
3.521 4.292E-04
14.744
2.473 0.698
3.542 3.968E-04
87.910
2.472 0.357
6.926 4.331E-12
19.143
2.470 0.872
2.831 4.634E-03
30.745
2.468 0.620
3.983 6.800E-05
33.553
2.467 0.501
4.929 8.279E-07
63.387
2.463 0.470
5.245 1.567E-07
28.652
2.462 0.667
3.692 2.227E-04
47.800
2.462 0.456
5.400 6.653E-08
12.002
2.461 0.822
2.992 2.772E-03
21.142
2.458 0.639
3.845 1.205E-04
7.787
2.446 0.941
2.600 9.324E-03
10.590
2.445 0.906
2.697 6.993E-03
37.056
2.444 0.540
4.526 6.024E-06
28.891
2.444 0.908
2.691 7.134E-03
12.200
2.444 0.794
3.077 2.091E-03
114.983
2.442 0.723
3.379 7.263E-04
164.257
2.436 0.398
6.129 8.851E-10
34.999
2.432 0.490
4.961 7.006E-07
70.429
2.427 0.389
6.232 4.615E-10
10.798
2.424 0.828
2.928 3.411E-03
711.601
2.416 0.400
6.043 1.512E-09
16.089
2.415 0.673
3.588 3.333E-04
22.171
2.414 0.665
3.631 2.828E-04
35.113
2.411 0.483
4.991 5.992E-07
157.707
2.407 0.296
8.132 4.238E-16
24.876
2.405 0.613
3.922 8.773E-05
36.560
2.403 0.506
4.752 2.013E-06
20.189
2.402 0.597
4.025 5.688E-05
25.358
2.402 0.578
4.157 3.230E-05
10.881
2.399 0.850
2.822 4.776E-03
15.921
2.398 0.672
3.571 3.558E-04
39.335
2.382 0.485
4.910 9.090E-07
23.676
2.378 0.900
2.643 8.208E-03
31.660
2.378 0.888
2.678 7.417E-03
39.220
2.375 0.482
4.926 8.381E-07
107.760
2.372 0.340
6.971 3.153E-12
31.419
2.362 0.714
3.307 9.417E-04
20.698
2.353 0.680
3.459 5.430E-04
21.499
2.353 0.617
3.815 1.364E-04
9.517
2.353 0.839
2.806 5.018E-03
23.794
2.352 0.553
4.254 2.102E-05
17.820
2.349 0.682
3.445 5.711E-04
12.397
2.348 0.740
3.173 1.507E-03
15.336
2.346 0.682
3.442 5.772E-04
49.438
2.342 0.473
4.958 7.135E-07
19.077
2.342 0.691
3.388 7.042E-04
24.226
2.342 0.577
4.061 4.886E-05
59.659
2.342 0.453
5.171 2.333E-07
49.966
2.336 0.435
5.374 7.710E-08
189.179
2.335 0.358
6.529 6.636E-11
16.434
2.330 0.652
3.575 3.503E-04

padj
1.579E-02
8.190E-06
3.369E-02
1.385E-02
3.635E-06
1.124E-03
1.120E-07
7.321E-03
4.335E-02
7.379E-03
4.788E-03
4.464E-03
6.674E-10
3.019E-02
1.107E-03
2.689E-05
6.723E-06
2.805E-03
3.194E-06
2.045E-02
1.739E-03
4.825E-02
3.943E-02
1.496E-04
4.010E-02
1.634E-02
7.226E-03
7.331E-08
2.385E-05
4.024E-08
2.402E-02
1.178E-07
3.916E-03
3.413E-03
2.101E-05
1.348E-13
1.349E-03
5.825E-05
9.563E-04
6.282E-04
3.079E-02
4.136E-03
2.884E-05
4.386E-02
4.092E-02
2.709E-05
5.095E-10
8.812E-03
5.784E-03
1.910E-03
3.185E-02
4.273E-04
5.978E-03
1.269E-02
6.024E-03
2.394E-05
7.049E-03
8.703E-04
9.255E-06
3.548E-06
6.980E-09
4.094E-03

205
name
Lzts1
Stk24
Hnrnpa3
Homer1
Nmt2
Rap2c
Tmem198
Kifap3
Mtmr6
Prkcb
Syt13
Nceh1
Ppp3cb
Slc2a13
Ncoa2
LOC690000
Acvr1b
Selenot
Synj2
Gpr158
Lypla2
Mecp2
Gpm6b
Nek7
Tmem121b
Ssbp2
Pgap1
Ythdf3
Pak1
Cry2
Prnp
Ccny
Dpp6
Grb10
Grin1
Nedd4l
Wrb
Ube2j1
Lpgat1
Syncrip
Nedd4
Csnk1a1
Mapk9
Agfg1
Mtpn
Spock2
Crebrf
Lancl1
Ptprd
Fsd1l
Fam53c
Kcnk9
Nnat
Tmx1
AABR07027088.1
Glg1
Egr3
Stum
Rtn3
AY172581.21
AC113635.2
Vxn
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baseMean log2FC lfcSE
stat
pvalue
11.880
2.327 0.812
2.866 4.163E-03
16.988
2.323 0.728
3.193 1.407E-03
42.255
2.321 0.469
4.943 7.702E-07
16.932
2.320 0.677
3.429 6.065E-04
18.524
2.315 0.627
3.695 2.202E-04
18.432
2.314 0.697
3.320 8.987E-04
51.181
2.310 0.870
2.655 7.942E-03
46.732
2.305 0.436
5.292 1.209E-07
11.010
2.301 0.781
2.946 3.223E-03
326.450
2.288 0.336
6.802 1.034E-11
10.906
2.279 0.761
2.995 2.743E-03
17.907
2.271 0.690
3.293 9.924E-04
84.101
2.267 0.516
4.392 1.123E-05
13.818
2.266 0.749
3.025 2.485E-03
23.366
2.265 0.577
3.923 8.739E-05
9.032
2.265 0.847
2.674 7.505E-03
58.749
2.263 0.477
4.745 2.089E-06
58.755
2.263 0.407
5.554 2.789E-08
10.988
2.259 0.764
2.958 3.094E-03
77.678
2.258 0.460
4.915 8.886E-07
8.765
2.255 0.843
2.676 7.446E-03
83.007
2.254 0.338
6.673 2.513E-11
131.023
2.253 0.828
2.722 6.492E-03
11.552
2.249 0.801
2.808 4.983E-03
10.573
2.247 0.814
2.759 5.801E-03
15.585
2.241 0.660
3.398 6.792E-04
18.874
2.239 0.669
3.348 8.146E-04
24.507
2.237 0.645
3.468 5.236E-04
42.949
2.237 0.507
4.407 1.047E-05
8.662
2.236 0.848
2.636 8.378E-03
70.514
2.233 0.428
5.211 1.874E-07
10.488
2.229 0.801
2.785 5.358E-03
52.549
2.229 0.394
5.656 1.550E-08
9.696
2.228 0.858
2.596 9.444E-03
28.138
2.223 0.697
3.190 1.424E-03
52.637
2.220 0.440
5.041 4.636E-07
9.616
2.218 0.847
2.620 8.798E-03
23.697
2.212 0.660
3.354 7.978E-04
19.013
2.212 0.617
3.583 3.390E-04
28.546
2.207 0.562
3.925 8.690E-05
60.125
2.206 0.457
4.828 1.378E-06
66.694
2.205 0.374
5.900 3.631E-09
66.240
2.203 0.566
3.892 9.936E-05
12.465
2.198 0.810
2.715 6.634E-03
164.834
2.197 0.426
5.164 2.423E-07
152.020
2.196 0.388
5.655 1.556E-08
13.804
2.191 0.817
2.681 7.345E-03
35.065
2.190 0.465
4.714 2.433E-06
129.269
2.188 0.330
6.637 3.201E-11
15.763
2.186 0.651
3.356 7.913E-04
13.849
2.186 0.799
2.735 6.246E-03
26.908
2.185 0.582
3.754 1.739E-04
60.316
2.181 0.425
5.125 2.980E-07
16.825
2.180 0.661
3.298 9.735E-04
12.763
2.179 0.829
2.627 8.610E-03
20.212
2.173 0.586
3.712 2.057E-04
49.514
2.173 0.499
4.357 1.321E-05
15.056
2.170 0.810
2.679 7.394E-03
156.348
2.169 0.471
4.605 4.124E-06
133.897
2.155 0.316
6.810 9.761E-12
30.382
2.151 0.604
3.560 3.709E-04
21.249
2.148 0.673
3.190 1.423E-03

padj
2.797E-02
1.217E-02
2.526E-05
6.279E-03
2.795E-03
8.494E-03
4.306E-02
5.270E-06
2.306E-02
1.370E-09
2.033E-02
9.197E-03
2.513E-04
1.890E-02
1.347E-03
4.120E-02
5.992E-05
1.478E-06
2.236E-02
2.845E-05
4.101E-02
3.083E-09
3.779E-02
3.175E-02
3.554E-02
6.819E-03
7.863E-03
5.620E-03
2.409E-04
4.455E-02
7.809E-06
3.350E-02
8.589E-07
4.877E-02
1.226E-02
1.697E-05
4.627E-02
7.751E-03
3.976E-03
1.342E-03
4.057E-05
2.382E-07
1.500E-03
3.832E-02
9.557E-06
8.589E-07
4.073E-02
6.918E-05
3.788E-09
7.711E-03
3.698E-02
2.299E-03
1.148E-05
9.059E-03
4.557E-02
2.662E-03
2.861E-04
4.085E-02
1.084E-04
1.347E-09
4.274E-03
1.226E-02

206
name
AY172581.19
Clcn6
Nipa2
RGD1566265
Fam120b
AC135741.1
Pank3
Mef2a
Rap1b
Pcdh19
Cmtm4
AC109877.1
Hif1an
AY172581.7
Isca1
Rab11fip4
Gfod1
Fbxo41
Eif4h
AABR07004881.1
Ppp2r5c
Cpeb3
AY172581.10
Kif3a
AY172581.22
Fbxo21
Hmbox1
Gabrb2
Prps1
Enpp4
Gpd1l
Dynll2
Kcnj4
Napb
Arhgef9
Necap1
Chrna7
Lrtm2
Bicd2
Snx13
Arhgdia
Sdc3
AY172581.18
Synj1
Cadm2
Diras2
Clpb
Fndc3a
Syt1
Epm2aip1
Irgq
Asb1
RF00003
Pianp
Slc30a4
Zc3h15
Kif5c
D430019H16Rik
Hspa4
Clstn1
Adar
Emc1
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baseMean log2FC lfcSE
stat
pvalue
365.547
2.147 0.264
8.125 4.477E-16
17.248
2.146 0.687
3.124 1.783E-03
12.023
2.146 0.819
2.621 8.765E-03
63.393
2.144 0.372
5.769 7.990E-09
12.597
2.139 0.786
2.723 6.475E-03
61.503
2.139 0.394
5.431 5.613E-08
31.378
2.131 0.606
3.514 4.420E-04
42.867
2.128 0.409
5.204 1.955E-07
15.433
2.126 0.652
3.259 1.117E-03
13.357
2.125 0.707
3.006 2.649E-03
26.026
2.123 0.562
3.778 1.578E-04
45.009
2.119 0.421
5.029 4.925E-07
11.429
2.109 0.779
2.706 6.816E-03
263.020
2.095 0.265
7.919 2.402E-15
33.525
2.091 0.799
2.617 8.874E-03
49.228
2.084 0.466
4.474 7.687E-06
17.609
2.083 0.649
3.210 1.330E-03
14.970
2.081 0.664
3.136 1.713E-03
61.806
2.062 0.378
5.461 4.741E-08
43.476
2.057 0.598
3.442 5.773E-04
27.619
2.056 0.517
3.977 6.988E-05
59.151
2.055 0.401
5.126 2.956E-07
254.601
2.055 0.253
8.139 3.984E-16
22.637
2.050 0.681
3.011 2.602E-03
217.182
2.050 0.249
8.245 1.651E-16
16.193
2.042 0.650
3.143 1.671E-03
13.565
2.036 0.715
2.848 4.397E-03
95.899
2.033 0.350
5.805 6.453E-09
9.401
2.031 0.772
2.631 8.516E-03
11.042
2.030 0.737
2.756 5.853E-03
17.331
2.029 0.627
3.238 1.202E-03
110.544
2.029 0.367
5.537 3.080E-08
36.591
2.028 0.496
4.085 4.400E-05
101.156
2.027 0.308
6.587 4.485E-11
24.689
2.025 0.552
3.671 2.421E-04
13.841
2.021 0.745
2.711 6.709E-03
19.183
2.020 0.626
3.226 1.257E-03
19.480
2.018 0.649
3.108 1.881E-03
20.050
2.017 0.600
3.363 7.711E-04
10.297
2.015 0.754
2.672 7.550E-03
29.388
2.013 0.658
3.058 2.232E-03
15.071
2.010 0.648
3.100 1.934E-03
245.102
2.007 0.244
8.233 1.821E-16
64.374
2.005 0.582
3.447 5.659E-04
107.897
2.003 0.511
3.917 8.953E-05
62.618
2.003 0.453
4.418 9.966E-06
18.833
2.000 0.585
3.416 6.352E-04
18.138
1.997 0.661
3.019 2.533E-03
429.964
1.996 0.302
6.599 4.135E-11
158.403
1.991 0.335
5.941 2.841E-09
12.425
1.990 0.686
2.902 3.706E-03
26.750
1.989 0.621
3.202 1.365E-03
36.356
1.984 0.527
3.765 1.663E-04
99.209
1.983 0.406
4.880 1.062E-06
12.435
1.978 0.733
2.697 6.998E-03
18.836
1.977 0.586
3.373 7.437E-04
113.702
1.976 0.402
4.918 8.734E-07
18.541
1.973 0.577
3.419 6.276E-04
12.345
1.973 0.712
2.769 5.616E-03
57.816
1.965 0.522
3.769 1.642E-04
19.207
1.963 0.580
3.384 7.145E-04
22.299
1.956 0.612
3.196 1.395E-03

