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ABSTRACT

HNRNPUL1 displays many properties in common with proteins associated with the
neurodegenerative disorder amyotrophic lateral sclerosis (ALS), such as RNA-binding
capacity and a prion-like domain at its C-terminus. However, there is a limited
understanding of its cellular functions, especially regarding RNA metabolism.
Currently, ALS is an incurable condition and therefore there is a pressing need to
further elucidate the molecular pathology underpinning this disease. During this study,
we have identified HNRNPUL1 as a key component of the small RNA biogenesis
pathway. Conditional depletion of HNRNPUL1 via the auxin-inducible degron system
results in the clear downregulation of both snRNA and snoRNA expression levels. In
addition, loss of HNRNPUL1 triggers the disintegration of Cajal bodies and loss of
SMN-containing nuclear Gems — a hallmark of both ALS and the closely related
neurodegenerative condition spinal muscular atrophy (SMA). We have also
demonstrated that the prion-like domain of HNRNPUL1 is essential for forming the
majority of its protein interactions, including with other ALS-causing factors such as
FUS and TAF15, as well as RNA polymerase Il. In addition, ALS patients with
mutations in HNRNPUL1 have been identified. One of these patients, possessing a
heterozygous S249N point mutation, displays reduced expression levels of

HNRNPUL1 and an snoRNA biogenesis defect.
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CHAPTER 1 - INTRODUCTION
1.1 THE RNAPII CTD CODE

RNA polymerase |l (RNAPII) is responsible for the transcription of all protein-encoding
genes, as well as many long and short non-coding RNAs. The largest subunit of this
complex - RBP1 - possesses a unique C-terminal Domain (CTD) that plays an
essential role in the activity of the polymerase. In mammals, this CTD is composed of
21 copies of a consensus motif Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7, as well 31 non-
consensus repeats (Eick and Geyer, 2013). Among the consensus repeats, residues
Tyr1, Ser2, Thr4, Ser5 and Ser7 can be phosphorylated or glycosylated, while Pro3

and Pro6 can be isomerized (Zaborowska et al., 2016).

The process of transcribing a messenger RNA (mRNA) can be generally divided
into three phases - initiation, elongation and termination. Phosphorylation and
glycosylation of the CTD is critical in facilitating transition through these phases, as
well as enabling sequential recruitment of RNA-binding factors. This allows coupling
of transcription with processing of nascent mRNA transcripts. Accordingly, proteins
required for the early steps of RNA-processing (e.g. mMRNA capping enzymes)
recognize CTD modifications that are most prevalent at the 5’ end of genes (Fabrega
et al., 2003), while factors involved in later stages interact with the CTD modifications
found most abundantly at the 3’ end. This is demonstrated by the case of
polyadenylation factor Pcf11, that has specific affinity for phosphorylated Serine-2
(Ser2P) (Gu et al., 2013).

RNAPII is positioned on to the promoters of genes in a largely unphosphorylated
state as part of a pre-initiation complex, along with six general transcription factors —
TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH — and Mediator (Soutourina, 2018). For
RNAPII to escape this complex and initiate transcription, it must be phosphorylated at
Serine-5 by the CDK7 subunit of TFIIH (S@gaard and Svejstrup, 2007). CDK7 also
has the ability to phosphorylate Serine-7 (Glover-Cutter et al., 2009). RNAPII then

pauses approximately 30-50 nucleotides downstream of the transcription start site
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(Zlotorynski, 2017), halted by DRB-sensitivity inducing factor (DSIF) and negative
elongation factor (NELF) (Kwak and Lis, 2013). Once again, transition into the next
phase of transcription — productive elongation —is facilitated by CTD phosphorylation.
In this case, this is performed by the CDK9 subunit of P-TEFb, which targets Serine-
2 of the CTD, as well as DSIF and NELF themselves (Peterlin and Price, 2006). NELF
dissociates from the complex as a result, while DSIF is converted into a positive

elongation factor (Figure 1.1).

Many genes that require rapid activation in response to external stimuli such as
cellular infection, or internal stimuli such as DNA damage, are primarily regulated at
the pause-release stage. One such class of genes is known as the immediate-early
genes (IEGs), including EGR1, FOS and JUN. At many of these loci, RNAPII sits
primed at the promoter-proximal site and therefore can be quickly activated into
productive elongation, enabling synthesis of the mRNA in a matter of minutes
(Bahrami and Drablgs, 2016). These IEGs encode transcription factors that can then
trigger signalling cascades to allow the cell to rapidly respond to these external/internal
stimuli. A key regulator of the pause-release transition is the 7SK snRNP complex
(McNamara et al., 2016). This complex binds to and inhibits the activity of P-TEFb in
a dynamic association dependent on the transcriptional needs of the cell. For example,
in response to DNA-damaging agents, RNA-binding factor RBM7 binds 7SK
stimulating release of P-TEFb from the inhibitory complex to trigger pause-release at
genes involved in the DNA-damage response such as EGR1 and FOS (Bugai et al.,

2019) (Figure 1.2).

Both Chromatin-Immunoprecipitation (ChlP) and mammalian Native Elongating
Transcript sequencing (MNET-seq) have been utilized to analyse the profile of the
various CTD modifications across the body of genes. Ser2P and Ser5P account for
approximately 75% of all phospho-counts on the CTD in human cells (Schiiller et al.,
2016), and it is these two modifications that have been studied in most detail. ChlIP

studies have indicated that Tyr1P, Ser5P and Ser7P are most prominent at the 5’
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PAUSED PAUSED ELONGATING

RNAPII RNAPII RNAPII

52 = Serine-2
55 = Serine-5
57 =Serine-7

" P = phosphorylated

Figure 1.1 RNAPII pause-release is stimulated via CDK9-mediated phosphorylation
events

RNAPII is held in a paused configuration by DSIF and NELF following the initial
transcription of 20-60 nucleotides. The CDK9 subunit of P-TEFb phosphorylates Ser2
on the RNAPII CTD, as well as DSIF and NELF to facilitate pause-release and
productive elongation.
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Figure 1.2 RBM7 releases P-TEFb from the inhibitory 7SK complex in response to
genotoxic stress, in order to facilitate P-TEFb-dependent transcription of DNA-
damage response genes

P-TEFb is prevented from stimulating transcription elongation via HEXIM, the
inhibitory component of the 7SK snRNP complex. In response to genotoxic stress,
RBM7 binds to the 7SK complex and releases P-TEFb from this inhibition. P-TEFb
can then phosphorylate RNAPII to activate transcription of genes required for the
DNA-damage response.
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end of genes, while Ser2P and Thr4P appear more abundantly at the 3’ end (Dias et
al., 2015; Voss et al., 2015). mNET-seq analyses have found a similar Ser2P pattern,
but diverge with ChIP analyses with respect to Ser5P. In their original mMNET-seq
paper, Nojima et al. (2015) report Ser5P as present across exons along the entire
length of genes, with a particularly prominent peak at the end of exons thought to
represent a splicing intermediate (Nojima et al., 2015). There are a couple of possible
explanations for this discrepancy. Firstly, as mNET-seq is based on the extraction of
RNA from the active site of RNAPII (RNA is then sequenced via linker ligation on the
3’ end of RNAs), it could be the case that the hyper-phosphorylated Ser5 found at
transcription start sites (TSS) has not yet synthesized the 35 nucleotides of RNA
required to be recognized by mNET-seq. An alternative possibility is that as ChIP
involves cross-linking via formaldehyde, this could potentially disrupt native chromatin

conformation leading to misleading CTD isoform profiles.

It has been postulated that the RNAPII pausing at splice sites observed in these
mNET-seq assays could ensure a window of opportunity for the proper assembly of
the splicing machinery and subsequent splicing steps to occur, in light of previous
studies demonstrating RNAPII elongation rates and splicing decisions to be
intrinsically linked (Saldi et al., 2016). In 2018, Nojima et al. (2018) followed up their
initial MNET-seq study by analysing via mass-spectrometry the protein components
that co-immunoprecipitate with different RNAPII CTD isoforms (Nojima et al., 2018).
Consistent with their Ser6P mNET-seq profile, they revealed that components of the
spliceosome specifically co-immunoprecipitated with the SerSP form of RNAPII
(Nojima et al., 2018). Intriguingly however, functional knockdown of spliceosomal
RNAs via antisense oligo causes a decrease in Ser2P at a global level, but leaves
Ser5P unaffected (Koga et al., 2015). The exception to this finding was U1 snRNA

inhibition, which triggered elevated levels of Ser5P (Koga et al., 2015).

In addition to CDK7 and CDK9, there are a growing number of kinases implicated

in CTD phosphorylation. For example, CDK12 and CDK13 display the ability to
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phosphorylate both Ser5 and Ser2 (Bartkowiak et al., 2010; Greifenberg et al., 2016).
However, the biological significance of the relationships between these non-canonical
kinases and their targets requires further in vivo investigation, with studies often

hampered by the functional redundancy displayed among the many kinases involved.

It is becoming increasingly clear that RNAPII elongation rate itself can also affect
CTD phosphorylation. By generating RNAPII mutants with reduced elongating speeds,
Fong et al. (2017) demonstrated that an increased RNAPII dwell time at TSSs is
correlated with elevated Ser2P levels at the 5’ end of genes (Fong et al., 2017). Given
the wide range of factors and complex structures that govern RNAPII pausing and/or
elongation rates, such as nucleosomes (Jimeno-Gonzalez et al., 2015) or R loops
(Skourti-Stathaki and Proudfoot, 2014), this finding greatly expands the potential

network of proteins that can directly or indirectly influence CTD phosphorylation.

The removal of CTD modifications is also a key feature of transcription regulation.
For example the depletion of Ssu72, which dephosphorylates Ser5 and Ser7
(Krishnamurthy et al., 2004), not only results in elevated Ser5P and Ser7P levels at
the 3’ end of genes, but also produces a transcription termination defect (Zhang et al.,
2012). Another Ser5 phosphatase RPAP2 has also been shown to direct pre-mRNA
3’-end formation (Wani et al., 2014), while also playing a particularly prominent role in

snRNA transcription (Egloff et al., 2012).

1 2.1snRNA T .
The majority of protein-encoding genes contain introns, which are removed co-
transcriptionally from nascent pre-mRNA transcripts via splicing. There are two multi-
subunit RNP complexes that perform these reactions — the major spliceosome,

comprising U1, U2, U4, U5 and U6 snRNPs, and the minor spliceosome consisting of
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U11, U12, Udatac, U5 and U6Gatac snRNPs. The major spliceosome recognises
GT/AG splice sites that flank a high proportion of introns and is therefore responsible
for most of the splicing that occurs in the cell. In contrast, the minor spliceosome
recognises AT/AC splice sites found in a small fraction of transcripts. With the
exception U6, Ubatac and 7SK snRNAs, which are all transcribed by RNA polymerase
[l (White, 2011), snRNAs are transcribed by RNAPII.

RNAPII-transcribed snRNAs have a simpler gene structure compared to their
protein-encoding counterparts, containing no introns (Figure 1.3). A distal sequence
element is located around 250 nucleotides upstream of the TSS. This acts as an
enhancer, recognised by transcription factors Oct1, Staf, NF1 and Sp1 (Jawdekar and
Henry, 2008). This is followed by a conserved snRNA-gene specific motif known as
the proximal sequence element (PSE), located approximately 50 nucleotides
upstream of the TSS (Egloff et al., 2008). Oct1 promotes snRNA gene transcription by
stabilising the interaction between a complex known as PSE-binding protein/PSE-
binding transcription factor/snRNA activating protein complex, PTF (sometimes
referred to PBP and SNAPc) and the PSE (Murphy et al., 2015). The snRNA TAF
complex (snTAFc), comprising the TATA-binding protein (TBP) plus the TBP-
associated factors (TAFs), is then recruited by PTF along with the general transcription

factors.

CDKY phosphorylates Ser5 and Ser7 on the RNAPII CTD shortly after the initiation
of transcription, and unlike protein-encoding genes, it is the phosphorylation of Ser7
that has been identified as essential for the transcription of shARNAs (Egloff et al., 2007).
This is due to its role in recruiting RPAP2, the Serine 5 phosphatase mentioned
previously. In addition to dephosphorylating Ser5 at snRNA loci, RPAP2 also recruits
several subunits of the 3’ end snRNA processing complex known as Integrator (Egloff
et al.,, 2012). snRNAs are non-polyadenylated, instead featuring a region located
approximately 200 nucleotides downstream of the TSS, known as the 3’ box. When

this sequence is recognised by Integrator, it triggers this 14 subunit complex to
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Figure 1.3 Structure of an snRNA gene

snRNA genes are composed of a distal sequence element (DSE), a proximal
sequence element (PSE), the snRNA-encoding region, and a 3’ box approximately
200 nucleotides downstream of the start of the coding region. The DSE acts as an
enhancer, stabilising interactions between the transcription initiation machinery and
the PSE promoter region. The 3’ box governs the formation of pre-snRNA 3’ ends. No
introns are present.
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endonucleolytically cleave the nascent pre-snRNA transcript (Baillat et al., 2005).
Rather than promote pause-release as in the case of protein-coding genes, Ser2
phosphorylation via P-TEFb facilitates recruitment of the remaining Integrator subunits,

Ints9 and Inst11, required for this reaction to occur (Egloff et al., 2010).