padj
1.348E-13
1.443E-02
4.620E-02
4.727E-07
3.777E-02
2.754E-06
4.890E-03
8.047E-06
1.015E-02
1.979E-02
2.143E-03
1.781E-05
3.890E-02
6.367E-13
4.655E-02
1.826E-04
1.170E-02
1.401E-02
2.389E-06
6.024E-03
1.124E-03
1.145E-05
1.348E-13
1.951E-02
6.436E-14
1.374E-02
2.902E-02
4.034E-07
4.516E-02
3.571E-02
1.078E-02
1.607E-06
8.009E-04
5.037E-09
3.004E-03
3.861E-02
1.118E-02
1.511E-02
7.558E-03
4.137E-02
1.732E-02
1.542E-02
6.702E-14
5.942E-03
1.373E-03
2.317E-04
6.525E-03
1.918E-02
4.724E-09
1.895E-07
2.565E-02
1.192E-02
2.219E-03
3.246E-05
3.943E-02
7.333E-03
2.809E-05
6.457E-03
3.461E-02
2.205E-03
7.130E-03
1.211E-02

207
name
Lrrc58
Negr1
Elavl4
Ppm1e
Rhob
Mt-nd6
Dync1li2
Src
Ppp2r2c
Mir186
Lasp1
AY172581.20
Tm9sf3
LOC294154
AY172581.2
Ap2a2
Ncln
Yaf2
AABR07027306.1
Srpk2
Rab14
Sh3gl2
Cdk14
Tmem130
Slc4a8
Rac1
Mark1
Chd5
Tsn
Slc4a10
Dtx3
Gdi1
Ifnar1
Pld3
Mmp16
Tspan5
Efhd2
Napg
Rnf44
Frmd8
Sestd1
Scamp5
Ppm1h
Klf9
Syt2
Prkaa2
Skil
Serpini1
Blcap
Strn
Cadm4
Kcnj3
Reep5
Dnajc6
Fam234b
RF00153
Nebl
Lmo4
Prkacb
RF00570
Efr3a
Hipk3

Table C.1 – Continued from previous page
baseMean log2FC lfcSE
stat
pvalue
55.025
1.945 0.397
4.904 9.395E-07
25.175
1.945 0.576
3.375 7.374E-04
28.441
1.943 0.570
3.408 6.535E-04
20.224
1.935 0.568
3.404 6.646E-04
28.361
1.930 0.639
3.019 2.536E-03
644.131
1.927 0.258
7.484 7.229E-14
24.151
1.926 0.528
3.644 2.684E-04
19.591
1.908 0.727
2.624 8.703E-03
15.952
1.905 0.618
3.081 2.064E-03
23.892
1.904 0.563
3.383 7.162E-04
53.859
1.903 0.548
3.471 5.187E-04
540.784
1.902 0.318
5.987 2.133E-09
27.258
1.901 0.506
3.758 1.711E-04
18.923
1.898 0.619
3.065 2.179E-03
665.349
1.898 0.375
5.054 4.325E-07
15.434
1.894 0.665
2.849 4.380E-03
15.247
1.887 0.722
2.615 8.926E-03
31.824
1.887 0.492
3.835 1.253E-04
15.499
1.883 0.630
2.991 2.783E-03
29.020
1.880 0.645
2.915 3.552E-03
40.831
1.878 0.410
4.585 4.543E-06
38.690
1.860 0.458
4.064 4.820E-05
37.692
1.859 0.461
4.032 5.527E-05
46.586
1.856 0.428
4.336 1.454E-05
19.421
1.855 0.544
3.408 6.553E-04
23.915
1.851 0.650
2.847 4.410E-03
13.276
1.849 0.654
2.827 4.706E-03
33.377
1.847 0.491
3.759 1.705E-04
11.959
1.844 0.706
2.612 9.006E-03
40.492
1.841 0.455
4.043 5.283E-05
18.968
1.839 0.663
2.774 5.545E-03
55.216
1.831 0.418
4.380 1.187E-05
19.007
1.830 0.603
3.035 2.409E-03
28.668
1.827 0.704
2.595 9.472E-03
14.533
1.813 0.643
2.821 4.793E-03
41.477
1.812 0.404
4.489 7.170E-06
43.371
1.801 0.473
3.806 1.412E-04
32.903
1.798 0.443
4.060 4.912E-05
28.644
1.796 0.472
3.803 1.432E-04
19.398
1.792 0.634
2.826 4.709E-03
53.775
1.790 0.421
4.249 2.146E-05
56.892
1.786 0.426
4.198 2.698E-05
13.241
1.785 0.657
2.719 6.558E-03
15.957
1.781 0.590
3.017 2.553E-03
24.610
1.780 0.511
3.486 4.898E-04
14.856
1.776 0.619
2.869 4.116E-03
38.028
1.776 0.447
3.972 7.118E-05
16.991
1.771 0.611
2.901 3.723E-03
26.627
1.767 0.474
3.731 1.908E-04
30.559
1.767 0.477
3.704 2.126E-04
12.217
1.764 0.676
2.612 9.012E-03
16.049
1.759 0.612
2.875 4.040E-03
50.140
1.757 0.402
4.368 1.252E-05
14.804
1.757 0.679
2.586 9.704E-03
39.446
1.754 0.477
3.678 2.346E-04
30.824
1.750 0.528
3.317 9.086E-04
14.272
1.743 0.642
2.716 6.614E-03
18.573
1.740 0.573
3.035 2.403E-03
93.605
1.738 0.304
5.712 1.117E-08
26.612
1.732 0.520
3.330 8.689E-04
17.087
1.725 0.588
2.932 3.368E-03
78.577
1.724 0.318
5.429 5.653E-08

padj
2.950E-05
7.310E-03
6.662E-03
6.733E-03
1.918E-02
1.497E-11
3.293E-03
4.595E-02
1.622E-02
7.136E-03
5.589E-03
1.553E-07
2.268E-03
1.695E-02
1.610E-05
2.893E-02
4.672E-02
1.790E-03
2.051E-02
2.480E-02
1.167E-04
8.608E-04
9.390E-04
3.068E-04
6.669E-03
2.907E-02
3.047E-02
2.264E-03
4.706E-02
9.163E-04
3.433E-02
2.613E-04
1.841E-02
4.888E-02
3.083E-02
1.740E-04
1.970E-03
8.726E-04
1.989E-03
3.047E-02
4.336E-04
5.289E-04
3.805E-02
1.926E-02
5.329E-03
2.769E-02
1.139E-03
2.572E-02
2.488E-03
2.735E-03
4.706E-02
2.732E-02
2.739E-04
4.973E-02
2.926E-03
8.576E-03
3.827E-02
1.841E-02
6.379E-07
8.249E-03
2.376E-02
2.754E-06

208
name
Purb
Pitpna
Epdr1
Bcl11b
Tmx4
Zranb2
Sv2a
AABR07053152.1
Fam91a1
Atxn7l3
Cadm3
Scn1b
Reps2
Ets2
Ensa
Elmod1
Dnm3
Crebl2
Zdhhc17
Cd200
RF01164
Tmed10
Pde2a
Zyg11b
Ddrgk1
Syt11
Cpeb4
Btbd3
Pafah1b1
Sec22b
Prkar1a
Agpat3
Ntm
Eif5a2
Ppm1a
Golph3l
Sec62
AABR07065531.1
Bcl11a
Cacna2d2
RF00181
Ank2
AC111885.1
Mrfap1
Zfp365
Etl4
RF00181
AABR07059527.1
Grm3
Eif1
Mir673
Irf2bp2
Fam20b
Celf4
Tspan7
Ccdc115
Slc7a2
St6gal2
RF00181
Nmnat2

Appendix C. STAU2 targets
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baseMean log2FC lfcSE
stat
pvalue
105.561
1.722 0.392
4.389 1.139E-05
32.233
1.722 0.501
3.434 5.957E-04
15.400
1.720 0.631
2.727 6.385E-03
53.737
1.718 0.422
4.075 4.599E-05
50.514
1.708 0.390
4.382 1.173E-05
23.420
1.707 0.533
3.202 1.366E-03
43.127
1.706 0.419
4.072 4.656E-05
60.164
1.697 0.377
4.506 6.603E-06
15.244
1.695 0.594
2.853 4.334E-03
31.680
1.690 0.582
2.902 3.708E-03
77.249
1.681 0.455
3.694 2.209E-04
21.670
1.678 0.628
2.674 7.488E-03
22.195
1.677 0.618
2.714 6.648E-03
27.689
1.675 0.487
3.436 5.900E-04
17.877
1.665 0.562
2.962 3.058E-03
16.428
1.664 0.610
2.730 6.333E-03
32.986
1.659 0.440
3.768 1.644E-04
18.124
1.639 0.591
2.773 5.549E-03
20.414
1.637 0.613
2.671 7.554E-03
30.603
1.636 0.512
3.195 1.396E-03
37.864
1.635 0.422
3.878 1.054E-04
22.301
1.632 0.599
2.726 6.419E-03
16.870
1.630 0.581
2.806 5.010E-03
30.472
1.626 0.444
3.664 2.485E-04
23.180
1.625 0.554
2.936 3.320E-03
52.015
1.625 0.418
3.883 1.031E-04
97.077
1.623 0.358
4.529 5.920E-06
20.210
1.618 0.525
3.082 2.056E-03
116.991
1.618 0.317
5.105 3.312E-07
18.972
1.612 0.579
2.784 5.370E-03
161.086
1.611 0.405
3.974 7.076E-05
17.232
1.596 0.584
2.733 6.280E-03
14.481
1.595 0.602
2.650 8.048E-03
14.685
1.594 0.602
2.645 8.161E-03
34.532
1.590 0.427
3.720 1.996E-04
18.271
1.588 0.562
2.824 4.739E-03
26.538
107.108
15.098
10.684
10.440
83.726
8.665
8.665
96.108
19.529
10.025
19.846
55.508
8.114
12.321
23.446
10.602
35.571
50.929
16.698
7.160
19.910
9.915
178.345

Depleted
-1.588 0.495
-1.588 0.339
-1.604 0.501
-1.611 0.589
-1.628 0.624
-1.640 0.376
-1.683 0.612
-1.683 0.612
-1.690 0.340
-1.692 0.496
-1.694 0.644
-1.704 0.516
-1.704 0.290
-1.714 0.641
-1.716 0.539
-1.728 0.632
-1.740 0.556
-1.747 0.390
-1.747 0.378
-1.752 0.622
-1.753 0.646
-1.759 0.495
-1.761 0.644
-1.769 0.557

-3.211
-4.689
-3.198
-2.736
-2.608
-4.356
-2.752
-2.752
-4.964
-3.409
-2.629
-3.304
-5.879
-2.673
-3.180
-2.734
-3.131
-4.480
-4.627
-2.819
-2.715
-3.554
-2.732
-3.178

1.322E-03
2.749E-06
1.384E-03
6.223E-03
9.099E-03
1.326E-05
5.922E-03
5.922E-03
6.892E-07
6.524E-04
8.557E-03
9.537E-04
4.137E-09
7.521E-03
1.472E-03
6.254E-03
1.743E-03
7.468E-06
3.717E-06
4.825E-03
6.634E-03
3.801E-04
6.287E-03
1.482E-03

padj
2.541E-04
6.178E-03
3.746E-02
8.280E-04
2.600E-04
1.192E-02
8.360E-04
1.615E-04
2.883E-02
2.565E-02
2.798E-03
4.114E-02
3.837E-02
6.146E-03
2.220E-02
3.730E-02
2.205E-03
3.433E-02
4.137E-02
1.211E-02
1.565E-03
3.758E-02
3.185E-02
3.066E-03
2.348E-02
1.542E-03
1.482E-04
1.618E-02
1.269E-05
3.353E-02
1.135E-03
3.712E-02
4.335E-02
4.365E-02
2.598E-03
3.061E-02
1.165E-02
7.686E-05
1.205E-02
3.695E-02
4.736E-02
2.861E-04
3.584E-02
3.584E-02
2.366E-05
6.660E-03
4.532E-02
8.888E-03
2.687E-07
4.125E-02
1.252E-02
3.700E-02
1.415E-02
1.797E-04
9.892E-05
3.098E-02
3.832E-02
4.334E-03
3.713E-02
1.259E-02

209
name
Prkaca
RF00181
Sgk1
Man2b2
Dmd
Csmd2
Pou3f3
Shank1
Arap2
Dhtkd1
RF00181
RF00181
Adgrl3
Srcap
AABR07021840.1
Actb
Ywhaz
Srrm2
Nsd1
Lrrc4b
AABR07036302.1
RF00181
Nop2
Gja1
Hnrnpl
Gng12
Usp32
Fam81a
Cadps2
RF00105
AABR07068127.1
Kif17
Cacna1a
Tmem47
Pnisr
Jpt1
Luzp2
Mark3
Zfp652
RF00105
RF00105
Ube4b
Khsrp
Ctnnb1
Ywhae
Fem1a
Snrnp48
Bcas1
Itga2b
Mdga2
Abca2
RF00003
Samd5
Ranbp2
Hnrnpa2b1
AABR07059258.1
Ptprz1
RF00105
AABR07001382.1
R3hdm1
Cspg5
Csnk1g1
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baseMean log2FC lfcSE
stat
pvalue
22.401
-1.781 0.446
-3.992 6.560E-05
9.893
-1.783 0.587
-3.040 2.367E-03
12.332
-1.794 0.601
-2.985 2.832E-03
8.496
-1.802 0.618
-2.915 3.555E-03
14.009
-1.805 0.540
-3.341 8.333E-04
10.675
-1.817 0.640
-2.840 4.516E-03
27.956
-1.824 0.506
-3.607 3.103E-04
284.298
-1.826 0.287
-6.363 1.973E-10
8.354
-1.829 0.615
-2.974 2.941E-03
9.504
-1.830 0.636
-2.876 4.024E-03
10.094
-1.836 0.586
-3.133 1.731E-03
10.094
-1.836 0.586
-3.133 1.731E-03
13.266
-1.859 0.683
-2.723 6.470E-03
15.000
-1.872 0.675
-2.772 5.578E-03
8.006
-1.880 0.616
-3.052 2.274E-03
31.461
-1.881 0.558
-3.370 7.528E-04
243.568
-1.886 0.406
-4.640 3.485E-06
26.972
-1.896 0.423
-4.479 7.508E-06
21.643
-1.898 0.489
-3.882 1.035E-04
10.566
-1.917 0.640
-2.997 2.724E-03
12.007
-1.918 0.593
-3.233 1.224E-03
9.680
-1.920 0.603
-3.182 1.463E-03
6.671
-1.923 0.660
-2.913 3.575E-03
16.151
-1.939 0.525
-3.693 2.217E-04
9.130
-1.957 0.621
-3.148 1.642E-03
8.558
-1.962 0.643
-3.050 2.291E-03
25.764
-1.966 0.403
-4.881 1.058E-06
25.888
-1.972 0.533
-3.697 2.183E-04
7.071
-1.978 0.758
-2.609 9.093E-03
5.475
-1.979 0.754
-2.626 8.643E-03
16.710
-1.986 0.502
-3.955 7.638E-05
5.765
-1.987 0.766
-2.594 9.494E-03
23.492
-1.987 0.450
-4.412 1.023E-05
52.012
-2.003 0.349
-5.737 9.659E-09
9.348
-2.004 0.612
-3.275 1.057E-03
4.636
-2.011 0.770
-2.610 9.057E-03
12.394
-2.078 0.508
-4.087 4.363E-05
5.868
-2.078 0.762
-2.726 6.405E-03
5.403
-2.098 0.739
-2.841 4.497E-03
12.656
-2.107 0.559
-3.767 1.651E-04
9.529
-2.111 0.669
-3.156 1.598E-03
5.579
-2.114 0.730
-2.894 3.798E-03
19.933
-2.119 0.546
-3.883 1.031E-04
8.787
-2.129 0.724
-2.942 3.257E-03
102.094
-2.130 0.330
-6.452 1.106E-10
12.549
-2.136 0.690
-3.094 1.975E-03
4.265
-2.153 0.827
-2.605 9.194E-03
5.082
-2.156 0.772
-2.794 5.207E-03
4.458
-2.158 0.815
-2.649 8.085E-03
13.683
-2.165 0.561
-3.858 1.145E-04
8.641
-2.170 0.772
-2.809 4.964E-03
17.365
-2.177 0.824
-2.641 8.263E-03
12.238
-2.178 0.547
-3.984 6.783E-05
11.539
-2.180 0.655
-3.330 8.681E-04
7.692
-2.186 0.760
-2.874 4.053E-03
5.980
-2.188 0.777
-2.817 4.849E-03
5.403
-2.197 0.779
-2.819 4.821E-03
11.500
-2.204 0.576
-3.825 1.306E-04
11.268
-2.206 0.642
-3.434 5.958E-04
10.921
-2.229 0.620
-3.593 3.273E-04
13.283
-2.232 0.551
-4.051 5.108E-05
6.762
-2.238 0.706
-3.172 1.515E-03

padj
1.079E-03
1.815E-02
2.083E-02
2.480E-02
7.991E-03
2.954E-02
3.718E-03
1.868E-08
2.139E-02
2.729E-02
1.409E-02
1.409E-02
3.777E-02
3.444E-02
1.758E-02
7.390E-03
9.502E-05
1.797E-04
1.545E-03
2.026E-02
1.093E-02
1.246E-02
2.490E-02
2.800E-03
1.360E-02
1.769E-02
3.246E-05
2.778E-03
4.736E-02
4.571E-02
1.205E-03
4.892E-02
2.370E-04
5.565E-07
9.690E-03
4.725E-02
7.963E-04
3.752E-02
2.946E-02
2.210E-03
1.330E-02
2.616E-02
1.542E-03
2.313E-02
1.077E-08
1.567E-02
4.777E-02
3.267E-02
4.341E-02
1.675E-03
3.169E-02
4.409E-02
1.107E-03
8.249E-03
2.738E-02
3.110E-02
3.098E-02
1.841E-03
6.178E-03
3.866E-03
8.955E-04
1.272E-02

210
name
Micall1
Kantr
Mir370
Kmt2d
Jph4
Elavl1
RF00105
Xpo1
AC114696.1
Phyhipl
Rbm24
Begain
Taok3
Rasgrf1
Wnk1
AABR07063462.1
Ddhd1
Pclo
RF00612
Galnt13
Pcyox1l
Igsf11
Plekha5
Fam107a
Klhl9
Eml5
AABR07000398.1
Snap25
RF00105
RF00002
Fbxw7
Sox9
Bdp1
Ddn
Akap8l
Sptbn4
RF00181
Mir325
AABR07061178.1
RF01518
Rsrp1
RF00015
AABR07031768.1
Gpi
Kcnh4
AABR07031767.1
RF00284
RGD1562618
Reln
Copz1
Slc25a23
Sptan1
RF00003
Zfp161
Ascc1
Eif4g2
Pcdh7
Arglu1
RF00069
Tsga10
Vsnl1
Ptk2b

Appendix C. STAU2 targets
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baseMean log2FC lfcSE
stat
pvalue
5.305
-2.244 0.865
-2.594 9.491E-03
13.751
-2.248 0.572
-3.930 8.484E-05
27.415
-2.248 0.768
-2.928 3.407E-03
69.303
-2.256 0.273
-8.260 1.460E-16
21.361
-2.264 0.810
-2.794 5.199E-03
33.681
-2.266 0.585
-3.875 1.065E-04
8.954
-2.320 0.740
-3.135 1.717E-03
5.625
-2.324 0.843
-2.756 5.850E-03
14.966
-2.329 0.682
-3.414 6.406E-04
10.136
-2.330 0.619
-3.765 1.664E-04
4.904
-2.343 0.872
-2.689 7.175E-03
7.144
-2.345 0.906
-2.588 9.654E-03
4.170
-2.350 0.830
-2.830 4.654E-03
6.805
-2.369 0.815
-2.906 3.660E-03
13.011
-2.378 0.623
-3.819 1.341E-04
20.647
-2.378 0.828
-2.872 4.085E-03
12.925
-2.381 0.668
-3.563 3.667E-04
7.686
-2.399 0.796
-3.015 2.566E-03
8.824
-2.420 0.849
-2.852 4.351E-03
17.421
-2.436 0.624
-3.901 9.596E-05
4.179
-2.453 0.927
-2.647 8.112E-03
16.223
-2.454 0.553
-4.438 9.068E-06
4.770
-2.461 0.893
-2.756 5.859E-03
22.504
-2.473 0.886
-2.792 5.234E-03
8.967
-2.475 0.680
-3.641 2.714E-04
3.637
-2.476 0.923
-2.682 7.325E-03
6091.930
-2.481 0.469
-5.293 1.200E-07
671.665
-2.482 0.231 -10.733 7.087E-27
9.053
-2.484 0.765
-3.247 1.166E-03
6086.243
-2.485 0.469
-5.302 1.144E-07
29.100
-2.491 0.716
-3.481 4.999E-04
7.936
-2.500 0.807
-3.097 1.954E-03
10.025
-2.500 0.676
-3.698 2.176E-04
57.993
-2.521 0.315
-8.007 1.177E-15
6.378
-2.523 0.743
-3.398 6.779E-04
15.132
-2.527 0.764
-3.307 9.429E-04
9.605
-2.527 0.651
-3.882 1.038E-04
14.559
-2.530 0.714
-3.544 3.938E-04
11.589
-2.531 0.593
-4.271 1.947E-05
5965.237
-2.562 0.455
-5.626 1.847E-08
14.410
-2.574 0.694
-3.707 2.098E-04
5.639
-2.577 0.970
-2.657 7.876E-03
4.531
-2.578 0.881
-2.925 3.443E-03
6.255
-2.592 0.892
-2.904 3.683E-03
3.999
-2.595 0.902
-2.876 4.021E-03
5.261
-2.611 0.845
-3.090 2.001E-03
10.635
-2.612 0.797
-3.277 1.048E-03
8.276
-2.617 0.825
-3.172 1.514E-03
8.951
-2.626 0.762
-3.447 5.675E-04
19.084
-2.638 0.886
-2.978 2.901E-03
15.981
-2.640 0.905
-2.917 3.529E-03
13.906
-2.641 0.518
-5.098 3.431E-07
28.916
-2.651 0.680
-3.895 9.803E-05
3.450
-2.653 0.983
-2.699 6.947E-03
4.914
-2.656 0.970
-2.739 6.162E-03
34.417
-2.672 0.726
-3.682 2.314E-04
5.680
-2.683 0.804
-3.339 8.405E-04
27.186
-2.696 0.776
-3.474 5.127E-04
8.567
-2.697 0.827
-3.261 1.110E-03
5.840
-2.699 1.006
-2.682 7.308E-03
136.791
-2.707 0.498
-5.437 5.418E-08
8.665
-2.712 0.670
-4.048 5.171E-05

padj
4.892E-02
1.317E-03
2.401E-02
6.045E-14
3.267E-02
1.576E-03
1.402E-02
3.571E-02
6.560E-03
2.219E-03
4.022E-02
4.955E-02
3.029E-02
2.542E-02
1.883E-03
2.751E-02
4.233E-03
1.934E-02
2.889E-02
1.458E-03
4.349E-02
2.123E-04
3.572E-02
3.281E-02
3.313E-03
4.072E-02
5.266E-06
1.174E-23
1.051E-02
5.053E-06
5.422E-03
1.552E-02
2.777E-03
3.251E-13
6.816E-03
8.812E-03
1.545E-03
4.462E-03
4.020E-04
1.003E-06
2.709E-03
4.279E-02
2.421E-02
2.553E-02
2.729E-02
1.582E-02
9.622E-03
1.272E-02
5.949E-03
2.115E-02
2.467E-02
1.307E-05
1.486E-03
3.927E-02
3.672E-02
2.903E-03
8.036E-03
5.533E-03
1.010E-02
4.066E-02
2.699E-06
9.017E-04