P-TEFb facilitates productive elongation during the transcription of mRNAs as part
of a complex known as the super elongation complex (SEC), made up of ELL, AFF1,
AFF4, AF9, and ENL (Smith et al., 2011a). In the case of snRNA gene transcription,
elongation is promoted by another ELL-containing complex, referred to as the little
elongation complex (LEC). This complex consists of proteins ELL, ICE1, ECE2, EAF
and ZC3H8 (Smith et al., 2011b). Surprisingly, in 2017 Egloff et al. (2017) revealed
that the 7SK snRNP complex is recruited to snRNA loci and is required for the integrity
of the LEC, and as a result knockdown of 7SK components triggers reduced snRNA
transcription (Egloff et al., 2017). It was also recently shown that Mediator, essential
for transcription initiation of protein-encoding genes, is required for the recruitment of

the LEC to snRNA loci (Takahashi et al., 2015).

DSIF and NELF are both also required for the proper transcription of snRNA
genes, and interact with the Integrator complex at the 3’ end of shRNA genes
(Yamamoto et al., 2014). NELF inhibition was specifically shown to induce termination
defects and 3’-end misprocessing (Yamamoto et al., 2014). Termination of snRNA
transcription and 3’-end processing appear to be intrinsically linked, with knockdown
of the catalytic subunits of Integrator — Ints9 and Inst11 — also causing disruptions to

termination (O’'Reilly et al., 2014).

1.2.2 snRNA Export and Cytoplasmic RNP Assembly

An m7G cap is added to all RNAPII-transcribed RNAs soon after transcription is
initiated (Cho et al., 1997). In the case of transcripts shorter than 250 nucleotides,
such as snRNAs, the cap is bound by CBP80, CBP20, and ARS2, in a complex
referred to as CBCA (Hallais et al., 2013). The CBCA is a critical component of the
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snRNA biogenesis pathway, not only promoting efficient termination and 3’-end
processing of snRNAs (Hallais et al., 2013), but also facilitating their nuclear export. It
achieves this via an interaction with PHAX, forming the CBCAP complex that in turn
recruits the export receptor chromosome region maintenance 1 (CRM1; sometimes
referred to as exportin 1/XPO1). CRM1 binds nuclear pore proteins to promote export
of pre-snRNAs into the cytoplasm in a Ran-GTP dependent manner (Fornerod et al.,
1997). It is thought that pre-snRNAs traffic through nuclear structures known as Cajal
bodies (CBs) prior to export (Matera and Wang, 2014). These structures will be

discussed in greater detail in the ‘Cajal bodies’ section that follows.

Alternatively, the CBCA can interact with the nuclear-exosome-targeting complex
(NEXT), comprised of MTR4, RBM7 and ZCCHCS8, along with an additional cofactor
known as ZC3H18 (Andersen et al., 2013). As the NEXT complex facilitates
degradation of specific substrate transcripts by the nuclear exosome, the CBCA-NEXT
interaction, referred to as the CBCN complex, is thought to promote RNA decay of
these snRNA precursors. The competition between PHAX and ZC3H18 for CBCA
binding (Figure 1.4) appears to dictate levels of snRNA nuclear transport versus
degradation, although how this balance is regulated is still not completely understood

(Giacometti et al., 2017).

snRNPs undertake an unusual assembly pathway, with several steps occurring
in the cytoplasm prior to re-import into the nucleus, where the final maturation stages
transpire. Following its initial export into the cytoplasm, dephosphorylation of PHAX
triggers the disassembly of the pre-snRNA export complex (Kitao et al., 2008). This is
followed by binding to the snRNAs by the survival motor neuron (SMN) protein
complex, composed of SMN in tight association with a collection of associated proteins
known as Gemins (Pellizzoni et al., 2002). In 2006, Gemin5 was identified as the SMN
complex component that specifically recognises and binds snRNA transcripts in the
cytoplasm (Battle et al., 2006). The SMN complex then orchestrates the assembly of

a heptameric ring around the pre-snRNAs composed of 7 Sm-proteins, bound via a
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Figure 1.4 sn/snoRNA fate is specified by mutually exclusive CBC-ARS2-containing
complexes

sn/snoRNA nuclear transport protein PHAX competes with ZC3H18, responsible for
stimulating degradation of these RNAs, for binding to the CBC in association with

ARS2.
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consensus Sm-binding sequence AUUUUUG (Stanék, 2017). The Sm proteins initially
form heterodimeric (SmD1-SmD2 and SmB-SmD3) or heterotrimeric (SmE-SmF-
SmG) sub-complexes, and only rearrange into a heptamer upon association with the
pre-snRNA (Raker et al., 1996). The protein Arg N-methyltransferase 5 (PRMT5)
mediates the transfer of these sub-complexes to the SMN complex, methylating
arginine residues present on SmB, SmD1 and SmD3 prior to their delivery (Meister et
al., 2001). Gemin2 has also been identified as critical in promoting these reassembly
reactions, directly binding five of the Sm proteins and stabilising sub-complex
intermediates (Zhang et al., 2011). In addition, Sm core formation is also dependent
on the ability of SMN to self-oligomerize, facilitated by the YG-box domain present at
its C-terminus (Lorson et al., 1998). Once assembled, this Sm ring protects the pre-

snRNA from degradation.

The SMN complex then recruits trimethylguanosine synthase 1 (TGS1) (Mouaikel
et al., 2003), which catalyses the conversion of the 5-end m7G cap into a 2,2,7-
trimethylguanosine (TMG) cap structure. Next, the final maturation step prior to re-
import is 3'-end exonucleolytic trimming (Huang et al., 2015). Import is mediated by
the snRNP-specific adaptor protein Snurportin-1. Snurportin-1 binds both the TMG
cap and the import receptor importin-3, which then directs the import of the snRNP
complexes in association with the SMN complex (Palacios, 1997). Once inside the
nucleus, SMN dissociates from the snRNP, localising either to within Cajal bodies or
to distinct subnuclear bodies known as Gems (Matera and Shpargel, 2006),

depending on the cell type.

1.2.3 SMN and Spinal Muscular Atrophy

In 1995, it was discovered that mutations in the SAMN7 gene that result in reduced
SMN protein expression cause a common neurodegenerative condition known as
spinal muscular atrophy (SMA) (Lefebvre et al., 1995). SMA is characterized by the

degeneration of the lower motor neurons as well as muscular atrophy, and is one of
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the most common genetic causes of infant mortality (Arnold and Fischbeck, 2018).
Although there is a second copy of the SMN gene — SMANZ2 - a single nucleotide
mutation in exon 7 causes this exon to regularly be skipped, resulting in low level SMN
protein expression from this gene (Lorson et al., 1999). The reduction in SMN levels
displayed in patient fibroblasts coincides with a loss of nuclear Gems, a hallmark of
the condition. In addition, widespread pre-mRNA splicing defects are observed as well
as a dysregulation of snRNA levels, consistent with the role of SMN in snRNP
biogenesis (Zhang et al., 2008). Interestingly, it appears that minor spliceosome
snRNAs are particularly affected by SMN loss (Gabanella et al., 2007), and
accordingly a high proportion of U12-type introns are mis-spliced in SMA patient-

derived cells as well as SMA mouse models (Doktor et al., 2017).

| 2.4 snRNP Nuclear R el | Spli ; bl
snRNP complexes undergo final maturation steps following re-import into the nucleus,
with an additional 1 to 12 snRNP-specific proteins incorporated into each snRNP
(Stanék, 2017). For example, the U2 snRNP sequentially incorporates proteins
SNRNPA1 (U2A) and SNRNPB2 (U2B’), the SF3b complex, followed by the SF3a
trimer complex (Kramer et al., 1999). This pathway involves the formation of three
distinct complexes, known as 125, 15S and 17S respectively. SPF30, DXH15, DDX46
and the U2AF dimer then associate with 17S U2 snRNP to form the mature particle
(Will et al., 2002). These U2 snRNP-specific proteins are imported independently of
the snRNA, as has been demonstrated for U1 snRNP-specific proteins (Romac et al.,

2015).

Prior to incorporation into the spliceosome, U4 snRNP forms a di-snRNP, then a tri-
snRNP particle with the U6 and U5 snRNPs respectively. The U6 snRNP undertakes
a different biogenesis pathway to the RNAPII-transcribed snRNAs. It remains in the
nucleus following its transcription, where it acquires a mono-methylated cap is at its

5-end and a 2',3'-cyclic phosphate moiety at its 3’ terminus (Licht et al., 2008). It is
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then packaged together with a pre-assembled ring of 7 LSm 2-8 proteins (Zaric et al.,
2005). These LSm proteins, along with a key recycling factor known as SARTS3,
facilitate the formation of a U4:U6 snRNA duplex (Achsel et al., 1999; Bell et al., 2002).
U4/U6 snRNP-specific proteins then assemble onto the duplex in a hierarchical
manner, firstly with a factor known as 15.5K recognizing a specific K-turn on the U4
snRNA, followed by the recruitment of PRP31, then PRP3, PRP4 and CYPH (Liu et
al., 2007). A U4/U6/U5 tri-snRNP structure is then formed via the interaction between
PRP31 and U5-specific snRNP protein PRP6 (Liu et al., 2006), which can then engage

in splicing as part of the spliceosome.

The first step in splicing is the recognition of the 5’ splice site (SS) by U1 snRNP,
which base-pairs with the pre-mRNA (Wahl et al., 2009). This is followed by
recognition of the branch point adenosine by U2 snRNP and the formation of complex
E, which is converted to complex A through interaction between U1 snRNP and U2
snRNP (Wahl et al., 2009). The pre-formed U4/U6/U5 tri-snRNP complex is then
recruited to the splicing reaction, resulting in the formation of complex B. U4 and U6
snRNAs are extensively base-paired in the initial tri-snRNP conformation. This is a
critical regulatory feature, as in effect it ensures that the U6 snRNA is delivered to the
spliceosome in a catalytically inactive state (Mroczek and Dziembowski, 2013). U5
snRNP proteins are then crucial in facilitating structural re-arrangements that trigger
catalytic activation of the complex. U5 snRNP RNA helicase Brr2 unwinds the U4/U6
helices, and U1 and U4 snRNPs are released from the spliceosome (Agafonov et al.,
2016). Further structural rearrangements result in the base-pairing of U6 snRNA with
U2 snRNA and the pre-mRNA substrate and the formation of a catalytically active
complex - complex B’. This complex removes introns from pre-mRNAs via two
transesterification reactions (Figure 1.5). Firstly, a nucleophilic attack on the 5’ SS is
performed by the 2'-OH group of the branch point adenosine, producing a free 5’ exon
and intron—-exon 2 lariat intermediate. The first exon 3'-OH group then carries out a
nucleophilic attack on the 3’ SS, resulting in ligation of the two exons and intron

removal. The remaining snRNPs — U2, U5 and U6 are then released and recycled
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Figure 1.5 Splicing occurs via two transesterification reactions

The first step of the splicing reaction occurs via nucleophilic attack on the first
nucleotide of the intron at the 5’ splice site by the 2’ OH of the branch point adenosine.
A lariat intermediate is formed, and then released by a second transesterification
involving the first intron nucleotide and the last nucleotide of the intron at the 3’ splice
site, thus joining the two exons together.
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along with U1 and U4 to enable further rounds of splicing.

| 2 5 Caial bodi
It is becomingly increasingly clear that subnuclear compartments known as Cajal
bodies (CB) are intimately linked with every nuclear stage of the snRNP biogenesis
pathway. First discovered in neurons by Ramoén y Cajal at the beginning of the 20th
century, interest in CBs increased when snRNAs were detected within these
structures in 1991 (Carmo-Fonseca et al., 1991). Around the same time, a protein
named coilin was identified as a marker and essential scaffold protein of CBs (Raska
etal., 1990). In addition to neurons, Cajal bodies are also present in numerous dividing
cell types, where their morphology changes throughout different stages of the cell
cycle (Misteli, 2001). CBs are most frequent and at their largest during G1/S, and then
disintegrate during mitosis (Misteli, 2001). This assembly/disassembly cycle appears
to be regulated in part by the phosphorylation of coilin (Cantarero et al., 2015).
Cantarero et al. (2015) demonstrated that VRK1 phosphorylates coilin in a cell-cycle
dependent manner, and that this activity is required for CB formation as well as for the
prevention of coilin degradation via the proteasome during mitosis (Cantarero et al.,

2015).