211
name
Golga1
RF00006
RF00001
Mta3
AABR07064509.1
RF00020
RF00581
Foxn3
Safb
AABR07017259.1
Ipo13
Inhba
Cd4
Smarcc2
RF00181
Ppard
RF00279
Pnn
Aes
Smim7
RF00592
Tor1aip1
Frmd5
AC118802.1
Ppp1r12b
Gnas
Slc25a4
Anxa6
RF00002
Atl2
RF00152
Rgs5
Caln1
Nrxn3
RF00002
Gpr37
RF00287
Kmt2e
Il17rc
RF00003
Hapln1
Ddost
Nid1
Map7
Sox2
AABR07030834.1
Tiam2
Ctnna2
RF00004
Rims2
Mcoln1
Gfra2
Cyp11b2
AABR07015079.1
RF01518
Ccndbp1
Bin1
AABR07061237.1
Gle1
Vti1a
RF00424
AABR07014739.1
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5.333
-2.728 0.816
-3.345 8.237E-04
9.031
-2.731 0.750
-3.643 2.692E-04
6.357
-2.732 0.976
-2.800 5.110E-03
6.445
-2.734 0.799
-3.421 6.229E-04
5.369
-2.740 0.986
-2.780 5.430E-03
11.248
-2.742 0.863
-3.176 1.493E-03
6.367
-2.749 0.974
-2.821 4.792E-03
19.015
-2.749 0.599
-4.589 4.458E-06
3.267
-2.753 1.063
-2.590 9.608E-03
3.747
-2.756 1.020
-2.703 6.872E-03
8.302
-2.757 0.824
-3.345 8.232E-04
5.108
-2.763 0.938
-2.947 3.208E-03
4.738
-2.770 0.869
-3.189 1.426E-03
7.104
-2.773 0.754
-3.680 2.333E-04
11.362
-2.789 0.803
-3.474 5.127E-04
4.486
-2.791 0.896
-3.114 1.845E-03
4.421
-2.798 0.913
-3.064 2.182E-03
9.016
-2.801 0.728
-3.849 1.187E-04
5.975
-2.804 1.071
-2.619 8.820E-03
8.338
-2.809 0.800
-3.511 4.459E-04
7.485
-2.816 0.886
-3.177 1.487E-03
3.391
-2.826 1.035
-2.731 6.316E-03
6.134
-2.841 0.777
-3.656 2.565E-04
6.646
-2.842 1.096
-2.593 9.522E-03
53.929
-2.851 0.755
-3.776 1.594E-04
19.683
-2.867 0.867
-3.308 9.391E-04
6.383
-2.874 0.998
-2.881 3.965E-03
4.045
-2.875 1.077
-2.670 7.595E-03
2815.927
-2.881 0.756
-3.812 1.377E-04
2.700
-2.884 1.068
-2.700 6.941E-03
7.433
-2.889 0.888
-3.254 1.139E-03
7.601
-2.917 1.113
-2.620 8.789E-03
122.331
-2.928 0.750
-3.901 9.561E-05
45.192
-2.941 0.520
-5.652 1.584E-08
3.582
-2.949 1.090
-2.704 6.845E-03
3.443
-2.953 0.989
-2.985 2.838E-03
8.362
-2.965 0.806
-3.677 2.358E-04
9.286
-2.974 0.642
-4.634 3.593E-06
14.104
-2.997 1.129
-2.655 7.942E-03
83.940
-2.999 1.103
-2.719 6.541E-03
3.591
-3.030 1.094
-2.770 5.604E-03
3.905
-3.035 1.097
-2.767 5.652E-03
6.416
-3.048 1.031
-2.956 3.120E-03
5.273
-3.062 0.841
-3.639 2.732E-04
5.879
-3.065 1.132
-2.708 6.764E-03
7.921
-3.090 0.690
-4.478 7.538E-06
3.079
-3.093 1.120
-2.761 5.758E-03
5.235
-3.096 0.894
-3.463 5.333E-04
3.926
-3.103 1.051
-2.952 3.157E-03
3.845
-3.111 1.124
-2.768 5.638E-03
5.901
-3.115 1.012
-3.077 2.090E-03
18.279
-3.128 0.679
-4.605 4.125E-06
4.403
-3.130 0.961
-3.256 1.131E-03
13.194
-3.131 1.125
-2.782 5.398E-03
14.937
-3.131 0.974
-3.214 1.310E-03
2.456
-3.131 1.210
-2.588 9.667E-03
10.967
-3.132 0.710
-4.411 1.030E-05
2.456
-3.134 1.170
-2.678 7.398E-03
8.230
-3.136 0.768
-4.082 4.456E-05
4.574
-3.149 0.898
-3.506 4.543E-04
20.070
-3.151 0.995
-3.166 1.544E-03
5.285
-3.153 0.857
-3.678 2.349E-04

padj
7.921E-03
3.297E-03
3.234E-02
6.419E-03
3.379E-02
1.264E-02
3.083E-02
1.158E-04
4.935E-02
3.895E-02
7.921E-03
2.298E-02
1.226E-02
2.922E-03
5.533E-03
1.485E-02
1.695E-02
1.725E-03
4.634E-02
4.924E-03
1.260E-02
3.723E-02
3.159E-03
4.899E-02
2.159E-03
8.801E-03
2.704E-02
4.155E-02
1.925E-03
3.927E-02
1.031E-02
4.625E-02
1.456E-03
8.673E-07
3.891E-02
2.083E-02
2.931E-03
9.640E-05
4.306E-02
3.798E-02
3.457E-02
3.474E-02
2.250E-02
3.322E-03
3.877E-02
1.797E-04
3.533E-02
5.709E-03
2.267E-02
3.470E-02
1.634E-02
1.084E-04
1.025E-02
3.365E-02
1.157E-02
4.957E-02
2.377E-04
4.085E-02
8.088E-04
4.992E-03
1.290E-02
2.926E-03

212
name
Plekhh2
Fam78b
Flnc
RF01518
RF00003
RF00591
RF00309
LOC100911664
RF00002
Rimbp2
Arhgef12
Kmt2b
RF00108
RF00282
Rbm34
Atp1a3
Pcbp2
Tepsin
RF00026
RF00108
Mrpl35
AC118434.1
RF00017
RF00108
Proser1
RF00002
RF00108
RF00015
RF00432
Ermn
Cirbp
Relb
Leng8
Kif2c
AABR07021054.1
Gcn1l1
RF00002
Nvl
AY172581.24
RF00322
Tmem215
Cdk6
RF00191
AABR07043823.2
Chic2
AABR07015080.2
AABR07015080.1
LOC100909712
RF00610
Asmtl
AY172581.3
AY172581.13
AY172581.9
AABR07032237.1
Gpr162
AABR07044362.3
Carns1
Rufy3
RF00566
Stip1
Srfbp1
LOC108348108

Appendix C. STAU2 targets
Table C.1 – Continued from previous page
baseMean log2FC lfcSE
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pvalue
4.388
-3.155 0.983
-3.209 1.333E-03
7.834
-3.160 0.721
-4.385 1.161E-05
2.822
-3.172 1.196
-2.653 7.980E-03
33.587
-3.172 0.653
-4.859 1.179E-06
54.190
-3.206 0.470
-6.819 9.178E-12
5.400
-3.211 1.022
-3.143 1.673E-03
6.310
-3.215 0.971
-3.311 9.290E-04
4.644
-3.217 1.215
-2.647 8.115E-03
6.943
-3.228 0.988
-3.267 1.089E-03
3.281
-3.238 1.176
-2.753 5.899E-03
7.165
-3.246 0.898
-3.617 2.982E-04
4.506
-3.248 0.986
-3.295 9.840E-04
37.090
-3.257 0.836
-3.894 9.864E-05
3.736
-3.257 1.183
-2.752 5.916E-03
15.868
-3.262 0.648
-5.034 4.813E-07
28.165
-3.264 1.149
-2.841 4.498E-03
4.930
-3.271 0.947
-3.455 5.505E-04
4.776
-3.277 0.939
-3.490 4.839E-04
3.472
-3.286 1.197
-2.746 6.024E-03
37.529
-3.302 0.863
-3.827 1.295E-04
4.770
-3.313 1.249
-2.652 8.002E-03
3.420
-3.313 1.237
-2.679 7.376E-03
2.554
-3.324 1.251
-2.657 7.879E-03
36.935
-3.326 0.864
-3.849 1.185E-04
3.593
-3.332 1.123
-2.968 2.995E-03
4.128
-3.338 1.225
-2.724 6.456E-03
36.682
-3.341 0.884
-3.779 1.577E-04
3.856
-3.344 1.043
-3.205 1.351E-03
4.863
-3.348 1.003
-3.339 8.395E-04
6.024
-3.371 0.912
-3.697 2.184E-04
19.810
-3.396 0.655
-5.186 2.153E-07
3.790
-3.424 1.293
-2.649 8.067E-03
16.280
-3.426 0.757
-4.524 6.074E-06
6.640
-3.447 1.006
-3.424 6.161E-04
3.333
-3.447 1.065
-3.237 1.210E-03
4.262
-3.455 1.000
-3.454 5.533E-04
3.962
-3.456 1.021
-3.385 7.113E-04
3.071
-3.472 1.301
-2.668 7.636E-03
12963.540
-3.473 0.583
-5.954 2.624E-09
3.973
-3.487 0.990
-3.522 4.287E-04
4.341
-3.496 1.317
-2.654 7.952E-03
5.724
-3.500 1.109
-3.155 1.604E-03
3.230
-3.500 1.169
-2.995 2.743E-03
3.711
-3.503 1.174
-2.984 2.841E-03
5.653
-3.505 1.220
-2.874 4.058E-03
11.039
-3.507 1.177
-2.980 2.887E-03
11.039
-3.507 1.177
-2.980 2.887E-03
3.063
-3.508 1.339
-2.621 8.779E-03
6.753
-3.534 0.777
-4.546 5.478E-06
4.837
-3.554 1.079
-3.295 9.856E-04
13297.408
-3.562 0.591
-6.026 1.677E-09
13717.230
-3.562 0.541
-6.584 4.593E-11
13710.333
-3.564 0.541
-6.581 4.668E-11
5.660
-3.578 0.980
-3.652 2.605E-04
5.875
-3.580 0.868
-4.126 3.696E-05
6.317
-3.585 1.334
-2.687 7.206E-03
2.613
-3.587 1.311
-2.735 6.234E-03
4.008
-3.599 1.096
-3.285 1.021E-03
2.895
-3.600 1.249
-2.883 3.942E-03
2.318
-3.618 1.280
-2.827 4.704E-03
5.510
-3.620 1.130
-3.204 1.353E-03
20.370
-3.624 1.169
-3.099 1.944E-03

padj
1.171E-02
2.582E-04
4.320E-02
3.552E-05
1.294E-09
1.374E-02
8.731E-03
4.349E-02
9.936E-03
3.584E-02
3.579E-03
9.145E-03
1.492E-03
3.584E-02
1.752E-05
2.946E-02
5.836E-03
5.273E-03
3.622E-02
1.829E-03
4.321E-02
4.083E-02
4.279E-02
1.725E-03
2.176E-02
3.776E-02
2.143E-03
1.184E-02
8.036E-03
2.778E-03
8.628E-06
4.335E-02
1.502E-04
6.368E-03
1.083E-02
5.856E-03
7.109E-03
4.174E-02
1.831E-07
4.788E-03
4.308E-02
1.334E-02
2.033E-02
2.083E-02
2.738E-02
2.111E-02
2.111E-02
4.624E-02
1.380E-04
9.146E-03
1.263E-07
5.071E-09
5.071E-09
3.202E-03
7.058E-04
4.031E-02
3.696E-02
9.429E-03
2.696E-02
3.047E-02
1.185E-02
1.546E-02