In 2014, Machyna et al. (2014) performed coilin ChlP-seq assays, revealing that
coilin is present at multiple RNAPII-transcribed snRNA loci (it is notably absent at the
U6 locus) (Machyna et al., 2014). Consistent with this finding, multiple components of
the snRNA transcription machinery, including proteins belonging to PTF and the LEC,
have been identified in Cajal bodies (Hu et al., 2013; Schul et al., 1998). Moreover,
the formation of Cajal bodies has been demonstrated by multiple groups to be
dependent on ongoing snRNA transcription and the formation of nascent shnRNA
transcripts (Frey and Matera, 2001; Frey et al., 1999). Accordingly, environmental
stresses that induce a transcriptional inhibition cellular response, such as exposure to

UV-C radiation, also result in CB disintegration (Gridasova and Henry, 2005). Similarly,
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snRNA genes are almost completely transcriptionally silent during mitosis, accounting

for the disintegration of CBs witnessed at this cell cycle stage (Machyna et al., 2014).

snRNA transcription and Cajal body formation in fact appear to be a mutually
dependent relationship. Disrupting Cajal bodies via the knockdown of essential CB
protein components USPL1 or WRAPS53 (Mahmoudi et al., 2010; Schulz et al., 2012)
reduces the levels of nascent precursor U1 and U2 pre-snRNAs, indicating a direct
role for CBs in snRNA transcription regulation (Wang et al., 2016). In 2016, Wang et
al. (2016) used Genome-wide Chromosome Conformation Capture analysis (4C-seq)
to assess the chromosomal regions that interact with CBs. They demonstrated that
CBs facilitate the formation of CB-proximal inter-chromosomal gene clusters that are
enriched in snRNA and intron-encoded snoRNA loci (Wang et al.,, 2016). They
postulate that CBs act as a multi-chromosomal interface, promoting the spatial
clustering of multiple sn/snoRNA loci in order to facilitate optimal transcription and
processing (Sawyer et al., 2016). Interestingly, histone genes were also shown to be
enriched among the CB-interacting loci, and as a result histone gene transcription was

also downregulated upon RNAi-mediated disruption of CBs (Wang et al., 2016).

| 2.6 Caial bodi | RNP 2 bl
In addition to their role in snRNA transcription, it is thought that snRNAs traffic through
CBs prior to their export to the cytoplasm. Firstly, Ints4 has been shown to localise to
CBs, and knockdown of this Integrator subunit or Ints11 causes disintegration of CBs
(Takata et al., 2012), suggesting a potential role for CBs in 3’-end processing. In
addition, export factors PHAX and CRM1 also localise to CBs (Boulon et al., 2004),
with PHAX knockdown similarly triggering CB disintegration (Lemm et al., 2006).
Furthermore, disrupting snRNA export through PHAX inhibition causes pre-snRNAs
to accumulate in frog oocyte CBs (Suzuki et al., 2010). Interestingly, knockdown of
components involved in cytoplasmic snRNP maturation steps such SMN and TGS1

also results in CB disintegration (Lemm et al., 2006), although both have been
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implicated in nuclear snoRNP biogenesis, which will be discussed in more detail in the

‘snoRNA trafficking’ section.

Once snRNAs have been re-imported into the nucleus, they initially accumulate
at Cajal bodies (Sleeman and Lamond, 1999) where the addition of shRNP-specific
protein components is thought to occur. This has been conclusively demonstrated in
the case of U2 snRNP 17S complex formation (Nesic, 2004). Numerous studies have
now established that the de novo formation and post-splicing reassembly of the U4/U6
di-snRNP and the U4/U6/U5 tri-snRNP also occurs in the Cajal body (Bell et al., 2002;
Stanék and Neugebauer, 2004; Stanék et al., 2003) (Figure 1.6). SART3 is the protein
responsible for targeting U6 snRNA to CBs and therefore promoting U4/U6 snRNA
annealing (Stanék et al., 2003). It interacts with coilin and tethers immature shnRNPs
to this protein (Novotny et al., 2015). Novotny et al. (2015) also demonstrated that
knocking down snRNP-specific proteins induces CB formation in cells normally lacking
them, and that this process is dependent on expression of SART3 (Novotny et al.,
2015). The accumulation of incomplete snRNPs in CBs, also observed when snRNA
export or 3’-end processing is disrupted, strongly suggests that Cajal bodies act as
centres for quality control during the snRNP biogenesis pathway. Following tri-shnRNP
assembly, SART3 is released prior to splicing, enabling it to direct recycling of

individual U6 snRNPs released from the spliceosome (Bell et al., 2002).

| 27 RNA Modifications in Caial bodi

In addition to the incorporation of snRNP-specific proteins following nuclear import,
the nucleotides of sShRNAs themselves are modified in Cajal bodies by a class of RNAs
known as small CB-specific RNAs (scaRNAs). scaRNAs are a subclass of the small
nucleolar RNA (snoRNA) family that localise permanently to CBs (Darzacq et al.,
2002). Here, scaRNAs guide pseudouridylation of snRNAs in the case of H/ACA
scaRNAs, while C/D scaRNAs catalyse 2'-O-methylation (Meier, 2017). U2 snRNA is

the most post-transcriptionally modified out of all the snRNAs (Karijolich and Yu, 2010),
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Figure 1.6 Assembly/disassembly cycle of the U4/U6 di-snRNP and U4/U6/U5 ftri-
snRNP complexes

U4 and U6 snRNAs anneal through base-pairing followed by the assembly of the
U4/U6 di-snRNP complex within Cajal bodies. The U5 snRNP joins this complex to
form the tri-snRNP, which can then enter the spliceosome. Structural rearrangements
during splicing trigger the release of first U4 then U5 and U6. These individual snRNP
components are then recycled into another round of re-assembly of the di-snRNP and
tri-snRNP complexes.
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and as a result the functional significance of these modifications has been studied in
most detail. In 1998 it was demonstrated that U2 snRNAs lacking pseudouridine are
unable to form functional 17S particles (Yu et al., 1998). Furthermore, Donmez et al.
(2004) revealed that specific 2'-O-methylations at positions 1, 2, 12 and 19 are
individually required for pre-mRNA splicing to operate successfully, facilitating the

formation of complex E (Dénmez et al., 2004).

scaRNAs themselves are targeted to CBs by the essential CB component
WRAPS53 (Tycowski et al., 2009), which recognises a short sequence motif known as
the CAB box (ugAG) present in H/ACA scaRNAs, and a G-U/U+G wobble stem in the
case of C/D scaRNAs. Interestingly, WRAPS3 is also required to mediate the

interaction between coilin and SMN (Mahmoudi et al., 2010).

{ 2.8 Caial bodi N I "

Historically, loss of neuronal nuclear Gems — nuclear structures containing SMN but
lacking coilin and snRNPs - has been considered a hallmark of SMA. However, it has
been demonstrated that in postnatal and mature mammalian neurons, SMN in fact co-
localises with coilin in the nucleus and coilin-negative Gems are absent (Carvalho et
al., 1999; Pena et al., 2001). Many groups identify Gems via single immunostaining
using an anti-SMN antibody, and this does not enable the distinction between coilin-
lacking Gems and Cajal bodies containing coilin, SMN and snRNPs. Therefore, some
argue that it is in fact Cajal body loss that is a defining feature of this condition (Lafarga
et al., 2017), especially given that CB integrity is known to be dependent on ongoing
snRNP biogenesis, which is disrupted in SMA (and in some forms of ALS). Consistent
with this hypothesis, in 2012 the severe depletion of CBs in the motor neurons of a 3-
month old SMA patient compared to age-matched control neurons was reported, while
coilin-negative nuclear Gems were not present in either (Tapia et al., 2012).
Interestingly, the remaining Cajal bodies in these patient neurons do not recruit SMN

and snRNPs, suggesting a minimal role in snRNP biogenesis (Tapia et al., 2012). In
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light of these findings, and given the literature demonstrating CB disintegration is
induced by almost any defect in snRNP biogenesis, it appears highly likely
neurodegenerative disorders such as SMA and ALS that are often underpinned by

snRNP biogenesis defects will also be characterised by CB disruption.

1.3.1 snoRNAs

The scaRNAs described earlier are a subset of a larger family of approximately 750
small RNAs (Jorjani et al., 2016) known as small nucleolar RNAs (snoRNAs).
scaRNAs are unusual among snoRNAs in that they catalyse base-modifications of
snRNAs, whereas the remainder of this RNA family largely guide modifications of
ribosomal RNAs (rRNAs). These RNAs, comprising between 70-200 nucleotides, can
be classified into two categories based on conserved sequence and structural motifs
— the C/D box, and the H/ACA box (Figure 1.7). The C/D box snoRNAs contain
conserved C box and D box sequence elements at the 5’ end and 3’ end of the
transcript respectively, which are brought within close proximity of each other as the
molecule folds into its mature secondary structure (Darzacq and Kiss, 2002). These
snoRNAs catalyse 2'-O-methylation of their rRNA targets, guided by specific base-
pairing between their own nucleotides and that of the substrate (Dupuis-Sandoval et
al., 2015). The H/ACA box snoRNAs are longer on average than their C/D box
counterparts, formed of two stem loop structures separated by a conserved H box
motif, with the ACA box located at the 3’ end of the molecule (Dupuis-Sandoval et al.,
2015). This type of snoRNA catalyses rRNA pseudouridylation, again guided by base-
pairing with the substrate. This base-pairing mechanism has enabled the identification
of rRNA targets for the majority of known snoRNAs, however approximately 70
snoRNAs are still considered orphan, without a known substrate (Jorjani et al., 2016).

In addition to their distinct class of target, scaRNAs are also unusual among snoRNAs
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Figure 1.7 Schematic overview of C/D box and H/ACA box snoRNAs

C/D box snoRNAs possess C and D box motifs present near to the terminal stem, as
well as internal C’ and D’ boxes. H/ACA box snoRNAs contain an internal H box motif
sandwiched between two stem loop structures, along with an ACA box motif located
at the 3’ end.
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in that some have been identified that are C/D box and H/ACA box hybrids, possessing

both these structural motifs (Darzacq et al., 2002).

C/D box and H/ACA box snoRNAs each bind a set of four specific proteins - 15.5K,
NOPS56, NOP58 and fibrillarin in the case of C/D box snoRNAs (McKeegan et al., 2007)
and Nhp2, Gar1, Nop10 and dyskerin in the case of H/ACA box snoRNAs (Lafontaine
et al., 1998), forming a catalytically active snoRNP complex. The 15.5K protein is also
found in the U4 snRNP, while NOP56 and NOPS58 share structural similarities with U4
snRNP protein PRP31 (Bizarro et al., 2015). Interestingly, in 2015 it was reported that
chaperones involved in box C/D snoRNP assembly, namely NUFIP, HSP9 and the
R2TP complex, also promote U4 snRNP formation, revealing a common assembly

machinery shared by these two types of small RNP particle (Bizarro et al., 2015).

The majority of snoRNAs are located within the introns of host pre-mRNAs or
IncRNAs (Lykke-Andersen et al., 2018). The few exceptions to this rule that are
transcribed from independent units — such as the highly conserved box C/D snoRNAs
U3 and U8 - do not guide modifications of rRNAs, but instead promote rRNA
endonucleolytic cleavage and folding (Kass et al., 1990; Tyc and Steitz, 1989). The
abundance of the majority of snoRNAs is therefore dependent upon the transcription
and splicing of the host gene in which the snoRNA resides. The RNA exosome
complex degrades the excised intron of the host gene up to the snoRNA, which itself
is protected from degradation by the snoRNPs that assemble upon it (Lykke-Andersen
et al., 2018) (Figure 1.8). The exosome is targeted to the 3’ end of these introns by a
component of the nuclear exosome targeting (NEXT) complex known as RBM7 (Lubas
et al., 2015). Thus, knockdown of exosome components results in elevated levels of
3’-end extended snoRNAs (Lubas et al., 2015). In the case of H/ACA box snoRNAs,
it has been demonstrated that trimming of the last few nucleotides residing at the 3’
end also requires poly(A) specific ribonuclease (PARN), which removes a small

oligo(A) tail that is added by poly(A) polymerase PAPD5 (Berndt et al., 2012).

The expression levels of the host MRNA and the corresponding snoRNA are
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Figure 1.8 The majority of snoRNAs are processed from within introns of host pre-
mRNAs
snoRNP proteins assemble upon snoRNAs located within introns co-transcriptionally.

The intron surrounding the snoRNA is degraded exonucleolytically following splicing,
with the snoRNA itself thought to be protected from degradation by the snoRNP

proteins.
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uncoupled through targeting of the host mMRNA to the nonsense-mediated RNA decay
pathway, with a high proportion of the host mRNA transcripts synthesized in these
instances simply acting as a byproduct of the snoRNA biogenesis pathway (Lykke-
Andersen et al., 2014). The stability of mature snoRNAs themselves are also regulated
by the exosome. Interestingly, in this case itis DGCRS8 that acts as a cofactor to target
the exosome to these transcripts, independent from its role in micro-RNA processing

as part of the microprocessor (Macias et al., 2015).

The rRNA modifications catalyzed by snoRNAs promote proper ribosome
biogenesis and function (Herter et al., 2015). Therefore, the expression levels of
snoRNAs directly contribute to the translation capacity of the cell, and must be tightly
regulated. Indeed, many types of cancer result from uncontrolled, upregulated
ribosome activity, with oncogene MYC known to regulate the transcription of many

genes involved in the ribosome biogenesis pathway (Van Riggelen et al., 2010).

Interestingly, snoRNA-containing genes themselves were reported as a novel class
of MYC targets in 2015 (Herter et al., 2015). MYC binds the promoters of these
snoRNA loci to promote their expression, while also regulating the transcription of the
snoRNA-associated proteins (Herter et al., 2015). In this way, MYC acts a master
regulator of snoRNP biogenesis. Another key protein regulating the transcription of
snoRNA-containing genes is the RNA helicase DDX21, which promotes the release
of CDK9 from the inhibitory 7SK complex at these loci in order to facilitate proper

transcription elongation (Calo et al., 2015).

1.3.2 snoRNA Trafficking

While scaRNAs localize to Cajal bodies to perform snRNA base modification, targeted
there via WRAP53, the rRNA-modifying snoRNAs traffic to the nucleolus to modify
their RNA substrates. In the case of the independently transcribed snoRNAs U3, U8
and U13, their 5’-end m7G cap is recognized by the same CBC-PHAX complex that

binds to pre-snRNAs, which directs them to Cajal bodies for further maturation (Hallais
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et al., 2013). Here these snoRNAs undergo trimming of their 3’- end, addition of the
snoRNP-specific proteins and hypermethylation of their cap by trimethylguanosine
synthase 1 (TGS1), which resides in CBs when in the nucleus (Machyna et al., 2013).
Intriguingly, SMN directly interacts with snoRNP proteins fibrilllarin and Gar1, while U3
snoRNA accumulation in the nucleolus can be inhibited by a dominant negative form
of SMN (Jones et al., 2001; Pellizzoni et al., 2001). This suggests that SMN also
performs a role in the snoRNP maturation pathway in addition to its snRNP biogenesis
function. Mature snoRNPs are then released to the nucleolus by CRM1, which

displaces TGS1 from the complex (Boulon et al., 2004).