213
name
Sft2d1
AABR07015066.1
P3h3
Etfb
Mrpl58
AABR07035916.1
Susd1
AABR07003030.1
Dock6
Atp13a1
Rmnd1
RF01518
Acot7
RF00001
Cd2ap
AABR07028568.1
AABR07026473.1
AABR07033720.1
AABR07064719.1
Rtn2
Zfp692
Phf14
Selenok
Dnajb6
AABR07019403.1
Itih3
Gnas
Fkbpl
Gpx6
Igsf9b
Tubb5
Ptn
RF00026
Fancg
AABR07052588.1
Arid3c
Lclat1
Man1c1
Frmd6
Cxcl12
Rps6kb2
Slc6a15
Mir632
RF00026
Psmg2
Mir6332
Ranbp1
Zfp213
Vac14
RF00100
RF01518
AABR07061462.2
RF00020
AC130624.1
Nsfl1c
RF00026
Fmn1
Zfp37
Evl
AABR07054460.4
AABR07018048.1
D2hgdh
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12.735
-3.626 0.785
-4.618 3.870E-06
107.275
-3.655 0.884
-4.135 3.543E-05
3.554
-3.661 1.272
-2.877 4.012E-03
2.344
-3.662 1.353
-2.706 6.805E-03
15.256
-3.683 1.196
-3.079 2.078E-03
8.391
-3.691 0.701
-5.267 1.385E-07
1.863
-3.692 1.375
-2.686 7.239E-03
5.024
-3.696 1.361
-2.716 6.599E-03
3.450
-3.700 1.280
-2.890 3.847E-03
2.329
-3.700 1.345
-2.752 5.928E-03
2.329
-3.700 1.345
-2.752 5.928E-03
115.441
-3.708 0.826
-4.489 7.147E-06
10.001
-3.721 0.853
-4.361 1.294E-05
7.326
-3.722 1.193
-3.121 1.805E-03
7.028
-3.731 0.885
-4.215 2.493E-05
20.807
-3.732 1.112
-3.356 7.901E-04
5.544
-3.737 1.038
-3.601 3.172E-04
10.442
-3.741 0.911
-4.108 3.994E-05
3.546
-3.753 1.388
-2.704 6.854E-03
14.193
-3.765 1.036
-3.634 2.786E-04
3.763
-3.768 1.189
-3.169 1.530E-03
4.689
-3.773 0.949
-3.977 6.978E-05
8.074
-3.778 0.989
-3.820 1.337E-04
8.058
-3.779 1.089
-3.470 5.212E-04
3.585
-3.779 1.328
-2.846 4.428E-03
3.385
-3.785 1.328
-2.850 4.369E-03
17.721
-3.802 0.965
-3.940 8.152E-05
2.353
-3.850 1.402
-2.746 6.040E-03
2.353
-3.850 1.402
-2.746 6.040E-03
2.714
-3.852 1.388
-2.776 5.503E-03
24.216
-3.852 0.785
-4.910 9.098E-07
26.122
-3.857 0.521
-7.407 1.296E-13
20.550
-3.891 0.884
-4.403 1.069E-05
3.772
-3.897 1.147
-3.399 6.757E-04
10.238
-3.905 0.952
-4.100 4.131E-05
3.676
-3.926 1.154
-3.403 6.677E-04
35.649
-3.945 0.794
-4.966 6.848E-07
6.969
-3.961 0.959
-4.128 3.664E-05
13.265
-3.966 0.641
-6.192 5.959E-10
3.219
-3.972 1.280
-3.104 1.911E-03
2.562
-3.991 1.382
-2.887 3.883E-03
21.074
-3.996 1.142
-3.500 4.646E-04
4.149
-4.002 1.297
-3.087 2.024E-03
2.452
-4.013 1.462
-2.745 6.042E-03
6.912
-4.022 1.467
-2.742 6.099E-03
3.974
-4.025 1.106
-3.640 2.727E-04
12.579
-4.031 1.113
-3.624 2.905E-04
10.226
-4.036 0.877
-4.602 4.186E-06
6.891
-4.042 1.549
-2.609 9.088E-03
4.448
-4.058 1.294
-3.135 1.718E-03
161.261
-4.058 0.727
-5.580 2.410E-08
4.262
-4.064 1.210
-3.360 7.801E-04
172.938
-4.070 0.807
-5.045 4.535E-07
3.324
-4.073 1.453
-2.804 5.049E-03
3.132
-4.074 1.504
-2.709 6.748E-03
3.125
-4.075 1.278
-3.188 1.434E-03
6.314
-4.087 1.103
-3.706 2.106E-04
3.240
-4.108 1.549
-2.653 7.988E-03
9.807
-4.116 0.974
-4.228 2.355E-05
5.970
-4.124 0.887
-4.649 3.329E-06
3.206
-4.130 1.446
-2.857 4.276E-03
14.603
-4.132 0.940
-4.395 1.110E-05

padj
1.026E-04
6.824E-04
2.729E-02
3.890E-02
1.632E-02
5.997E-06
4.031E-02
3.822E-02
2.647E-02
3.584E-02
3.584E-02
1.740E-04
2.821E-04
1.455E-02
4.917E-04
7.710E-03
3.786E-03
7.583E-04
3.891E-02
3.368E-03
1.281E-02
1.124E-03
1.881E-03
5.606E-03
2.916E-02
2.890E-02
1.274E-03
3.623E-02
3.623E-02
3.412E-02
2.884E-05
2.454E-11
2.446E-04
6.804E-03
7.732E-04
6.755E-03
2.363E-05
7.016E-04
5.128E-08
1.528E-02
2.667E-02
5.080E-03
1.597E-02
3.623E-02
3.640E-02
3.321E-03
3.499E-03
1.096E-04
4.736E-02
1.402E-02
1.298E-06
7.624E-03
1.679E-05
3.199E-02
3.875E-02
1.231E-02
2.715E-03
4.321E-02
4.671E-04
9.191E-05
2.859E-02
2.501E-04

214
name
Fdxr
Rgs9
AABR07003933.1
RF00431
RF00599
Ndufv1
Zp2
AABR07064747.1
RF00108
Napsa
RF00431
AABR07009457.1
Aspa
Cd9
RF00567
RF00577
AABR07001001.1
Mir6321
AC139392.1
Trim27
Bcam
Tagln3
AC141220.1
Slc22a6
AABR07028568.2
Fam131c
Uso1
RF00056
RF00026
Ptgs2
RF00002
AC109427.2
Copg1
Prr18
Zfp39
Tbc1d31
AABR07026137.1
AABR07026137.2
Sned1
Robo3
RF00026
Zfp449
Sarnp
Vps45
Pygm
RF00056
Dhx37
RF00020
Arl5c
Slc25a12
Sp9
AABR07006627.1
Hlcs
Chn1
Ppp1r10
Yes1
Cops3
Mobp
AABR07053500.2
Ric8b
Fam53b
RF00003

Appendix C. STAU2 targets
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baseMean log2FC lfcSE
stat
pvalue
4.907
-4.170 1.224
-3.406 6.588E-04
4.664
-4.177 1.211
-3.449 5.633E-04
4.568
-4.177 1.064
-3.927 8.602E-05
2.756
-4.185 1.264
-3.311 9.307E-04
13.853
-4.189 1.037
-4.041 5.320E-05
3.687
-4.194 1.472
-2.850 4.368E-03
7.021
-4.202 1.035
-4.059 4.935E-05
12.234
-4.204 0.695
-6.053 1.419E-09
3.680
-4.218 1.467
-2.875 4.041E-03
21.950
-4.226 0.865
-4.883 1.043E-06
2.100
-4.232 1.542
-2.745 6.054E-03
1.811
-4.235 1.580
-2.680 7.355E-03
2.966
-4.263 1.355
-3.146 1.654E-03
4.563
-4.270 1.040
-4.106 4.026E-05
2.670
-4.277 1.346
-3.177 1.487E-03
2.566
-4.280 1.556
-2.750 5.955E-03
2.566
-4.280 1.556
-2.750 5.955E-03
1.989
-4.305 1.565
-2.751 5.938E-03
2.759
-4.305 1.566
-2.748 5.991E-03
25.770
-4.330 0.928
-4.667 3.059E-06
9.940
-4.339 1.074
-4.041 5.320E-05
8.357
-4.341 1.389
-3.125 1.775E-03
8.618
-4.344 1.152
-3.771 1.625E-04
3.617
-4.352 1.225
-3.553 3.807E-04
13.551
-4.355 0.892
-4.880 1.063E-06
4.290
-4.358 1.128
-3.864 1.116E-04
16.103
-4.378 1.031
-4.244 2.192E-05
5.918
-4.385 0.972
-4.512 6.416E-06
4.957
-4.385 1.100
-3.986 6.723E-05
16.967
-4.400 1.092
-4.027 5.640E-05
28.870
-4.404 1.097
-4.015 5.934E-05
2.301
-4.429 1.499
-2.955 3.130E-03
2.301
-4.429 1.499
-2.955 3.130E-03
12.114
-4.440 0.695
-6.386 1.701E-10
2.198
-4.448 1.556
-2.858 4.260E-03
2.294
-4.455 1.496
-2.978 2.902E-03
4.178
-4.464 1.662
-2.686 7.235E-03
4.178
-4.464 1.662
-2.686 7.235E-03
3.354
-4.479 1.606
-2.789 5.290E-03
2.191
-4.480 1.552
-2.887 3.892E-03
2.480
-4.484 1.498
-2.993 2.759E-03
3.812
-4.493 1.201
-3.741 1.836E-04
9.988
-4.523 0.988
-4.579 4.671E-06
2.953
-4.538 1.560
-2.908 3.634E-03
2.208
-4.540 1.743
-2.605 9.180E-03
5.464
-4.541 1.037
-4.379 1.191E-05
4.872
-4.558 1.127
-4.043 5.276E-05
37.948
-4.562 1.042
-4.380 1.187E-05
12.327
-4.566 1.303
-3.505 4.567E-04
118.300
-4.579 0.851
-5.381 7.396E-08
6.016
-4.607 1.265
-3.641 2.715E-04
18.810
-4.627 0.860
-5.382 7.376E-08
15.102
-4.646 0.782
-5.939 2.859E-09
376.169
-4.680 0.545
-8.587 8.961E-18
4.985
-4.698 1.163
-4.038 5.395E-05
3.434
-4.717 1.803
-2.617 8.882E-03
9.407
-4.734 0.929
-5.093 3.526E-07
149.888
-4.762 0.714
-6.668 2.599E-11
2.595
-4.763 1.544
-3.085 2.038E-03
5.415
-4.779 1.259
-3.796 1.468E-04
30.732
-4.780 1.061
-4.507 6.573E-06
4.891
-4.825 1.172
-4.118 3.817E-05

padj
6.695E-03
5.925E-03
1.332E-03
8.735E-03
9.176E-04
2.890E-02
8.730E-04
1.120E-07
2.732E-02
3.240E-05
3.624E-02
4.075E-02
1.365E-02
7.622E-04
1.260E-02
3.590E-02
3.590E-02
3.587E-02
3.609E-02
8.516E-05
9.176E-04
1.438E-02
2.188E-03
4.334E-03
3.246E-05
1.636E-03
4.402E-04
1.580E-04
1.101E-03
9.523E-04
9.855E-04
2.250E-02
2.250E-02
1.633E-08
2.851E-02
2.115E-02
4.031E-02
4.031E-02
3.313E-02
2.667E-02
2.038E-02
2.409E-03
1.190E-04
2.526E-02
4.774E-02
2.613E-04
9.163E-04
2.613E-04
5.010E-03
3.451E-06
3.313E-03
3.451E-06
1.895E-07
4.567E-15
9.213E-04
4.656E-02
1.327E-05
3.131E-09
1.606E-02
2.023E-03
1.613E-04
7.268E-04

215
name
AC108631.1
AABR07027753.4
Hdc
AABR07027753.3
Kank2
Nmnat1
RF00045
Alas1
Sdccag8
AABR07049064.1
LOC100361067
AABR07006089.1
AC129370.1
RF00561
AABR07071598.1
AABR07030647.1
Dxo
RF00004
Btn1a1
AABR07066841.2
AABR07030125.1
RF00056
RF00026
P4ha3
RF00003
Per1
Calhm1
Ttc7a
Ilvbl
Mmrn2
RF00030
AABR07015042.1
Kmt5a
AABR07021804.1
AABR07032255.1
Arhgef39
RF00560
Farp2
AABR07069473.1
RF01518
Appl2
AABR07027810.2
Fkbp14
Unc13b
RF00601
RF00026
RF00001
Csf3r
Rarg
AABR07031756.2
AABR07034637.1
Flna
AABR07010030.1
Ncmap
Adcy10
P3h1
RF00001
Msrb3
Scube2
RF00100
Kdm5d
Fgf17
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8.950
-4.832 1.137
-4.250 2.139E-05
8.646
-4.843 1.057
-4.581 4.619E-06
3.645
-4.865 1.504
-3.234 1.220E-03
8.848
-4.875 1.063
-4.588 4.480E-06
4.811
-4.877 1.318
-3.701 2.146E-04
18.861
-4.912 0.982
-5.004 5.606E-07
1.846
-4.919 1.819
-2.704 6.853E-03
1.846
-4.919 1.819
-2.704 6.853E-03
1.839
-4.919 1.820
-2.703 6.881E-03
3.662
-4.923 1.392
-3.537 4.044E-04
5.184
-4.923 1.735
-2.837 4.550E-03
12.813
-4.927 0.851
-5.793 6.931E-09
2.032
-4.936 1.677
-2.944 3.239E-03
2.032
-4.936 1.677
-2.944 3.239E-03
2.032
-4.936 1.677
-2.944 3.239E-03
2.024
-4.936 1.677
-2.943 3.248E-03
2.024
-4.936 1.677
-2.943 3.248E-03
2.024
-4.936 1.677
-2.943 3.248E-03
4.486
-4.951 1.506
-3.288 1.009E-03
1.736
-4.951 1.804
-2.744 6.067E-03
1.736
-4.951 1.804
-2.744 6.066E-03
5.405
-4.964 1.116
-4.447 8.718E-06
6.135
-4.969 1.354
-3.669 2.439E-04
3.744
-4.997 1.470
-3.400 6.735E-04
10.930
-5.003 1.449
-3.453 5.547E-04
76.738
-5.019 0.882
-5.694 1.244E-08
8.099
-5.021 1.475
-3.404 6.632E-04
5.941
-5.022 1.407
-3.571 3.558E-04
2.210
-5.033 1.839
-2.737 6.205E-03
2.210
-5.033 1.839
-2.737 6.205E-03
24.559
-5.064 1.024
-4.944 7.641E-07
187.547
-5.084 0.852
-5.965 2.448E-09
4.344
-5.086 1.417
-3.591 3.299E-04
5.207
-5.103 1.887
-2.704 6.856E-03
1.760
-5.108 1.789
-2.855 4.297E-03
27.846
-5.131 1.054
-4.870 1.117E-06
10.449
-5.133 0.959
-5.352 8.720E-08
2.041
-5.136 1.738
-2.955 3.130E-03
2.041
-5.136 1.738
-2.955 3.130E-03
7.029
-5.145 1.308
-3.933 8.377E-05
3.402
-5.172 1.556
-3.323 8.900E-04
38.064
-5.177 1.117
-4.636 3.545E-06
6.448
-5.180 1.403
-3.693 2.219E-04
12.203
-5.181 0.855
-6.058 1.377E-09
2.522
-5.194 1.725
-3.011 2.603E-03
2.515
-5.194 1.725
-3.011 2.608E-03
4.732
-5.206 1.370
-3.800 1.449E-04
2.329
-5.210 1.954
-2.666 7.668E-03
7.940
-5.222 1.091
-4.788 1.682E-06
2.419
-5.227 1.755
-2.979 2.894E-03
9.170
-5.235 1.296
-4.040 5.345E-05
2.700
-5.249 1.736
-3.023 2.500E-03
22.069
-5.287 1.305
-4.052 5.087E-05
2.243
-5.324 1.690
-3.150 1.631E-03
3.995
-5.334 1.392
-3.833 1.265E-04
5.003
-5.344 1.748
-3.057 2.235E-03
3.916
-5.348 1.451
-3.686 2.280E-04
5.222
-5.360 1.413
-3.793 1.488E-04
40.932
-5.397 1.162
-4.646 3.380E-06
152.528
-5.421 0.979
-5.538 3.064E-08
4.678
-5.448 1.278
-4.262 2.024E-05
7.003
-5.470 1.054
-5.191 2.088E-07

padj
4.335E-04
1.182E-04
1.091E-02
1.159E-04
2.756E-03
1.997E-05
3.891E-02
3.891E-02
3.897E-02
4.541E-03
2.973E-02
4.292E-07
2.309E-02
2.309E-02
2.309E-02
2.309E-02
2.309E-02
2.309E-02
9.338E-03
3.625E-02
3.625E-02
2.048E-04
3.015E-03
6.803E-03
5.862E-03
7.043E-07
6.729E-03
4.136E-03
3.691E-02
3.691E-02
2.519E-05
1.726E-07
3.889E-03
3.891E-02
2.864E-02
3.396E-05
3.958E-06
2.250E-02
2.250E-02
1.306E-03
8.425E-03
9.587E-05
2.800E-03
1.113E-07
1.951E-02
1.953E-02
2.000E-03
4.185E-02
4.910E-05
2.114E-02
9.176E-04
1.897E-02
8.940E-04
1.353E-02
1.803E-03
1.732E-02
2.867E-03
2.042E-03
9.293E-05
1.607E-06
4.139E-04
8.487E-06

216
name
Bad
RF00026
Hspb3
Upb1
Acp4
Zfyve19
AABR07052247.1
AABR07043748.2
Dppa3
LOC680913
RF00020
Phf10
RF00334
Polr3g
RF00001
Iqcd
RF01161
RF00425
RF00402
Ube3d
Gucy2g
Slc25a35
RF00001
RF00020
AABR07005004.1
RF00020
AABR07067355.1
AABR07052897.1
Scn10a
Rpph1
RF00560
Tubb4a
RF00342
RF00001
RF00026
RGD1304567
Trit1
RF00003
RF00408
AC105648.1
RF00393
Atat1
AABR07025368.1
Serpina3c
Tbx18
RF00406
St8sia6
RF01225
Hes7
AC123144.1
Klf5
AABR07067042.2
Olr1398
RF00019
AABR07043031.1
Calhm2
AABR07015812.2
Ndufb10
RF00026
Col18a1
AABR07005004.2
Cnppd1
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17.836
-5.478 0.787
-6.960 3.405E-12
2.452
-5.487 1.660
-3.305 9.503E-04
2.918
-5.518 1.558
-3.542 3.968E-04
3.005
-5.542 2.019
-2.745 6.051E-03
4.498
-5.542 1.462
-3.790 1.506E-04
3.104
-5.551 1.567
-3.543 3.958E-04
4.793
-5.600 1.300
-4.307 1.652E-05
3.021
-5.610 1.965
-2.855 4.300E-03
3.021
-5.610 1.965
-2.855 4.300E-03
3.392
-5.626 1.683
-3.344 8.261E-04
63.902
-5.638 0.694
-8.127 4.392E-16
11.852
-5.640 1.161
-4.858 1.188E-06
19.099
-5.659 0.699
-8.098 5.593E-16
3.375
-5.675 2.043
-2.778 5.472E-03
2.839
-5.682 1.536
-3.699 2.164E-04
3.305
-5.698 1.526
-3.734 1.887E-04
29.141
-5.729 0.949
-6.034 1.595E-09
29.141
-5.729 0.949
-6.034 1.595E-09
5.966
-5.763 1.257
-4.586 4.508E-06
5.305
-5.781 1.488
-3.885 1.024E-04
6.195
-5.784 1.906
-3.035 2.407E-03
2.761
-5.786 1.763
-3.281 1.034E-03
8.074
-5.794 1.201
-4.825 1.397E-06
3.033
-5.812 1.528
-3.804 1.424E-04
24.018
-5.815 0.665
-8.740 2.331E-18
29.772
-5.830 1.096
-5.322 1.029E-07
3.796
-5.837 1.522
-3.835 1.254E-04
6.894
-5.881 1.724
-3.412 6.452E-04
9.941
-5.891 1.676
-3.514 4.409E-04
144.768
-5.935 0.628
-9.451 3.359E-21
4.091
-5.941 1.670
-3.557 3.756E-04
66.788
-5.959 1.191
-5.005 5.586E-07
27.539
-5.973 1.035
-5.773 7.772E-09
3.165
-5.973 1.770
-3.375 7.381E-04
3.165
-5.973 1.770
-3.375 7.381E-04
4.067
-5.975 1.962
-3.046 2.322E-03
45.431
-5.978 1.029
-5.809 6.279E-09
22.445
-6.025 1.512
-3.986 6.730E-05
28.836
-6.037 0.980
-6.159 7.312E-10
29.038
-6.046 0.963
-6.276 3.479E-10
29.038
-6.046 0.963
-6.276 3.479E-10
1.886
-6.077 2.017
-3.013 2.590E-03
39.647
-6.083 1.314
-4.628 3.691E-06
2.175
-6.136 1.687
-3.637 2.754E-04
2.175
-6.136 1.687
-3.637 2.754E-04
67.677
-6.152 0.791
-7.776 7.478E-15
4.120
-6.174 1.460
-4.228 2.353E-05
1.903
-6.185 2.003
-3.088 2.015E-03
23.650
-6.220 1.221
-5.095 3.488E-07
17.211
-6.228 1.258
-4.949 7.453E-07
4.767
-6.231 1.935
-3.220 1.281E-03
25.971
-6.232 0.958
-6.505 7.778E-11
4.314
-6.268 1.456
-4.305 1.674E-05
2.191
-6.271 1.873
-3.348 8.153E-04
4.228
-6.278 1.654
-3.795 1.479E-04
7.541
-6.281 1.555
-4.039 5.366E-05
13.709
-6.287 1.213
-5.185 2.158E-07
2.105
-6.333 1.988
-3.185 1.447E-03
2.665
-6.345 1.692
-3.750 1.771E-04
5.130
-6.347 2.071
-3.065 2.178E-03
4.701
-6.352 1.611
-3.942 8.077E-05
9.670
-6.366 1.217
-5.229 1.704E-07

padj
5.372E-10
8.869E-03
4.464E-03
3.624E-02
2.062E-03
4.464E-03
3.465E-04
2.864E-02
2.864E-02
7.933E-03
1.348E-13
3.563E-05
1.611E-13
3.401E-02
2.768E-03
2.471E-03
1.215E-07
1.215E-07
1.162E-04
1.538E-03
1.841E-02
9.521E-03
4.096E-05
1.982E-03
1.287E-15
4.607E-06
1.790E-03
6.597E-03
4.890E-03
4.451E-18
4.313E-03
1.997E-05
4.682E-07
7.310E-03
7.310E-03
1.787E-02
3.962E-07
1.101E-03
6.212E-08
3.074E-08
3.074E-08
1.946E-02
9.861E-05
3.337E-03
3.337E-03
1.835E-12
4.671E-04
1.591E-02
1.321E-05
2.482E-05
1.136E-02
8.053E-09
3.498E-04
7.863E-03
2.034E-03
9.188E-04
8.628E-06
1.239E-02
2.332E-03
1.695E-02
1.266E-03
7.190E-06

217
name
Bgn
Olr63
Dbh
Gimap9
Asb13
Pdcd4
RF00015
Fam166a
Cat
Ccdc65
RF00001
AABR07053885.1
RF00001
RF00026
RF00421
RF00402
AABR07049316.1
RF00001
AABR07029634.1
AABR07057872.1
Rdh5
AABR07032277.3
Nlrp9
RF00026
Cobll1
AABR07028465.1
AABR07027810.3
AABR07036679.1
AABR07044952.1
AABR07036567.1
AABR07015812.1
Npc1l1
Pla2g4d
Mir344i
Sema6c
Olr801
RF00015
Odf3b
Fbxl13
RF00594
RF00026
AABR07000714.1
Usp43
RF00026
AABR07038858.1
RF00020
RGD1564807
RF00015
AABR07021391.1
Pdia4
RF00019
Mlycd
RF01518
Rbpms
RF00100
RF00100
Plekho2
RF00026
RF00582
Lmna
C6
Slco1a2