As in the case of snRNA loci, snoRNA genes are also located in the vicinity of CBs,
indicating a direct role for CBs in their transcription (Wang et al., 2016). Indeed, it is
becoming increasingly clear that it is not only the independently transcribed snoRNAs
that associate with CBs at some stage during their maturation. Telomerase is an
enzyme comprising telomerase RNA (TERC), telomerase reverse transcriptase
(TERT) plus an associated set of factors, which is responsible for regulating telomere
length. TERC possesses a CAB-box containing H/ACA box motif, which enables its
localisation to CBs (Jady et al., 2004). In this sense, TERC could be considered a
scaRNA. Mature TERC also possesses a TMG, which is likely added by TGS1 within
CBs (Machyna et al., 2013).

Given that intron-encoded snoRNAs do not possess a 5’-end m7G cap, it came as
a surprise when these transcripts were also reported to interact with CB-localized
TGS1 despite not being its substrate (Pradet-Balade et al.,, 2011). However, in
accordance with this finding, coilin iCLIP performed by Machyna et al. (2014) revealed
that hundreds of snoRNAs strongly interacted with this core CB component, the vast
majority of which being intron-encoded transcripts (Machyna et al., 2014). Interestingly,
coilin iCLIP tags were absent on the surrounding pre-mRNAs, suggesting that the
protein interacts with snoRNAs after they are processed from their host transcript

(Machyna et al., 2014). Furthermore, Machyna and colleagues injected fluorescently
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labelled snoRNAs and tracked their localisation within the cell, conclusively
demonstrating that all snoRNAs concentrate first in CBs prior to trafficking to the
nucleolus. Recent iCLIP studies performed on ARS2 and PHAX demonstrated that
PHAX binds mature, uncapped snoRNAs, whereas ARS2 did not (Giacometti et al.,
2017). This indicates that PHAX can be recruited to these transcripts independently of
CBC/ARS2 to enable their nuclear transport to CBs and then nucleolus, with this
operation competing with the NEXT/nuclear exosome degradation pathway to define

snoRNA fate.

1.4.1 hnRNPs

Messenger RNAs (mRNAs) undergo numerous processing steps both during and
following their transcription, including 5 capping, splicing and polyadenylation.
Hundreds of RNA-binding proteins (RBPs) associate with nascent mRNAs to direct
and regulate these steps. One major class of RBP is the heterogeneous nuclear
ribonucleoproteins (hnRNPs). The members of this family, termed A through to U,
perform roles in multiple stages of nucleic acid metabolism ranging from transcription
regulation to RNA transport throughout the cell. The first to be identified were hnRNP-
A/B and hnRNP-C, purified via sucrose density gradients along with associated RNAs
as part of the 40S particle (Beyer et al., 1977). Subsequently, immunoprecipitation of
hnRNP-C co-purified 20 interacting partners, enabling the compilation of a definitive

list of hLnRNP family members (Pifiol-Roma et al., 1988).

While predominantly located in the nucleus, hnRNPs have the ability to shuttle
between the nucleus and the cytoplasm (Pifiol-Roma and Dreyfuss, 1992), enabling
them to perform functions in both these cellular compartments and therefore

throughout the entire gene expression pathway. hnRNPs interact with RNA via four
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types of RNA-binding domain: the RNA-recognition motif (RRM), the quasi-RRM, the
KH domain, and the RGG box. Each hnRNP consists of different combinations of
these domains, often joined by linker regions as well as further auxiliary domains that
enable protein-protein interactions. The modular composition of the various family
members facilitates RNA-substrate specificity, as well as enabling the broad functional
diversity observed among hnRNPs. For example, hnRNP family member HNRNPD
has a high affinity for AU-rich sequences located within the 3° UTR of mRNAs, and is
therefore associated with mediating mRNA decay (Fialcowitz et al., 2005). Conversely,
HNRNPL has been shown to specifically bind exons within CD45 mRNA, triggering
changes in its splicing patterns during the immune response (Melton et al., 2007). In
addition, many members of the hnRNP family can exist in multiple different isoforms
generated via alternative pre-mRNA splicing, which also contributes to this functional

variation.

In recent years, it has become apparent that this functional diversity is even larger
than previously thought, with several members of the hnRNP family now identified as
performing functions in pathways distinct from mRNA processing, such as DNA repair
(Wang et al., 2013) and chromatin remodelling (Mahajan et al., 2005). For example,
in 2007 it was discovered that HNRNPA1 binds to and promotes the efficient
processing of the microRNA (miRNA) precursor molecule pri-miR-18a by Drosha (Guil
and Caceres, 2007). Secondly, in addition to its role in regulating the splicing of SMN
pre-mRNA, hnRNP family member HNRNPU also regulates the maturation of U2
snRNP complex formation (Xiao et al., 2012). Xiao et al. (2012) demonstrated that
HNRNPU binds all types of snRNA, and that knockdown of the protein triggers
significantly increased numbers of Cajal bodies in the nucleus. Indeed, HNRNPU
displays a quite remarkable functional repertoire. Not only is it essential for the
chromosomal localisation of Xist IncRNA (Hasegawa et al., 2010), but it can also act
as a repressor of transcription elongation through inhibiting RNAPII CTD kinase CDK7
(Kim and Nikodem, 1999). Given the wide-ranging activities of the hnRNP family, it is

unsurprising that many of these proteins have been implicated in diseases such as
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cancer (Carpenter et al., 2006) as well as several neurodegenerative conditions

(discussed in further detail in the upcoming ‘RNA-binding proteins and ALS’ section).

1.4.2 HNRNPUL1

HNRNPUL1 is a member of the hnRNP family first identified as an interactor of
adenovirus type 5 (Ad5) early 1B 55-kDa protein (E1B-55kDa) (Gabler et al., 1998),
and hence initially referred to as E1B-AP5. However, given its significant structural
and sequence homology to HNRNPU, it was renamed HNRNPU-Like-1 (HNRNPUL1).
The HNRNPUL1 gene is located on chromosome 19 at the region 19:41.26-41.31Mb
(19913.2), consisting of 15 exons. Once translated, HNRNPUL1 comprises 856 amino
acids, and like other hnRNPs it possesses several distinct domains joined by linker
regions (Figure 1.9). At its N-terminus is a SAP domain that possesses DNA-binding
capacity, while its C-terminus is made up of an RGG box and a poly-proline rich region.
Described first in HNRNPU, RGG boxes consist of several arginine-glycine-glycine
repeats clustered closely together, and facilitate RNA-binding as well as protein-
protein interactions (Thandapani et al., 2013). Several of the arginine residues present
in the RGG box of HNRNPUL1 are targets of arginine methylation via protein arginine
methyltransferase 1 (PRMT1), and these modifications affect the interactions of

HNRNPUL1 with its protein binding partners (Gurunathan et al., 2015).

Located in the central region of HNRNPUL1 is a SPRY domain that is also thought
to mediate protein-protein interactions (Woo et al., 2006), next to a domain identified
by Gabler et al. (1998) as a putative nucleoside triphosphate (NTP)-binding motif. This
region contains a Gxxxx-GKS/T sequence (amino acids 428-435) of residues known
as the Walker A motif. Walker A motifs are present in a large class of nucleotide-
binding proteins known as P-loop NTPases. The motif forms a characteristic loop
structure known as a P-loop (phosphate-binding loop), containing a pair of conserved
glycine residues that facilitate hydrogen-bonding interactions with nucleotide

phosphoryl groups. A second motif known as the Walker B motif is also found in P-
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Figure 1.9 Domain organisation of HNRNPUL1

Schematic diagram of the domains of HNRNPUL1. Known functions of each domain:
SAP = DNA-binding, SPRY = protein-interactions, NTP = nucleotide-binding. RGG =
ssDNA/RNA/protein-binding, Poly-pro = protein interactions.
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loop NTPase proteins, comprising four hydrophobic residues followed by a conserved
aspartic acid or glutamic acid, i.e. hhhhD/E. This motif binds the co-substrate Mg2+ ion
and is essential for catalysis of the nucleotide (Matte and Delbaere, 2006).
HNRNPUL1 also possesses a putative Walker B motif (amino acids 501-505,
sequence: NYILD) approximately 70 residues downstream of its Walker A motif.
Gaber et al. (1998) postulate that therefore HNRNPUL1 is a GTP-binding protein,
noting its similarities with the small GTP-binding protein Ran. In agreement with this
notion, HNRNPUL1 appears to bind GTP preferentially over ATP in vitro, although no
GTP hydrolysis activity has been identified (Wilson lab, unpublished). However,
Expasy online software tools reveal that the NTP region of HNRNPUL1 shares most
structural homology with polynucleotide kinase phosphatase (PNKP). Following DNA
damage, this enzyme uses ATP to phosphorylate the 5’ ends of DNA molecules as

part of the DNA repair pathway (Bernstein et al., 2005).

Interestingly, the central NTP-binding region of HNRNPU was recently shown to
possess ATPase, but not GTPase, activity (Nozawa et al., 2017). Nozawa et al. (2017)
also demonstrated that this ATPase activity was increased in the presence of RNA,
with RNA-binding facilitated by the RGG box of HNRNPU downstream of the central

NTP-binding region.

Functionally, HNRNPUL1 was first linked to mRNA-processing when Gaber et al.
(1998) revealed that stable expression of the protein overcame E1B-dependent
inhibition of cytoplasmic host mMRNA accumulation in Ad-infected cells. In addition,
HNRNPUL1 has been reported to interact with mRNA export receptor NXF1 (Bachi et
al., 2000), again suggesting a role in RNA metabolism. Intriguingly, HNRNPUL1 was
also identified via mass spectrometry as a strong interactor of ARS2 — a component
of the CBCA complex described in the ‘'snRNA Export and Cytoplasmic RNP Assembly’
section (Hallais et al., 2013). This complex regulates 3’ end processing of several RNA

families such as pre-snRNAs and pre-snoRNAs, while also regulating the balance

between their nuclear export or degradation via mutually exclusive interactions with

44



PHAX or NEXT (Giacometti et al., 2017). Therefore, this reported interaction suggests
HNRNPUL1 may also participate in small RNA biogenesis in addition to any role

relating to mRNA metabolism.

However, in recent years HNRNPUL1 has been implicated more directly in
transcription regulation, as well as the DNA damage response. Overexpression of the
protein has been demonstrated to repress basal transcription from a range of
promoters, with a transcription factor known as BRD7 forming a complex with
HNRNPUL1 to modulate this activity (Kzhyshkowska et al., 2003).
Immunoprecipitation/Mass Spectrometry assays performed on RNA polymerase |l
revealed HNRNPUL1 as one of the top interacting hits, suggesting a direct role in the
regulation of this enzyme’s activity (Chi et al., 2018a). In addition, HNRNPUL1 directly
binds transcription factor p53 and inhibits its transcriptional activity following UV
radiation (Barral et al., 2005). In 2012, HNRNPUL1 was also linked to the regulation
of histone gene transcription (Ideue et al., 2012). Histone gene transcription is
activated during S phase to ensure newly synthesized DNA is packaged into chromatin,
and then highly repressed in other phases of the cell cycle. Ideue et al. (2012) revealed
that the U7 snRNP mediates this transcriptional repression by recruiting HNRNPUL1

to histone gene loci during non-S phase periods.

In the same year, Polo et al. (2012) demonstrated that HNRNPUL1 was recruited
to sites of DNA damage by the DNA-double stranded break sensor complex known as
MRN, along with a highly homologous member of the hnRNP family called
HNRNPUL2 (Polo et al., 2012). At these sites of DNA damage, HNRNPUL1 and
HNRNPULZ2 mediate recruitment of Bloom syndrome helicase to promote repair of the
double-stranded breaks. HNRNPUL1 can also be recruited to sites of DNA damage in
a PARP1-mediated poly-(ADP-ribosyl)ation dependent manner (Hong et al., 2013). In
addition, HNRNPUL1 forms a complex with a long non-coding RNA (IncRNA) known
as DDSRY1 at sites of DNA-damage to modulate the activity of DNA repair protein
BRCA1 (Sharma et al., 2015).
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HNRNPUL1 interacts with another IncRNA known as NEATT7 in the context of
paraspeckles (Naganuma et al., 2012). Paraspeckles are subnuclear bodies
comprising NEAT 7 and approximately 40 RNA-binding proteins. These structures are
not present under basal conditions in every cell type, but can be induced by cellular
stress such as proteasome inhibition (Hirose et al., 2014) or viral infection (Imamura
et al., 2014). The formation of paraspeckles in effect sequesters paraspeckle proteins
such as HNRNPUL1, and given that many normally perform functions related to
transcription regulation or alternative splicing, paraspeckle formation is associated
with gene expression changes (Imamura et al.,, 2014). NEATT7 is essential for
paraspeckle formation along with seven paraspeckle proteins, including NONO, SFPQ
and RBM14 (Naganuma et al., 2012). Naganuma et al. (2012) showed that knockdown
of HNRNPUL1 caused a substantial, but not total, decrease in paraspeckle numbers.
Intriguingly, several paraspeckle proteins such as FUS, TAF15 and HNRNPA1 are
associated with the neurodegenerative disorder amyotrophic lateral sclerosis (ALS),
and paraspeckles have been identified in the motor neurons of ALS patients

(Nishimoto et al., 2013).