Table C.1 – Continued from previous page
baseMean log2FC lfcSE
stat
pvalue
9.942
-6.378 1.276
-5.000 5.740E-07
2.562
-6.378 1.904
-3.349 8.101E-04
2.562
-6.378 1.904
-3.349 8.101E-04
5.266
-6.413 1.956
-3.278 1.044E-03
110.163
-6.464 0.855
-7.560 4.029E-14
49.699
-6.473 0.866
-7.474 7.769E-14
202.446
-6.482 1.085
-5.972 2.343E-09
5.839
-6.494 1.675
-3.877 1.057E-04
51.343
-6.522 0.914
-7.134 9.745E-13
3.036
-6.549 2.083
-3.145 1.662E-03
5.104
-6.555 2.279
-2.876 4.023E-03
6.242
-6.572 1.517
-4.331 1.485E-05
9.620
-6.584 1.414
-4.657 3.204E-06
16.613
-6.612 1.246
-5.307 1.114E-07
26.981
-6.619 1.114
-5.941 2.841E-09
26.981
-6.619 1.114
-5.941 2.841E-09
11.659
-6.628 1.972
-3.362 7.752E-04
2.780
-6.632 1.596
-4.154 3.265E-05
2.694
-6.632 1.978
-3.354 7.978E-04
3.254
-6.673 1.578
-4.229 2.349E-05
3.542
-6.718 1.643
-4.088 4.350E-05
6.958
-6.763 1.470
-4.599 4.244E-06
3.728
-6.789 1.713
-3.962 7.418E-05
3.728
-6.789 1.713
-3.962 7.418E-05
3.456
-6.802 1.545
-4.402 1.071E-05
3.744
-6.821 1.568
-4.350 1.360E-05
3.472
-6.897 1.514
-4.554 5.253E-06
7.399
-6.909 1.964
-3.519 4.336E-04
3.316
-6.966 1.981
-3.517 4.367E-04
4.016
-6.980 2.199
-3.174 1.503E-03
4.234
-7.001 1.630
-4.294 1.758E-05
131.538
-7.023 0.930
-7.548 4.424E-14
4.201
-7.051 2.314
-3.047 2.308E-03
3.587
-7.065 1.585
-4.457 8.308E-06
7.201
-7.067 1.878
-3.763 1.676E-04
8.672
-7.103 1.632
-4.353 1.341E-05
131.480
-7.109 0.986
-7.211 5.541E-13
8.928
-7.209 1.756
-4.105 4.038E-05
4.176
-7.211 1.823
-3.956 7.612E-05
4.176
-7.211 1.823
-3.956 7.612E-05
8.289
-7.220 1.436
-5.028 4.945E-07
62.963
-7.425 0.840
-8.836 9.887E-19
5.820
-7.506 1.575
-4.764 1.893E-06
6.174
-7.565 1.689
-4.479 7.515E-06
5.449
-7.584 2.780
-2.728 6.362E-03
381.938
-7.586 1.015
-7.473 7.840E-14
6.092
-7.624 2.139
-3.565 3.640E-04
12.012
-7.628 1.307
-5.836 5.344E-09
23.828
-7.826 2.856
-2.740 6.138E-03
1692.627
-8.084 0.499 -16.189 6.025E-59
1692.417
-8.085 0.502 -16.101 2.496E-58
45.616
-8.169 1.761
-4.639 3.502E-06
8.167
-8.196 1.522
-5.384 7.278E-08
9.313
-8.201 1.680
-4.883 1.046E-06
39.489
-8.528 1.645
-5.185 2.162E-07
23.406
-8.639 1.983
-4.356 1.324E-05
47.026
-8.707 1.458
-5.972 2.350E-09
25.741
-8.768 1.772
-4.948 7.499E-07
13.634
-8.795 1.796
-4.897 9.717E-07
14.326
-8.870 1.797
-4.936 7.967E-07
13.876
-8.964 1.425
-6.291 3.162E-10
39.438
-9.398 1.804
-5.208 1.908E-07

padj
2.034E-05
7.847E-03
7.847E-03
9.598E-03
8.899E-12
1.528E-11
1.674E-07
1.566E-03
1.614E-10
1.370E-02
2.729E-02
3.123E-04
8.883E-05
4.954E-06
1.895E-07
1.895E-07
7.587E-03
6.326E-04
7.751E-03
4.671E-04
7.962E-04
1.107E-04
1.179E-03
1.179E-03
2.446E-04
2.906E-04
1.329E-04
4.829E-03
4.854E-03
1.267E-02
3.651E-04
9.455E-12
1.779E-02
1.959E-04
2.229E-03
2.885E-04
9.661E-11
7.624E-04
1.204E-03
1.204E-03
1.781E-05
7.279E-16
5.502E-05
1.797E-04
3.737E-02
1.528E-11
4.209E-03
3.438E-07
3.661E-02
3.992E-55
8.271E-55
9.511E-05
3.444E-06
3.240E-05
8.628E-06
2.861E-04
1.674E-07
2.484E-05
3.037E-05
2.600E-05
2.870E-08
7.900E-06
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baseMean log2FC lfcSE
stat
pvalue
59.144
-9.983 1.582
-6.309 2.808E-10
369.270 -11.159 2.629
-4.245 2.182E-05

padj
2.620E-08
4.395E-04
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Confocal images of GFP-TDP-43 nuclei
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Appendix D. Confocal images of GFP-TDP-43 nuclei

Figure D.1: Confocal images of GFP-TDP-43 WT nuclei, related to Figure 5.9
Maximum intensity Z-projections of individual segmented nuclei, and the identified
foci (in white) from ImageJ 3D Object Counter results for each nucleus.
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Figure D.2: Confocal images of GFP-TDP-43 deltaC nuclei, related to Figure 5.9
Maximum intensity Z-projections of individual segmented nuclei, and the identified
foci (in white) from ImageJ 3D Object Counter results for each nucleus.
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Appendix D. Confocal images of GFP-TDP-43 nuclei

Figure D.3: Confocal images of GFP-TDP-43 deltaN nuclei, related to Figure 5.9
Maximum intensity Z-projections of individual segmented nuclei, and the identified
foci (in white) from ImageJ 3D Object Counter results for each nucleus.
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Figure D.4: Confocal images of GFP-TDP-43 deltaQN nuclei, related to Figure 5.9
Maximum intensity Z-projections of individual segmented nuclei, and the identified
foci (in white) from ImageJ 3D Object Counter results for each nucleus.
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Appendix D. Confocal images of GFP-TDP-43 nuclei

Figure D.5: Confocal images of GFP-TDP-43 deltaUCR nuclei, related to Figure 5.9
Maximum intensity Z-projections of individual segmented nuclei, and the identified
foci (in white) from ImageJ 3D Object Counter results for each nucleus.
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Figure D.6: Confocal images of GFP-TDP-43 trunc3 nuclei, related to Figure 5.9
Maximum intensity Z-projections of individual segmented nuclei, and the identified
foci (in white) from ImageJ 3D Object Counter results for each nucleus.

Appendix E

FIJI macro for foci counting procedure

//This is a macro for ImageJ (Fiji v1.0), used for analysis of GFP-TDP43 cell line z stacks
//Automated foci counting procedure, after:
//Jain, A., and Vale, R.D. (2017). RNA phase transitions in repeat expansion disorders.
Nature 546, 243247.
//To do batch processing, have all files in one folder, and go to Process>Batch>Macro...,
//Define the input and output folders, and copy&paste this script

name=getTitle(); //gets image title and stores it under variable ‘name’
run(“Remove Overlay”)
//make Max intensity z projection for segmentation of each nuclei and to measure their
mean intensities
//I chose Max intensity because mean or median is potentially skewed in the inevitable
scenario where at the beginning and end of each z stack there is a variable number of slices
where the nuclei are out of focus and there is no signal

run(“Z Project...”, “projection=[Max Intensity]”);
selectWindow(“MAX ”+name)
run(“Duplicate...”, “title=max”);
selectWindow(“max”);

//nuclei segmentation algorithm using the GFP-TDP43 signal
run(“Gaussian Blur...”, “radius=20”);//smooth out noise and speckles
run(“Gaussian Blur...”, “radius=20”);
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run(“Gaussian Blur...”, “radius=20”);
run(“Median...”, “radius=20”);
run(“Median...”, “radius=20”);
run(“Median...”, “radius=20”);
run(“Auto Threshold”, “method=Default white setthreshold”);//threshold the nuclei signal
from background
run(“Make Binary”);
run(“Fill Holes”);//fill out the ’holes’ ie. nucleoli run(“Adjustable Watershed”, “tolerance=40”);//watershed to separate touching nuclei, increasing the tolerance from default of
0.5 to avoid over segmentation

//This will sometimes merge 2 nuclei as one and this should be filtered out in the final
analysis (usually area > 300)

run(“Analyze Particles...”, “ size=50-Infinity circularity=0.00-1.00 show=[Overlay Masks]
exclude add in situ”);//creates masks
selectWindow(“max”);
close();
//overlays nuclei masks to measure the mean intensity of each nuclei from the MAX z
projection
selectWindow(“MAX ”+name);
run(“Set Measurements...”, “area mean standard integrated median skewness kurtosis display add redirect=None decimal=3”);//skewness and kurtosis can be measures of ’texture’
run(“From ROI Manager”);
roiManager(“Measure”);
selectWindow(“MAX ”+name);
close();
//save results from each image, from before, insert your working directory
saveAs(“Results”, “/Volumes/date/results/MAX zproject ”+name+“.xls”);

//loop to count bright “foci” for each segmented nuclei through the z stack
for (i=0 ; i<roiManager(“count”); i++) {
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selectWindow(name);
roiManager(“select”, i);
run(“Duplicate...”, “duplicate”);//duplicates the cropped ROI and its bounding rectangle
current = Roi.getName();
rename(name+current);

setBackgroundColor(0, 0, 0);//background colour is black
run(“Clear Outside”, “stack”);//only signal within the ROI remains
saveAs(“Tiff”, “/Volumes/date/results/3D OC results/”+name+current+“.tif”);

//ignore the ROIs which merge two nuclei, area threshold is set when I reviewed the
overall segmentation process from selected images
area= getResult(“Area”, i);
if (area>=300) {
selectWindow(name+current+“.tif”);
close();
}
//ImageJ 3D Objects Counter
else {
intensity=1.6* getResult(“Mean”, i);
//a relative threshold for foci is set for each nuclei as a function of the mean
//the size threshold may need to be evaluated for other nuclear bodies
run(“3D Objects Counter”, “threshold=”+intensity+“ slice=13 min.=100 max.=18639990
objects surfaces centroids centres of masses statistics summary”);
selectWindow(name+current+“.tif”);
close();

//save results
selectWindow(“Surface map of ”+name+current+“.tif”);
saveAs(“Tiff”, “/Volumes/date/results/3D OC results/Surface map of ”+name+current+“.tif”);
close();
selectWindow(“Centroids map of ”+name+current+“.tif”);
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saveAs(“Tiff”, “/Volumes/date/results/3D OC results/Centroids map of ”+name+current+“.tif”);
close();
selectWindow(“Centres of mass map of ”+name+current+“.tif”);
saveAs(“Tiff”, “/Volumes/date/results/3D OC results/Centres of mass map of ”+name+current+“.tif”);
close();
selectWindow(“Objects map of ”+name+current+“.tif”);
saveAs(“Tiff”, “/Volumes/date/results/3D OC results/Objects map of ”+name+current+“.tif”);
close();
selectWindow(“Statistics for ”+name+current+“.tif”);
saveAs(“Results”, “/Volumes/date/results/3D OC results/Statistics for ”+name+current+“.xls”);
run(“Close”);
selectWindow(“Log”);
saveAs(“Text”, “/Volumes/date/results/3D OC results/Log ”+name+current+“.txt”);
run(“Close”);
}
}

//close everything
roiManager(“Delete”);
selectWindow(“Results”);
run(“Close”);
close();

Bibliography
Adivarahan, S., Livingston, N., Nicholson, B., Rahman, S., Wu, B., Rissland, O. S., and
Zenklusen, D. (2018). Spatial Organization of Single mRNPs at Different Stages of the
Gene Expression Pathway. Mol. Cell, 0(0).
Afroz, T., Hock, E.-M., Ernst, P., Foglieni, C., Jambeau, M., Gilhespy, L. A. B., Laferriere,
F., Maniecka, Z., Plückthun, A., Mittl, P., Paganetti, P., Allain, F. H. T., and Polymenidou,
M. (2017). Functional and dynamic polymerization of the ALS-linked protein TDP-43
antagonizes its pathologic aggregation. Nature Communications, 8(1).
Aktaş, T., Avşar Ilk, I., Maticzka, D., Bhardwaj, V., Pessoa Rodrigues, C., Mittler, G.,
Manke, T., Backofen, R., and Akhtar, A. (2017). DHX9 suppresses RNA processing
defects originating from the Alu invasion of the human genome. Nature, 544(7648):115–
119.
Alami, N. H., Smith, R. B., Carrasco, M. A., Williams, L. A., Winborn, C. S., Han, S. S. W.,
Kiskinis, E., Winborn, B., Freibaum, B. D., Kanagaraj, A., Clare, A. J., Badders, N. M.,
Bilican, B., Chaum, E., Chandran, S., Shaw, C. E., Eggan, K. C., Maniatis, T., and Taylor,
J. P. (2014). Axonal Transport of TDP-43 mRNA Granules Is Impaired by ALS-Causing
Mutations. Neuron, 81(3):536–543.
Alberti, S., Gladfelter, A., and Mittag, T. (2019). Considerations and Challenges in Studying
Liquid-Liquid Phase Separation and Biomolecular Condensates. Cell, 176(3):419–434.
An, J. J., Gharami, K., Liao, G.-Y., Woo, N. H., Lau, A. G., Vanevski, F., Torre, E. R.,
Jones, K. R., Feng, Y., Lu, B., and Xu, B. (2008). Distinct Role of Long 3 UTR BDNF
mRNA in Spine Morphology and Synaptic Plasticity in Hippocampal Neurons. Cell,
134(1):175–187.
Andreassi, C., Luisier, R., Crerar, H., Franke, S., Luscombe, N. M., Cuda, G., Gaspari, M.,

232

BIBLIOGRAPHY

and Riccio, A. (2017). 3’ utr remodelling of axonal transcripts in sympathetic neurons.
bioRxiv.
Andreassi, C. and Riccio, A. (2009). To localize or not to localize: mRNA fate is in 3UTR
ends. Trends in Cell Biology, 19(9):465–474.
Andreassi, C., Zimmermann, C., Mitter, R., Fusco, S., De Vita, S., Devita, S., Saiardi, A., and Riccio, A. (2010). An NGF-responsive element targets myo-inositol
monophosphatase-1 mRNA to sympathetic neuron axons.

Nature Neuroscience,

13(3):291–301.
Apicco, D. J., Ash, P. E. A., Maziuk, B., LeBlang, C., Medalla, M., Al Abdullatif, A., Ferragud, A., Botelho, E., Ballance, H. I., Dhawan, U., Boudeau, S., Cruz, A. L., Kashy, D.,
Wong, A., Goldberg, L. R., Yazdani, N., Zhang, C., Ung, C. Y., Tripodis, Y., Kanaan,
N. M., Ikezu, T., Cottone, P., Leszyk, J., Li, H., Luebke, J., Bryant, C. D., and Wolozin,
B. (2018). Reducing the RNA binding protein TIA1 protects against tau-mediated neurodegeneration in vivo. Nature Neuroscience, 21(1):72–80.
Asencio, C., Chatterjee, A., and Hentze, M. W. (2018). Silica-based solid-phase extraction
of cross-linked nucleic acidbound proteins. Life Science Alliance, 1(3).
Ashwal-Fluss, R., Meyer, M., Pamudurti, N., Ivanov, A., Bartok, O., Hanan, M., Evantal,
N., Memczak, S., Rajewsky, N., and Kadener, S. (2014). circRNA Biogenesis Competes
with Pre-mRNA Splicing. Molecular Cell, 56(1):55–66.
Aw, J., Shen, Y., Wilm, A., Sun, M., Lim, X., Boon, K.-L., Tapsin, S., Chan, Y.-S., Tan,
C.-P., Sim, A., Zhang, T., Susanto, T., Fu, Z., Nagarajan, N., and Wan, Y. (2016). In Vivo
Mapping of Eukaryotic RNA Interactomes Reveals Principles of Higher-Order Organization and Regulation. Molecular Cell, 62(4):603–617.
Bagnoli, J. W., Ziegenhain, C., Janjic, A., Wange, L. E., Vieth, B., Parekh, S., Geuder, J.,
Hellmann, I., and Enard, W. (2018). Sensitive and powerful single-cell RNA sequencing
using mcSCRB-seq. Nature Communications, 9(1).
Baleriola, J., Walker, C., Jean, Y., Crary, J., Troy, C., Nagy, P., and Hengst, U. (2014).
Axonally Synthesized ATF4 Transmits a Neurodegenerative Signal across Brain Regions.
Cell, 158(5):1159–1172.

BIBLIOGRAPHY

233

Baltz, A., Munschauer, M., Schwanhusser, B., Vasile, A., Murakawa, Y., Schueler, M.,
Youngs, N., Penfold-Brown, D., Drew, K., Milek, M., Wyler, E., Bonneau, R., Selbach,
M., Dieterich, C., and Landthaler, M. (2012). The mRNA-Bound Proteome and Its Global
Occupancy Profile on Protein-Coding Transcripts. Molecular Cell, 46(5):674–690.
Bao, X., Guo, X., Yin, M., Tariq, M., Lai, Y., Kanwal, S., Zhou, J., Li, N., Lv, Y., PulidoQuetglas, C., Wang, X., Ji, L., Khan, M. J., Zhu, X., Luo, Z., Shao, C., Lim, D.-H., Liu,
X., Li, N., Wang, W., He, M., Liu, Y.-L., Ward, C., Wang, T., Zhang, G., Wang, D.,
Yang, J., Chen, Y., Zhang, C., Jauch, R., Yang, Y.-G., Wang, Y., Qin, B., Anko, M.-L.,
Hutchins, A. P., Sun, H., Wang, H., Fu, X.-D., Zhang, B., and Esteban, M. A. (2018).
Capturing the interactome of newly transcribed RNA. Nature Methods, 15(3):213–220.
Becker, L. A., Huang, B., Bieri, G., Ma, R., Knowles, D. A., Jafar-Nejad, P., Messing, J.,
Kim, H. J., Soriano, A., Auburger, G., Pulst, S. M., Taylor, J. P., Rigo, F., and Gitler,
A. D. (2017). Therapeutic reduction of ataxin-2 extends lifespan and reduces pathology
in TDP-43 mice. Nature, advance online publication.
Bellon, A., Iyer, A., Bridi, S., Lee, F. C. Y., Ovando-Vzquez, C., Corradi, E., Longhi,
S., Roccuzzo, M., Strohbuecker, S., Naik, S., Sarkies, P., Miska, E., Abreu-Goodger,
C., Holt, C. E., and Baudet, M.-L. (2017). miR-182 Regulates Slit2-Mediated Axon
Guidance by Modulating the Local Translation of a Specific mRNA. Cell Reports,
18(5):1171–1186.
Beltran, M., Yates, C. M., Skalska, L., Dawson, M., Reis, F. P., Viiri, K., Fisher, C. L.,
Sibley, C. R., Foster, B. M., Bartke, T., Ule, J., and Jenner, R. G. (2016). The interaction
of PRC2 with RNA or chromatin is mutually antagonistic. Genome Research, 26(7):896–
907.
Benhalevy, D., Anastasakis, D. G., and Hafner, M. (2018). Proximity-CLIP provides a snapshot of protein-occupied RNA elements in subcellular compartments. Nature Methods,
15(12):1074–1082.
Berger, S. M., Fernández-Lamo, I., Schönig, K., Fernández Moya, S. M., Ehses, J.,
Schieweck, R., Clementi, S., Enkel, T., Grothe, S., von Bohlen und Halbach, O., Segura, I., Delgado-Garcı́a, J. M., Gruart, A., Kiebler, M. A., and Bartsch, D. (2017).

234

BIBLIOGRAPHY

Forebrain-specific, conditional silencing of Staufen2 alters synaptic plasticity, learning,
and memory in rats. Genome Biology, 18(1).
Berkovits, B. D. and Mayr, C. (2015). Alternative 3 UTRs act as scaffolds to regulate
membrane protein localization. Nature, 522(7556):363–367.
Blazquez, L., Emmett, W., Faraway, R., Pineda, J. M. B., Bajew, S., Gohr, A., Haberman,
N., Sibley, C. R., Bradley, R. K., Irimia, M., and Ule, J. (2018). Exon Junction Complex Shapes the Transcriptome by Repressing Recursive Splicing. Mol. Cell, 72(3):496–
509.e9.
Bolte, S. and Cordelires, F. P. (2006). A guided tour into subcellular colocalization analysis
in light microscopy. Journal of Microscopy, 224(3):213–232.
Bourgeois, C. F., Mortreux, F., and Auboeuf, D. (2016). The multiple functions of RNA
helicases as drivers and regulators of gene expression. Nature Reviews Molecular Cell
Biology, 17(7):426.
Briese, M., Haberman, N., Sibley, C., Chakrabarti, A., Wang, Z., Konig, J., Perera, D.,
Wickramasinghe, V., Venkitaraman, A., Luscombe, N., Smith, C., Curk, T., and Ule, J.
(2018). Transcriptome-wide profiling of mammalian spliceosome and branchpoints with
iCLIP. bioRxiv.
Broadus, J., Fuerstenberg, S., and Doe, C. Q. (1998). Staufen-dependent localization of
prospero mRNA contributes to neuroblast daughter-cell fate. Nature, 391(6669):792–
795.
Brugiolo, M., Botti, V., Liu, N., Mller-McNicoll, M., and Neugebauer, K. M. (2017). Fractionation iCLIP detects persistent SR protein binding to conserved, retained introns in
chromatin, nucleoplasm and cytoplasm. Nucleic Acids Research, 45(18):10452–10465.
Buchan, D. W. A., Minneci, F., Nugent, T. C. O., Bryson, K., and Jones, D. T. (2013).
Scalable web services for the PSIPRED Protein Analysis Workbench. Nucleic Acids
Research, 41(W1):W349–W357.
Burger, K., Mhl, B., Kellner, M., Rohrmoser, M., Gruber-Eber, A., Windhager, L., Friedel,
C. C., Dlken, L., and Eick, D. (2013). 4-thiouridine inhibits rRNA synthesis and causes
a nucleolar stress response. RNA Biology, 10(10):1623–1630.

BIBLIOGRAPHY

235

Blanger, G., Stocksley, M. A., Vandromme, M., Schaeffer, L., Furic, L., DesGroseillers,
L., and Jasmin, B. J. (2003).

Localization of the RNA-binding proteins Staufen1

and Staufen2 at the mammalian neuromuscular junction. Journal of Neurochemistry,
86(3):669–677.
Cajigas, I., Tushev, G., Will, T., tomDieck, S., Fuerst, N., and Schuman, E. (2012). The
Local Transcriptome in the Synaptic Neuropil Revealed by Deep Sequencing and HighResolution Imaging. Neuron, 74(3):453–466.
Calabretta, S. and Richard, S. (2015). Emerging Roles of Disordered Sequences in RNABinding Proteins. Trends in Biochemical Sciences, 40(11):662–672.
Calvet, J. P. and Pederson, T. (1979). Heterogeneous nuclear RNA double-stranded regions
probed in living HeLa cells by crosslinking with the psoralen derivative aminomethyltrioxsalen. Proceedings of the National Academy of Sciences of the United States of
America, 76(2):755–759.
Castello, A., Fischer, B., Eichelbaum, K., Horos, R., Beckmann, B. M., Strein, C., Davey,
N. E., Humphreys, D. T., Preiss, T., Steinmetz, L. M., Krijgsveld, J., and Hentze, M. W.
(2012). Insights into RNA Biology from an Atlas of Mammalian mRNA-Binding Proteins. Cell, 149(6):1393–1406.
Castello, A., Fischer, B., Frese, C. K., Horos, R., Alleaume, A.-M., Foehr, S., Curk, T.,
Krijgsveld, J., and Hentze, M. W. (2016). Comprehensive Identification of RNA-Binding
Domains in Human Cells. Molecular Cell, 63(4):696–710.
Cereda, M., Pozzoli, U., Rot, G., Juvan, P., Schweitzer, A., Clark, T., and Ule, J. (2014).
RNAmotifs: prediction of multivalent RNA motifs that control alternative splicing.
Genome Biol., 15(1):R20.
Chakrabarti, A. M., Haberman, N., Praznik, A., Luscombe, N. M., and Ule, J. (2018). Data
Science Issues in Studying ProteinRNA Interactions with CLIP Technologies. Annu. Rev.
Biomed. Data Sci., 1(1):235–261.
Charcot, J. M. (1869). Deux cas d’atrophie musculaire progressive avec lesions de la substance grise et des faisceaux anterolateraux de la moelle epiniere. Archives de Pathologie
Normale et Pathologique, 2:744–760.

236

BIBLIOGRAPHY

Cheng, C. Y., Kladwang, W., Yesselman, J. D., and Das, R. (2017). RNA structure inference
through chemical mapping after accidental or intentional mutations. Proceedings of the
National Academy of Sciences, 114(37):9876–9881.
Chi, S. W., Zang, J. B., Mele, A., and Darnell, R. B. (2009). Argonaute HITS-CLIP decodes
microRNAmRNA interaction maps. Nature, 460(7254):479–486.
Cioni, J.-M., Koppers, M., and Holt, C. E. (2018). Molecular control of local translation in
axon development and maintenance. Curr. Opin. Neurobiol., 51:86–94.
Cioni, J.-M., Lin, J. Q., Holtermann, A. V., Koppers, M., Jakobs, M. A., Azizi, A., TurnerBridger, B., Shigeoka, T., Franze, K., Harris, W. A., and Holt, C. E. (2019). Late Endosomes Act as mRNA Translation Platforms and Sustain Mitochondria in Axons. Cell,
176(1-2):56–72.e15.
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