1.5.1 ALS Pathogenesis

ALS is a neurodegenerative disorder characterised by injury and death to both the
upper motor neurons in the motor cortex and the lower motor neurons in the brain
stem and spinal cord. As the disease progresses, the loss of these neurons results in
widespread failure of the neuromuscular system and as a result most patients die
within 3-5 years of diagnosis due to respiratory failure (Taylor et al., 2016). In
populations of European descent, ALS occurs at an incidence of around 3 in 100000,
but is less frequent in South and East Asian populations (0.7-0.8 cases per 100000)

(Chiod et al., 2013). Around 5-10% of cases are hereditary, usually transmitted in an
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autosomal dominant manner, with the rest of cases occurring in a sporadic fashion

(Taylor et al., 2016).

Mutations in over 30 genes have been identified as causing ALS (Walsh et al.,
2015). The first gene to be discovered encodes an enzyme known as superoxide
dismutase (SOD1), with mutations in this gene responsible for approximately 20% of
inherited cases. This protein converts toxic superoxide into hydrogen peroxide and
oxygen. ALS-causing mutations have been identified throughout the protein, and it
appears that the resulting disease phenotype arises independently of any change to
dismutase activity (Taylor et al., 2016). Instead, a toxic gain of function mechanism
has been proposed. SOD1 mutants often fail to fold properly, and as a result form
large ubiquitinylated protein aggregates in the cytoplasm. Multiple deleterious cellular
events occur due to these toxic aggregates - such as disruption of cytoskeleton,
impaired protein autophagy pathways, and mitochondrial dysfunction, all resulting in
progressive neurodegeneration (Ferraiuolo et al., 2011). Interestingly, mutations in
genes involved in these processes, such as OPTN in the case of autophagy
(Maruyama et al., 2010) and DCTNT in the case of axonal cytoskeleton organisation
(Puls et al., 2003), have also been identified as ALS-causing. This indicates a common

molecular pathology underpinning different genetic subtypes of familial ALS.

The most common genetic cause of ALS — a hexanucleotide (GGGGCC) repeat
expansion within the first upstream intron of C9orf72 - was discovered in 2011
(Dedesus-Hernandez et al., 2011). C90rf72 encodes a guanine nucleotide exchange
factor (GEF) that regulates specific Rab GTPases involved in autophagy (Webster et
al., 2016). While some argue that reduced C9orf72 protein function underpins the
molecular pathology of C9orf72+elated ALS, a more widely held view is that toxic gain
of function at the RNA and/or protein level is a more likely cause (Garcia-Santibanez
et al., 2018). Corf72 intronic repeats form nuclear RNA foci that have high affinity for
numerous RNA-binding factors (Lee et al., 2013). These foci sequester these proteins,

leading to widespread dysregulation of RNA metabolism in patient neurons.
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Additionally, repeat-associated non-AUG (RAN) translated dipeptide repeats (DPR)
are synthesized based on the hexanucleotide expanded region, which form

cytoplasmic aggregates that may also be neurotoxic.

1.5.2 RNA Metabolism and ALS

A major advance in ALS research occurred in 2006, when Neumann et al. reported
mislocalization of RNA-binding protein TDP-43 in ALS patients from the nucleus to
ubiquitin-positive cytoplasmic aggregates (Neumann et al., 2006). Since this
breakthrough, the presence of TDP-43 cytoplasmic inclusions in patient neurons has
become a hallmark of ALS pathology in the majority of sporadic and inherited forms of
ALS. TDP-43 performs multiple roles in RNA metabolism, ranging from alternative
splicing (Lagier-Tourenne et al., 2012) to mRNA axonal transport (Yoshimura et al.,
2006). It binds to thousands of RNA targets (Tollervey et al., 2011), and therefore ALS-
causing mutations that perturb the localisation of TDP-43 consequently affect RNA
processing on a massive scale. Interestingly, Lagier-Tourenne et al. (2012) revealed
that the RNAs most affected by TDP-43 loss were enriched with genes that encode
proteins required for neuronal integrity (Lagier-Tourenne et al., 2012), suggesting a
potential explanation for the specific susceptibility of neuronal cells to RNA-binding

protein mutations.

Following the initial discovery of TDP-43, mutations in numerous other RNA-binding
proteins such as FUS (Vance et al., 2009), HNRNPA1 (Kim et al., 2013) and MATRIN-
3 (Johnson et al., 2014) have also been identified as ALS-causing, confirming the link
between dysregulated RNA metabolism and ALS pathogenesis (Figure 1.10).
Interestingly, many of these proteins have also been identified as strong interactors of
the C9orf72 GGGGCC RNA hexanucleotide repeats (Haeusler et al., 2014), again
suggesting a common pathological mechanism underpinning different forms of familial
ALS. Along with TDP-43, FUS is the RNA-binding factor that most commonly causes

ALS (both account for approximately 4-5% of inherited cases each). FUS belongs to
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RNA-binding Gene Locus Discovery date Proportion of ALS
protein of linkage to ALS familial cases
TDP43 1p36 2008 5%

FUS 16p11 2009 5%
hnRNPA1 12913 2013 <1%
hnRNPA2/B1 7p15 2013 <1%
MATRIN-3 5q31 2014 <1%
SETX 9q34 2004 <1%
TAF15 17912 2011 <1%
ELP3 8p21 2009 <1%
ATXN2 12924 2010 <1%
ANG 14911 2004 <1%
EWSR1 22q12 2012 <1%
TIA1 2p13 2017 <1%

Figure 1.10 Numerous RNA-binding proteins are associated with ALS

A table of the RNA-binding proteins so far discovered that have been unequivocally
implicated in the pathogenesis of ALS. Information sourced from Renton et al., 2014;
Taylor et al., 2016; and Zhao et al., 2018 (Renton et al., 2014; Taylor et al., 2016;

Zhao et al., 2018).
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the FET family of proteins along with TAF15 and EWSR1. It is a 526-amino acid
protein, comprising a glutamine, glycine, serine and tyrosine-rich region (QGSY) at its
N-terminus, followed by a glycine-rich region, an RRM, and two RGG boxes separated
by a zinc-finger motif. A nuclear-localisation signal (NLS) resides at its C-terminus,
and the majority of ALS-causing mutations are located in this region of the protein,
along with the glycine-rich region (Lagier-Tourenne et al., 2010) (Figure 1.11). These
NLS mutations cause the mislocalization of FUS into cytoplasmic aggregates that also
sequester other RNA-binding factors, triggering broad changes to RNA processing in

ALS patient neurons (Fujioka et al., 2013).

As with other RNA-binding proteins, the reported functional repertoire of FUS has
grown in recent years, ranging from miRNA biogenesis (Zhang et al., 2018) to the DNA
damage response (Rulten et al., 2014). In 2015, it was demonstrated that FUS is
essential to maintain the interaction with RNA polymerase Il and U1 snRNP, in effect
coupling transcription with splicing (Yu and Reed, 2015). FUS further regulates
RNAPII by preventing Ser2 hyper-phosphorylation of the CTD by CDK9, ensuring
successful elongation from transcription start sites (Schwartz et al., 2012). In addition,
FUS is also one of the few paraspeckle proteins essential for their formation
(Naganuma et al., 2012), and interestingly ALS-causing FUS mutants prevent the

formation of paraspeckles in patient neurons (Shelkovnikova et al., 2014)

FUS also directly interacts with SMN (Yamazaki et al., 2012). As discussed earlier,
mutations in SMN cause the neurodegenerative condition spinal muscular atrophy
(SMA), with loss of nuclear SMN-containing structures known as Gems a hallmark of
the condition. Yamazaki et al. (2012) revealed that FUS expression in HelLa cells was
essential for Gem formation, while an ALS-causing mutant FUS R495X also reduced
Gem numbers in patient fibroblasts (Yamazaki et al., 2012). Given the fundamental
role of SMN in snRNP biogenesis, it is therefore possible that disrupted snRNP

formation is one cause of the splicing alterations observed in FUS-related ALS.

These findings also indicate a common molecular pathway underpinning the
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Figure 1.11 ALS-causing FUS mutations are primarily located within its glycine-rich
region and NLS

Schematic diagram of the domains of FUS and the locations of ALS-causing
mutations so far identified. Adapted from Shang and Huang, 2016 (Shang and
Huang, 2016).
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pathology of ALS and SMA. Consistent with this hypothesis, ALS mouse models
display reduced SMN protein expression (Turner et al., 2008), while decreases in
minor spliccosome snRNA levels have also been reported in both ALS and SMA
(Onodera et al., 2014). Interestingly, ALS-causing forms of SOD1 also alter the nuclear
localisation of SMN through disrupting the interaction between SMN and the core Cajal

body component coilin (Kariya et al., 2012). This results in the loss of nuclear Gems.

| 5.3 Prion-like d , | ALS
RNA-binding proteins in association with their RNA substrates often assemble into
higher-order complex particles, driven by liquid-phase transition (Lin et al., 2015). The
formation of these RNP granules is facilitated in part by the presence of prion-like
domains (PrLDs) within these RNA-binding proteins. PrLDs, named due their
similarities to the yeast prion protein, are low complexity regions enriched with
uncharged polar amino acids and glycines. These regions can be identified using a
Hidden Markov Model known as PLAAC (prion-like amino acid composition), first
described by Lancaster and colleagues in 2014 (Lancaster et al., 2014). In recent
years, it has become apparent that PrLDs are essential in facilitating the functional
aggregation of RNA-binding proteins. One important example is the formation of stress
granules in the cytoplasm in response to environmental stress such as infection or
heat shock. During times of cellular stress, the cell responds by limiting translation to
only the most essential proteins to help conserve energy and facilitate recovery.
Therefore, many non-essential RNA transcripts are sequestered in temporary,
membrane-less organelles known as stress granules via RNA-binding proteins such
as TDP-43 (McDonald et al., 2011). In 2011, it was reported that the PrLD of TDP-43
is essential for this ability to drive RNP stress granule accumulation (Dewey et al.,
2011). A second example is that of paraspeckles, with Hennig et al. (2015)
demonstrating in 2015 that the PrLDs of both RBM14 and of FUS are required for the

formation of these subnuclear bodies (Hennig et al., 2015).
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In addition to TDP-43 and FUS, several other RNA-binding proteins associated
with ALS such as EWSR1, HNRNPA2B1 and TAF15 all also possess prion-like
domains (Harrison and Shorter, 2017). While the ability to assemble into higher order
structures is normally functionally advantageous, mutations in these domains can
result in irreversible, excessive protein aggregation with cytotoxic consequences.
Indeed, a high proportion of ALS-causing mutations found in these RBPs including
FUS (Figure 1.11) are located within their PrLDs (Taylor et al., 2016), consistent with
the hypothesis that these domains are the causative factor underpinning the pathology

of RBP-mediated ALS.

PLAAC PrLD prediction software analyses reveal that HNRNPUL1 also
possesses a PrLD, located at its C-terminal region from amino acids 615-856. In 2013,
a study that analysed the prion propensity of all RBPs (utilizing the algorithm outlined
in Alberti et al. (2009)) ranked HNRNPUL1 10t in this criteria, notably above known
ALS-causing proteins such as HNRNPA1 and TDP-43 (FUS ranked 2nd on this list) (Li
etal., 2013).This feature, along with its links to RNA-processing and its interaction with
C9orf72 GGGGCC RNA repeats (Cooper-Knock et al., 2018), marks HNRNPUL1 as
a strong candidate for an ALS-associated gene. Moreover, HNRNPUL1 has also been
reported to directly bind to FUS (Raczynska et al., 2015), strongly supporting the
notion that they function in a common pathway. The HNRNPUL1-FUS interaction was
confirmed in 2018, when Chi et al. (2018) performed immunoprecipitation/mass
spectrometry assays on four ALS-associated RBPs - FUS, EWSR1, TAF15 and
MATRIN-3 (Chi et al., 2018b). HNRNPUL1 was identified as a co-immunoprecipitating
interactor of all four proteins, and was particularly abundant in the case of EWSR1
(Chi et al.,, 2018b). In the same paper, U1 snRNP immunoprecipitation/mass
spectrometry was performed, and again HNRNPUL1 was a particularly prominent
interactor, notably more so than FUS (Chi et al., 2018b). This points to a previously
unreported role for HNRNPUL1 in splicing or snRNP regulation, which is further

investigated in this study.
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1.6 AIMS OF THE STUDY

HNRNPUL1 shares multiple characteristics with numerous ALS-causing RNA-binding
proteins, and has been reported to interact with several of them, including FUS, TAF15
and MATRIN-3. However, there is little known about its functions relating to RNA
metabolism. Given the lack of effective treatments for ALS, there is a pressing need
to improve our understanding of the cellular roles of ALS-associated proteins.
Therefore, the aims of this study are to determine the functions of HNRNPUL1 and
investigate its relationship with ALS. To that end, cell lines will be generated that
facilitate the rapid and controlled depletion of HNRNPUL1 to study the consequences
of its absence from the cell. The prion-like domain located at the C-terminus of
HNRNPUL1, which is present in many other ALS factors, is of particular interest and
functional assays involving HNRNPUL1 mutants lacking this region will be performed.
These studies will also involve HNRNPUL1 NTP-binding domain mutants, building on
previous work in the Wilson lab that demonstrated that this region enabled
HNRNPUL1 to bind nucleotides in vitro. The in vivo consequences of disrupting this
nucleotide-binding capacity will be explored, including how it affects the interactome

of the protein, its RNA-binding ability and its cellular localisation.

In addition, the relationship between HNRNPUL1 and FUS will be studied in detail,
as part of the investigation into the links between HNRNPUL1 and ALS. Concomitantly,
the cellular consequences of any HNRNPUL1 ALS mutations discovered via our
collaboration with the Sheffield Institute for Translational Neuroscience (SITraN) will
be examined, both through complementation studies and assays performed in ALS

patient lymphoblastoid cell lines.
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2.1.1 BACTERIAL STRAINS AND MEDIA

The E.coli strain DH5a (Invitrogen) was utilised for cloning, plasmid purification and
amplification, while expression of recombinant proteins was performed in the E.coli

strain BL21 (Invitrogen).

Growth media was prepared using Millipore water, followed by autoclaving at 126°C.
Luria broth (LB): 10 g/l Tryptone, 10 g/l NaCl, 5 g/l Yeast extract.

LB Agar plates: LB as above with 2% agar.

Terrific Broth (TB): 12 g/L Tryptone, 24 g/l Yeast extract, 15.54 g/l K.HPO., 2.31 g/l
KH:PO., 4 ml/l Glycerol.

Antibiotic Selection Conditi

ANTIBIOTIC | CONCENTRATION

Ampicillin 100 pg/mi
2.1.2 PLASMIDS
PLASMID Resistance Source
pX330 Amp Steven West
puUC18 Amp Steven West
pcDNAS-FRT Amp Invitrogen
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pPGKFLPobpA Amp Addgene
pMK243 (Tet-OsTIR1-PURO) Amp Addgene
AAVS1 T2 CRIPR in pX330 Amp Addgene
pGEX-6P1 Amp Amersham
2.1.3 TISSUE CULTURE
Cell Lines

HelLa - Human cervical epithelial carcinoma cell line.
293T - Human embryonic kidney cell line that expresses the SV40 large T antigen.

Flp-In T-Rex 293 - Human embryonic kidney cell line, containing a single integrated

FRT site.
HCT116 - Human colorectal carcinoma cell line.

HCT116-TIR1 - Human colorectal carcinoma cell line expressing the TRANSPORT
INHIBITOR RESPONSE 1 protein (TIR1) from Oryza Sativa (os) (Eaton et al., 2018).

Lymphoblastoid cell lines - peripheral B lymphocytes derived from individual ALS

patients/controls, which have been transformed by Epstein-Barr virus (EBV).

Growth Media
Hela, 293T, HCT116 - Dulbecco's Modified Eagle Medium (DMEM, life technologies)

supplemented with 10% FCS (v/v) (life technologies) and 1% Penicillin-Streptomycin
(v/v) (Pen/Strep, Invitrogen).

Flp-In T-Rex 293 - DMEM supplemented with 10% Tet-free FCS (v/v) (life
technologies), 1% Pen/Strep (v/v), 100 pg/ml Zeocin (Invitrogen) and 15 pg/ml
Blasticidin (Invitrogen). 100 ug/ml Hygromycin (Invitrogen) was added following the

generation of an inducible Flp-In cell line to maintain selection.
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HCT116-TIR1 — DMEM supplemented with 10% FCS (v/v), 1% Pen/Strep (v/v) and 10
pg/ml Blasticidin. Following the integration of the HNRNPUL1-AID tag, selection was
maintained via the addition of 150 pug/ml Hygromycin, 800 pg/ml G418/Neomycin

(ThermoFisher), and 1 uyg/ml Puromycin (ThermoFisher) to the media.

Lymphoblastoid cell lines - RPMI 1640 Medium supplemented with 20% FCS (v/v)

(life technologies) and 200 uM L-glutamine.

2.1.4 BUFFERS AND SOLUTIONS

Miscellaneous Buffers

1X PBS (Phosphate-Buffered Saline): 137 mM NacCl, 2.7 mM KCL, 1.47 mM KH.POQO.,
4.3 mM NaH2POs4, HCI used to bring to pH7.4.

mRNP Capture Buffers

2X Denaturing Buffer: 20 mM HEPES-NaOH pH 7.5, 1 M NacCl, 0.2 mM EDTA pHS8,
1% SDS.

mRNP Lysis Buffer: 50 mM HEPES-NaOH pH7.5, 100 mM NaCl, 1 mM EDTA

pH8, 1 mM DTT, 0.5% Na-deoxycholate, 0.5% Igepal Ca-630/NP-40, 10% glycerol,

protease inhibitors [SigmaFAST, Sigmal.

1X Denaturing Buffer: 2X binding buffer and mRNP lysis buffer mixed at a 1:1 volume

ratio.

mRNP Elution Buffer: 10 mM Tris pH7.5, 1 mM EDTA pH8, 50 pg/ml RNase A.

Protein IP Buffers

IP Lysis Buffer: 50 mM HEPES-NaOH pH7.5, 100 mM NaCl, 0.5% Triton X-100, 1
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mM EDTA pH 8.0, 10% Glycerol, 1 mM DTT, protease inhibitors [SigmaFAST, Sigmal].

High Salt IP Lysis Buffer: 50mM HEPES-NaOH pH 7.5, 1 M NaCl, 0.5% Triton X-100,
1 mM EDTA pH 8.0, 10% Glycerol, 1 mM DTT.

Arginine Elution Buffer: 1 M Arginine-HCI pH 3.5.

DNA buffers
6X DNA loading buffer: 0.25% Bromophenol blue, 0.25% Xylene cyanol, 30% glycerol.

5X TBE: 4.4 M Tris, 4.4 M Boric Acid, 0.1 M EDTA pHS8.

Chromatin-IP Buffers
ChIP Lysis Buffer 1: 50 mM HEPES-NaOH pH7.5, 140 mM NaCl, 1 mM EDTA, 0.5%

NP-40, 0.25% Triton X-100, 10% glycerol, protease inhibitors [SigmaFAST, Sigmal].

ChIP Buffer 2: 10 mM Tris-HCI pH7.3, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
protease inhibitors [SigmaFAST, Sigmal].

ChIP Lysis Buffer 3: 10 mM Tris-HCI pH7.3, 200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 0.5% N-lauroylsarcosine, 0.1% Na-deoxycholate. protease inhibitors

[SigmaFAST, Sigmal.

ChIP RIPA Wash Buffer: 50 mM HEPES-NaOH pH7.5, 500 mM LiCl, 1% NP40, 1 mM
EDTA, 0.1% N-lauroylsarcosine, 0.7% Na-deoxycholate.

ChlIP Final Wash Buffer: 10 mM Tris-HCI pH7.3, 50 mM NaCl, 1 mM EDTA.

ChlIP Elution Buffer: 50 mM Tris-HCI pH8.0, 10 mM EDTA, 1% SDS.

RNA-IP Buffers

RIP Lysis Buffer: 50 mM HEPES-HCI pH7.5, 150 mM NaCl, 0.1% SDS, 1% NP-40,
0.5% sodium deoxycholate, 10% glycerol, protease inhibitors [SigmaFAST, Sigmal.
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RIP High Salt Wash Buffer: 50 mM HEPES-HCI pH7.5, 1 M NaCl, 0.1% SDS, 1% NP-
40, 0.5% sodium deoxycholate, 10% glycerol.

3X Reverse Crosslinking Buffer: 3X PBS, 6% N-lauroyl sarcosine, 30 mM EDTA pHS,
15 mM DTT.

o in/Nucleoplasm/Cvitonlasm Eractionation Buff

Sucrose lysis buffer: 10 mM Tris-HCI pH8, 0.5 M sucrose, 2 mM MgCl., 3 mM CacCl.,
10% glycerol, 0.5% Triton X-100, 1mM DTT, protease inhibitors [SigmaFAST, Sigma].

NRB buffer: 20 mM HEPES pH7.5, 75 mM NaCl, 1 mM DTT, 50% Glycerol, protease
inhibitors [SigmaFAST, Sigmal].

NUN buffer: 20 mM HEPES pH7.5, 300 mM NaCl, 1 M Urea, 10 mM MgCl., 1% NP-
40, 1 mM DTT.

Buffer A: 10 mM HEPES pH7.5, 10 mM KCI, 4 mM MgCl., 10% glycerol, 1 mM DTT,
protease inhibitors [SigmaFAST, Sigmal].

Fractionation RIPA buffer: 50 mM HEPES pH7.5, 15 mM NaCl, 1% NP-40, 0.5% Na-
deoxycholate, 0.1% SDS, 10% glycerol, 1 mM DTT, protease inhibitors [SigmaFAST,

Sigmal.

SDS PAGE/Western Blot Buffers

4X SDS-PAGE Loading Buffer: 200 mM Tris-HCI pH 6.8, 1% Bromophenol blue, 10%
Sodium dodecyl sulphate (SDS), 50% Glycerol.

4X SDS-PAGE Stacking Gel Buffer: 0.5 M Tris HCI pH 6.8, 0.15% SDS.
4X SDS-PAGE Resolving Gel Buffer: 1.5 M Tris-HCI pH 8.8, 0.15% SDS.

SDS-PAGE Running Buffer: 25 mM Tris, 250 mM Glycine, 0.1% SDS.
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Coomassie Brilliant Blue Stain: 0.1% Coomassie Brilliant Blue R-250, 40% Methanol,

10% Acetic Acid.
Destain Solution: 40% Methanol, 10% Acetic Acid.

BioRad TurboBlot Transfer Buffer: 200 ml 5X Commercial Stock combined with 600
ml H.O and 200 ml ethanol.

10x TBS: 0.2 M Tris-HCI pH7.6, 1.37 M NaCl.

TBST: 1X TBS, 0.2% Tween-20.

5% Blocking Solution: 2.5 g Powdered Milk, 5 ml 10X TBS, 0.2% Tween-20.
ECL1: 100 mM Tris-HCI pH8.5, 400 pM p-coumaric acid, 2.5 mM Luminol.

ECL2: 100 mM Tris-HCI pH8.5, 5.3 mM Hydrogen Peroxide.

I tainina Buff
FIX solution: 1X PBS, 4% Formaldehyde, 0.5% Triton X-100.

Immunostaining blocking solution: 1X PBS, 1% BSA.

GST Pull Down Buffers

GST Lysis buffer: 1X PBS, 0.1% Tween-20, 2 mM EDTA pH8, 10% glycerol, protease
inhibitors [SigmaFAST, Sigmal].

GST Wash Buffer: 1X PBS, 0.1% Tween-20

GST Elution Buffer: 50 mM Tris pH8, 40 mM GSH, 200 mM NaCl, 10% glycerol.

In. Vitro Ki ) Buff
Kinase Assay Buffer - 50 mM Tris-HCI (pH7.5), 10 mM MgCl., 0.1 mM ATP, 1 pCi
[y32P]-ATP.
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2.1.5 MOLECULAR BIOLOGY KITS
Small scale plasmid DNA extraction and purification: Qiagen Mini Spin Preparation kit.

Medium scale plasmid DNA extraction and purification: Qiagen Midi Spin Preparation

kit.
DNA extraction from agarose gels: Qiagen Gel Extraction Kkit.

Molecular Cloning via the Gibson Assembly method: The Gibson Assembly Master

Mix Kit (New England Biolabs).

2.1.6 ANTIBODIES
ANTIBODY SOURCE SPECIES | CLONALITY
HNRNPUL1 In house Rabbit polyclonal
TUBULIN Sigma-Aldrich T5168 - Clone B-5-1-2 Mouse monoclonal
FLAG Sigma-Aldrich F3165 — Clone M2 Mouse monoclonal
UAP56 In house Rabbit polyclonal
COILIN Bethyl Laboratories A303-760A Rabbit polyclonal
SMN Abcam [2B1] (ab5831) Mouse monoclonal
SART3 Bethyl Laboratories A301-521A Rabbit polyclonal
PRP31 Abcam [EPR14587] (ab188577) Rabbit monoclonal
uiC Sigma-Aldrich Clone 4H12 Rat monoclonal
U1A Abcam (ab155054) Rabbit polyclonal
SF3B3 Bethyl Laboratories A302-508A Rabbit polyclonal
HNRNPU Abcam (ab10297) — Clone 3G6 Mouse monoclonal
FUS Novus Biologicals (NB100-565) Rabbit polyclonal
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TAF15 Abcam (ab134916) Rabbit monoclonal
EWSR1 Bethyl Laboratories A300-417A Rabbit polyclonal
Total Pol Il MBL Life science MABIO601 Mouse monoclonal
Unphosphorylated Abcam [8BWG16] (ab817) Mouse monoclonal
Pol lI
Pol Il Ser2P Abcam (ab5095) Rabbit polyclonal
Pol Il Ser5P Abcam (ab5131) Rabbit polyclonal
Pol Il Ser7P Active Motif — Clone 4E12 Rat monoclonal
SSRP1 Biolegend - Clone 10D1 Mouse monoclonal
HISTONE H3 Abcam (ab1791) Rabbit polyclonal
ARS2 Abcam (ab192999) Rabbit polyclonal
MTR4 Abcam (ab187884) Rabbit polyclonal
ZCCHCS8 Abcam (ab68739) Rabbit polyclonal
LARP7 Bethyl Laboratories A303-723A Rabbit polyclonal
MEPCE Proteintech (14917-1-AP) Rabbit polyclonal
HEXIM Bethyl Laboratories A303-113A Rabbit polyclonal
CDK9 Abcam (ab76320) Rabbit polyclonal
RBM7 Atlas (HPA013993) Rabbit polyclonal
TBP Abcam (ab818) Mouse monoclonal
a-RABBIT Promega W4011, HRP Conjugate Goat polyclonal
a-MOUSE Promega W4021, HRP Conjugate Goat polyclonal
a-RAT ThermoFisher 62-9520, HRP Goat polyclonal

Conjugate
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2.1.7 PRIMERS

PRIMER

SEQUENCE

DESCRIPTION

5' rev pcDNA5-
FRT-3XFLAG

tgcggccgcaagcttgtcatc

Used to generate
linearised pcDNAS-
FRT-3XFLAG vector

3' fwd pcDNA5-
FRT-3XFLAG

ctcgagtctagagggcccgtttaaacc

Used to generate
linearised pcDNA5-
FRT-3XFLAG vector

HNRNPUL1 FL

gatgacaagcttgcggccgcea

Used to clone full length

Fwd ATGGATGTGCGCCGTCTG HNRNPUL1 into
pcDNAS-FRT-3XFLAG
vector
HNRNPUL1 FL acgggccctctagactcgag Used to clone full length

Rev CTACTGTGTACTTGTGCCACCC HNRNPUL1 into
pcDNA5-FRT-3XFLAG
vector
HNRNPUL1 acgggccctctagactcgag Used to clone
ACTD Rev TTAGTCAAAGCGCTTTTCAGGG HNRNPUL1 ACTD into
pcDNA5-FRT-3XFLAG
vector
pUC18 FWD TCGCGCGTTTCGGTGATG Used to generate
linearised pUC18 vector
pUC18 REV GACGAAAGGGCCTCGTGATAC Used to generate
linearised pUC18 vector
HNRNPUL1 CGAGGCCCTTTCGTCG Used to clone
Homology Arms ACAGCCTGCTGGCCTCG HNRNPUL1 homology
Fwd arms in pUC18
HNRNPUL1 CACCGAAACGCGCGAAG Used to clone
Homology Arms GGTCTGGGAAGCTGAGG HNRNPUL1 homology
Rev arms in puUC18
pUC18/Hom CCAGTGTGACCCAGAGGC Used to generate
Arms Fwd linearised pUC18/Hom
Arms vector
pUC18/Hom CTGTGTACTTGTGCCACCCTG Used to generate
Arms Rev linearised pUC18/Hom

Arms vector
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AID Fwd

AGGGTGGCACAAGTACACAGATGA

Used to clone AID-HYG

TGGGTAGTGTGGAGCTGAAC and AID-NEO into
pUC18/Hom Arms
vector
AlID Rev GAGCCTCTGGGTCACACTGGTAAGA | Used to clone AID-HYG
TACATTGATGAGTTTGGACAAACCA and AID-NEO into
CAACTAGAATGCAGTGAAAAAA pUC18/Hom Arms
ATGCTTTATTTG vector
2.1.8 qRT-PCR PRIMERS
Transcript/ FORWARD REVERSE
Locus
18S GTGGAGCGATTTGTCTGGTT CGGACATCTAAGGGCATCAC
U1 snRNA | ACCTGGCAGGGGAGATACCA | GGGGAAAGCGCGAACGCAGT
EGR1 GAAGAACTTGGACATGGCTGT | CCTCCCTCTCTACTGGAGTGG
TTC AA
DCTPP1 AGACCCATTCTCGTGTTCC CATCTGGACTCTTACAGCCTT
C
MT-ND1 TCGCCCTATTCTTCATAGCC GAGTTGGTCGTAGCGGAATC
MT-ND2 ATCATCCCCACCATCATAGC GTAGGAGTAGCGTGGCAAGG
MIR17HG | AACTCAAACCCCTTTCTACACA | ATCCCCACCAAACTCAACAG
EGR1 TSS CAGAACTTGGGGAGCCGC GGGGAACACTGAGAAGCGT
(ChIP)
EGR1 CTGGAGGAGATGATGCTGCT CCTGAGGGTTGAAGGTGCT
+400b
(ChlP)
EGR1 TTGGATGGAGAGCTCTGGAG AGGATCACGGTCCTTCCTTG
+800b
(ChlP)
EGR1 TTACCCCAGCCAAACCACTC ACTGACCAAGCTGAAGAGGG
+1.4kb
(ChlP)
FOS TSS TCGTACTCCAACCGCATCTG AGAACATCATCGTGGCGGTTA
(ChIP)
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FOS +400b CAGGTAAGGCTGGCTTCCC CTTACTATGGCAAGCGTGCG
(ChIP)
FOS +750b CGTTCTGAGCAACCTCTGGT GAAACTGCCTTACACACCCG
(ChIP)
FOS +1.5kb GCCCATTCCATCCCAACTCA CTGTGAAACCATTTCTGACCT
(ChlP) GC
FOSB CGATGGTCTCTCTCCCTCTG AAAATCTCATGTCCCCAACG
FOS CCAACCTGCTGAAGGAGAAG AGATCAAGGGAAGCCACAGA
MT-ATPS8 TGCCCCAACTAAATACTACCG GCAATGAATGAAGCGAACAG
ATF5 GAGTGGCGACAGGATAGAGC TTTAGCCTCCCTCCCTTAGC
U2 snRNA | GATTTTTGGAGCAGGGAGATG | TACTGCAATACCAGGTCGATG
G C
U4 snRNA TATCCGAGGCGCGATTATTG CCAGTGCCGACTATATTGCAA
G
U5snRNA | TCTGGTTTCTCTTCAGATCGCA | GAGTTGTTCCTCTCCACGGA
U6 snRNA TGCTCGCTTCGGCAGCACAT AATATGGAACGCTTCACGAA
7SK snRNA ACGACCATCCCCGATAGA CCTCATTTGGATGTGTCTGG
SNORD16 | TGCAATGATGTCGTAATTTGCG | GCTCAGTAAGAATTTTCGTCAA
CC
pre- TGCCTGCTGTCAGTAAGCTG GGCCTCCACGACACATCTAT
SNORD16
RPL4 TGTGCTCGCCCACTGATATC TTTGCGCAAGTTGGTGTGAA
SNORD10 ATGCGTGTCATCTGAGCCTC ACTGATCCTTTGCCCAGGAC
pre- CGCTTTCCAGTCTTTCAGCG CAACAGCCCTGGGAAGTAGG
SNORD10
EIF4A1 TTGGCTCAGCAGATACAGAA GGGACAGGTATCTCCGGTTA
U3 snoRNA | CGTGTAGAGCACCGAAAACC ACTCAGACCGCGTTCTCTC
scaRNA2 CCGCCTCGTCTATCTGATCA CGGCCTCGTCTATCTGATCA
SNORA9B TGCTTGGGTCTGCAGTGA TCTACATGGAGCACGGCAA
ACTB TATTCTCGCAGCTCACCAT TCCTGTGCAGAGAAAGCG
(ChIP)
U1 snRNA TACCTGGCAGGGGAGATACC GCGTACGGTCTGTTTTTGAAA
uncleaved CTC
U2 snRNA | GCAGGTGCTACCGTCTCTCAC | ACGTCCTCTATCCGAGGACAA
uncleaved TA
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U4 snRNA | CGTAGCCAATGAGGTCTATCC | CCTCTGTTGTTCAACTGCAAG
uncleaved G AAA

HNRNPA2B | GGTGGCTTAAGCTTTGAAACC | CATGGCAGCATCAACCTCAG
TAI1=1 5 GAGGGGCTA@AGAGGTCGT CCCACTTCTATCTCCGCTGT
NEAT1_2 GGCCAGAGCTTTGTTGCTTC GGTGCGGGCACTTACTTACT
pre-SP4 CCTGTTGTCGTGTGTGTGTG AGCCTGAGGTTTTGGGTTTT
ATF4 TCCTGTCCTCCACTCCAGAT AGGGATCATGGCAACGTAAG
GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC
NR4A1 CTGCCTGTCACGTCTGTTG CTTGTCAATGATGGGTGGAG

2.2 METHODS

2.2.1 MOLECULAR BIOLOGY

Polymerase Chain Reaction (PCR) — PCR reaction mixtures consisted of 50 ng
template DNA, 1X reaction buffer, 0.5 mM dNTPs, 0.2-1 uM forward and reverse
primers, and 2.5-5 U DNA polymerase depending on the manufacturer’s requirements.
Reactions were cycled 35 times. Annealing temperatures ranged from 58-65°C
depending on the primers. An extension temperature of 72°C was used, with the

extension time dependent on the polymerase and the length of the amplicon.

Colony PCR - To screen E.coli transformants following cloning/ligation attempts, a
P20 pipette tip was used to pick colonies and shake them into a PCR tube. PCR would
then be performed as described above with an extended denaturation step of 10

minutes at 98°C.

Site-Directed Mutagenesis — Site-directed mutagenesis PCRs were performed using
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Pfu Turbo Polymerase (Stratagene). 50 pl reaction mixtures consisted of 50 ng
template plasmid, 125 ng sense primer, 125 ng antisense primer, 0.2 mM dNTPs, 1X
Pfu Turbo buffer and 2.5 U Pfu Turbo. Primer length was dictated by the number of
codons that were being mutated — 1 codon = 18 bp on either side, 2 codons = 21 bp
on either side, and 3 codons = 24 bp on either side. Reactions were started with a
95 °C step for 30 seconds, followed by 26 cycles of: 95 °C — 30 seconds, 55 °C — 1
minute, 68 °C — 15 minutes. This was followed by a final 10 minute incubation at 68 °C.
10 U of Dpn1 (Roche) was then added to reaction mixtures to digest template DNA
followed by a 1 hour incubation at 37 °C. 10 ul of the reaction was used to transform

E.colifollowing the protocol outlined in the ‘E.colitransformations’ section below.

E.coli transformations — Competent E.coli cells were thawed on ice, followed by the
addition of approximately 20-100 ng DNA. This mixture was then kept on ice for 20
minutes, before heat shock at 42 °C for 30 seconds, and then returned to ice for a
further 2 minutes. Next, 900 ul LB medium was added to cells followed by incubation
at 37 °C for 1 hour whilst rotating at 200 rpm. 1/10 of these cells were then plated onto

selective medium and incubated at 37 °C overnight.

Plasmid DNA isolation from E.coli— For small scale plasmid isolation, £.coliwas grown
in 5 ml LB cultures overnight at 37 °C whilst rotating at 200 rpm, whereas for larger
scale preps, 50 ml LB cultures were used. The following morning, QIAGEN mini or
midi-prep kits were used in accordance with the instructions specified by the

manufacturers.

Agarose Gel Electrophoresis of DNA — Agarose gels were produced by dissolving 0.5-
2% agarose (depending on the size of the DNA fragment intended to be visualised) in

0.5X TBE, followed by the addition of ethidium bromide (BIO-RAD) to a final
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concentration of 10 pg/ml. Gels were run in BIO-RAD electrophoresis tanks at
approximately 100 V, with 0.5X TBE used as running buffer. DNA bands were

visualized via UV light exposure using a BIO-RAD Chemidoc transilluminator.

Gel Extraction — DNA bands were extracted and purified from DNA agarose gels using

a Qiagen Gel Extraction Kit according to the manufacturer’s instructions.

Phenol:chloroform DNA purification — DNA samples were made up to 100 pl with H20,
before the addition of an equal volume of phenol:chloroform pH 6.7. Next, samples
were vortexed for 1 minute followed by centrifugation at 12000 x g for 5 minutes at
4 °C. The upper phase would then be transferred to a tube containing 10 pl 3M Sodium
acetate (pH 5.3), 300 pl 100% ethanol and 5 pg glycogen, and incubated at -20 °C for
30 minutes. Samples were then centrifuged for 20 minutes at 12000 x g, before pellets
were washed once with 70 % ethanol. This was followed by air drying the pellets, and

then resuspension in the required volume of H20.

Molecular Cloning — The Gibson Assembly Master Mix Kit (New England Biolabs) was
used when cloning DNA fragments into all vectors used in this study, according to the
manufacturer’s instructions. Primers used to amplify vectors and inserts are listed in
the primers table in the Materials section. Transformations were carried out as

described above in the ‘E.coli fransformations’ section.

2.2.2 PROTEIN EXPRESSION AND BIOCHEMISTRY

Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis of proteins (SDS-
PAGE) - SDS-PAGE gels were run in BIO-RAD Electrophoresis Chambers at 30 mA
for approximately 1 hour. Recipes for stacking gels and resolving gels are listed below.

A range of 8-12% acrylamide was used depending on the size of the protein interest.
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5% Stacking gel:

COMPONENT VOLUME
H.O 6.3 ml
30% Acrylamide/0.8% Bisacrylamide | 1.2 ml
Tris pH 6.8 2.5 ml
10% APS 110 pl
TEMED 20 pl
10% Resolving gel:
COMPONENT VOLUME
H.O 4.1 ml
30% Acrylamide/0.8% Bisacrylamide | 3.33 ml
Tris pH 8.8 2.5 ml
10% APS 110 pl
TEMED 20 pl

Western Blots — SDS-PAGE gels were transferred to nitrocellulose membranes via a
BIO-RAD fast transfer machine, programmed at 25 volts for 15 minutes. Membranes
were then incubated in 5% blocking solution for 1 hour with shaking. This was followed
by the addition of the primary antibody in 5% blocking solution. Incubation periods with
the primary antibody ranged from 1-3 hours depending on the antibody. Membranes
were then washed 3X in TBST for 30 seconds, followed by three more TBST washes

for 10 minutes each. Membranes were incubated with the appropriate secondary
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antibody in 5% blocking solution for 30 minutes. Next, the membranes were washed
3 x 30 seconds with TBST and 3 x 10 minutes with TBST. Protein bands would then
be visualised using Enhanced ChemiLuminescence (ECL). This involved mixing ECL1
and ECL2 solutions at a 1:1 v/v ratio and adding them to the blot. Following a one
minute incubation, membranes would then be exposed using a BIO-RAD Chemidoc

system.

Endogenous protein immunoprecipitation (IP) — Four 15cm dishes were seeded per
IP condition with 5000000 cells/dish. 100 pl protein-G Dynabeads per condition were
washed twice in IP lysis buffer, before being resuspended in 400 pl IP lysis buffer +
1% BSA (from 20% BSA solution stock, 0.2 um filtered) along with 4-10 pg of the
relevant antibody. This was followed by rotation at room temperature for 1 hour. After
blocking, beads were then washed 3 times in IP lysis buffer prior to the addition of
sample lysate. Cells were washed once with 1X PBS and lysed in IP lysis buffer. This
was followed by syringing samples up and down 5 times through a 0.6 mm x 25 mm
needle to sheer cell nuclei in the extracts. Samples were cleared by centrifugation
(13.2k rpm, 5 minutes, 4 °C), and lysate concentrations were measured by Bradford
assay. A small aliquot would be then isolated and stored as an input sample. Equal
amounts of protein extract per condition were then added to the beads, and volumes
matched via the addition of IP lysis buffer to the most concentrated samples. IPs were
carried out overnight at 4 °C with rotation. The beads were then washed 3 times with
IP lysis buffer. This was followed by the addition of Arginine Elution buffer, with
samples incubated on ice for two minutes to elute the immunoprecipitated complexes.
Eluates were neutralized via the addition 1 M Tris-HCI pH8.8 at a ratio of Arginine
elution buffer to Tris-HCI pH 8.8 of 25:1 v/v. Inputs and eluates were then analysed

via SDS-PAGE/Western Blot.

FLAG-tagged Protein Immunoprecipitation (IP) — Tetracycline was added to the stable
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cell lines to induce expression of FLAG-tagged proteins for 48 hours prior to the IP.
50 pl FLAG-agarose beads (Sigma-Aldrich) per condition were washed twice in IP
lysis buffer, followed by blocking in IP lysis buffer + 1% BSA for 2 hours at 4 °C. Beads
were then washed twice more in IP lysis buffer prior to the addition of sample lysates.
Processing of cells and IP conditions were performed as described in the ‘Endogenous
protein immunoprecipitation’ section above. After the final wash, a gel loading tip was
used to remove all liquid from beads, and 60 ul Flag peptide solution (10 yl 2mM Flag
peptide (sigma) + 190 pul IP lysis buffer) was added to each sample.
Immunoprecipitated complexes were eluted for 1 hour at 4 °C whilst rotating. Inputs

and eluates were then analysed via SDS-PAGE/Western Blot.

High Salt Protein Immunoprecipitation (IP) — High salt protein immunprecipitations
were performed as described in the ‘FLAG-tagged Protein Immunoprecipitation’
section up until the washing of beads following their incubation with the lysates. In this
protocol beads were washed twice with IP lysis buffer, then twice with High Salt IP
Lysis Buffer, and finally twice more with IP lysis buffer. Elution steps were then carried

out as described in the ‘FLAG-tagged Protein Immunoprecipitation’ section above.

FLAG-tagged Protein Immunoprecipitation (IP) for Mass Spectrometry analysis — For
IPs performed for mass spectrometry analysis, 10 x 15 cm dishes were seeded per
condition. IPs were then carried out as described in the ‘FLAG-tagged Protein
Immunoprecipitation’ section up until the washing of beads following their incubation
with the lysates. In this case, beads were washed twice with IP lysis buffer, followed
by two washes with I[P lysis buffer without glycerol and Triton X-100.
Immunoprecipitated complexes were then eluted via the low pH Arginine Elution buffer
method outlined in the ‘Endogenous protein immunoprecipitation’ section above. Mass
spectrometry analysis was performed by Mark Dickman at the Department of

Biological and Chemical Engineering, University of Sheffield, using nano-flow liquid
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chromatography (U3000 RSLCnano, Thermo Scientific) coupled to a hybrid
quadrupole-orbitrap mass spectrometer (Q Exactive HF, Thermo Scientific). Peptides
were separated on an Easy-Spray C18 column (75 pym x 50 cm) using a 2-step
gradient from 97% solvent A (0.1% formic acid in water) to 10% solvent B (0.1% formic
acid in 80% acetronitrile) over 5 min then 10% to 50% B over 75 min at 300 nL min-1.
The mass spectrometer was programmed for data dependent acquisition with 10
product ion scans (resolution 30,000, automatic gain control 1€5, maximum injection
time 60 ms, isolation window 1.2 Th, normalised collision energy 27, intensity
threshold 3.3e4) per full MS scan (resolution 120,000, automatic gain control 1e6,
maximum injection time 60ms) with a 20 second exclusion time. Database searching
MaxQuant (version 1.5.2.8) software was used for database searching with the *.raw
MS data file using standard settings. The data was searched against the Homo
sapiens Uniprot proteome database (taxa id: 9606, downloaded 25 November 2018,
73101 entries), using the following settings: Digestion type: trypsin; Variable
modifications: Acetyl (Protein N-term); Oxidation (M); MS scan type: MS2; PSM FDR
0.01; Protein FDR 0.01; Site FDR 0.01; MS tolerance 0.2 Da; MS/MS tolerance 0.2
Da; min peptide length 7; max peptide length 4600; max mis-cleavages 2; min number

of peptides 1.

Purification of GST-tagged proteins — BL21 E.coli cells were transformed with GST-
tagged construct plasmids and plated on selective media overnight. Colonies were
picked and grown in TB media until they reached an ODsoo of 1. Protein expression
was then induced via the addition of IPTG to a final concentration of 0.5mM. Cultures
were grown for 3 hours at 37°C, before centrifugation at 4000 x g for 15 minutes.
Bacterial pellets were resuspended in 1 ml GST lysis buffer per 0.4g of pellet, and
lysed via sonication (5 x [30s-ON/30s-OFF]). Lysates were then cleared by
centrifugation at 16100 x g for 15 minutes at 4 °C. 50 yl GSH beads (GE Healthcare)
were washed 3X with GST wash buffer. Cleared lysates were then added to the

washed beads and incubated for 1 hour at 4°C with rotation. This was followed by
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pelleting the beads and three more washes with GST wash buffer. After the final wash,
a gel loading tip was used to remove residual wash buffer from the beads, and 60 pl
GST elution buffer was added. This was followed by incubation at 4 °C for 30 minutes
with rotation. Eluted samples were then removed and analysed via SDS-PAGE and

Western blotting.

In vitro Kinase Assay — Purified GST-CTD and FLAG-UL1/GFP were mixed in a 1:1
molar ratio in kinase assay buffer along with 100 ng CDK7, and left at room
temperature for 5 minutes. Reactions were terminated via the addition of SDS loading
buffer, and samples were then run on SDS-PAGE gels. Next, dried gels were exposed

to a phosphor film. A Typhoon FLA 7000 laser scanner was used to expose films and

analysis was performed using Quantity One software.

Chromatin Immunoprecipitation (ChlIP) - Between one and four 15cm dishes
(depending on the target protein) were seeded/ChIP condition with 5000000 cells/dish.
Protein-DNA complexes were crosslinked through incubating cells with 20ml PBS-
formaldehyde (1%). Cell pellets were lysed in ChlIP Lysis Buffer 1 and rotated for 5
minutes at 4 °C. Nuclei were then pelleted via centrifugation (3000 x g, 5 minutes at
4 °C). This was followed by resuspension in ChlP Buffer 2 and rotation for 10 minutes
at room temperature. Nuclei were pelleted via centrifugation (1500 x g, 5 minutes at
4 °C) and resuspended in ChIP Lysis Buffer 3. Sonication was performed using a
Bioruptor (High, 20 x [30s-ON/30s-OFF]), generating chromatin fragments of 250-300
nucleotides. Samples were cleared by centrifugation (16100 x g, 15 minutes, 4 °C)
and lysate concentrations were measured by Bradford assay. Equal concentrations of
chromatin were incorporated into the IPs. IPs were carried out overnight at 4 °C using
5 pg of antibody. 100 ul blocked protein-G Dynabeads were then added to samples
and incubated for 2 hrs at 4 °C. Following incubation, beads were washed 4 times with

ChIP RIPA Wash Buffer and once with ChIP Final Wash Buffer. Complexes were
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eluted by adding ChIP Elution buffer and incubated for 30 minutes at 65 °C. NaCl was
added to a final concentration of 200mM and cross-links were reversed overnight at
65 °C. Samples were then treated with RNase A (0.2 mg/ml final) for 2 hrs at 37 °C,
followed by proteinase K (0.2 mg/ml final) for 2 hrs at 55 °C. DNA was purified via

phenol-chloroform extraction and ethanol precipitation, and then resuspended in H20.

MRNP capture — 100 pl oligo-d(T)25 Dynabeads (New England Bioscience) per
condition were washed two times in 1X binding buffer, and then stored in 1X binding
buffer while samples were being processed. One 15 cm dish was seeded per condition
with 5000000 cells/dish. Cells were washed once with 1X PBS, before being
crosslinked on ice with 300 mJ/cm. whilst covered in cold 1X PBS. A non-crosslinked
control condition would also be processed during each experiment. Following cross-
linking, cells were lysed in mRNP capture lysis buffer supplemented with Ribosafe
RNase inhibitors (Bioline), or mRNP capture lysis buffer lacking RNase inhibitors and
supplemented with RNase A in the case of the plus RNase A control condition.
Samples were then cleared by centrifugation at 16100 x g for 15 minutes at 4 °C, and
lysate concentrations measured by Bradford assay. 1-10% of the total sample would
be isolated and kept as an input fraction. This was followed by the addition of pre-
warmed 2X denaturing buffer to the remaining samples at a 1:1 v/v ratio, to denature
the extracts. Equal amounts of total protein per condition were then added to the beads,
and volumes were equalized through the topping up of the most concentrated samples
with 1X denaturing buffer. Samples were then rotated at 25 °C for 1 hour, followed by
three washes with 1X denaturing buffer. Once washed, RNP complexes were eluted
via the addition of mMRNP elution buffer with incubation at 25 °C for 30 minutes. Inputs

and eluates were then analysed via SDS-PAGE/Western Blot.

2.2.3 MAMMALIAN CELL BIOLOGY

Mammalian Tissue Culture — Cell lines were grown at 37 °C with 5% CO2, and
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passaged twice a week. During each passage, cells were washed once in 1X PBS,
and then detached from flasks using pre-warmed 0.25% Trypsin/EDTA solution. The
addition of DMEM then deactivated the trypsin, before cells were distributed in

appropriate amounts into flasks and dishes.

Generation of FLAG-tagged FlpIn-293 Stable Cell Lines — 1 x 105 FIpIn-293 cells were
seeded into one 6¢cm dish in DMEM containing Tet free-FCS and no antibiotics, and
incubated at 37 °C for 24 hours. Next, the cells were transfected with 3.6 pg Flpln
recombinase construct (pPGKFLPobpA) and 2.4 ug FRT vector, using the Turbofect
protocol outlined in the ‘DNA transfections’ section below. Two days after transfecting,
the cells were split into two 10 cm dishes. Selection medium comprising DMEM
containing Tet free-FCS and two antibiotics - Blasticidin (15 pg/ml final) and
Hygromycin (0.1 mg/ml final) — was applied to the cells 6 hours later. The selection
medium was then renewed after 48 hours. This step was repeated a further 5 days
later, facilitating the removal of any dead cells. Once colonies had formed, cloning
disks soaked in trypsin were used to transfer individual colonies to one well each of a
24 well plate. These colonies were then expanded into multiple wells to allow

screening via Western blotting.

DNA transfections — Cells were seeded 24 hours prior to transfection, in amounts
necessary to produce 60-70% confluency upon transfection. When generating stable
cell lines, Turbofect (Thermo Scientific) was used as the transfection reagent, in
accordance with the manufacturer's instructions. For all other transfections,
polyethylenine (PEI) was used. In these instances, the transfection protocol followed
that of Turbofect transfections, but with Turbofect replaced by PEI used at a final

concentration of 3.5 pg/ul.

75



Colony Formation Assay - HCT116 and HNRNPUL1-AID line cells were treated with
Doxycycline (1 pg/ml) and Auxin (500 uM) for 48 hours and 24 hours respectively,
ensuring HNRNPUL1 was depleted in the degron line upon seeding. A 6-well plate
per condition was seeded at 200 cells/well. Each well was adjusted to 2 ml DMEM and
cells were left to grow for 14 days at 37 °C. After 14 days, cells were washed with 1X
PBS and stained with 1ml of crystal violet (0.5 % giemsa powder in methanol) / well
for 5 minutes. This was followed by two washes with 1 ml deionized water. Wells were

then left to dry for 30 minutes.

Immunostaining — Cells seeded onto coverslips were washed once with 1X PBS, and
then incubated with FIX solution for 20 minutes at room temperature. This was
followed by two more washes with 1X PBS. Cells were then incubated with
immunostaining blocking solution for 1 hour. Next, the primary antibody/antibodies
were added to the cells in immunostaining blocking solution, followed by an incubation
period of 1 hour. Cells were then washed three times with 1X PBS, and the secondary
fluorescent antibody/antibodies diluted in immunostaining blocking buffer were added
to the cells. An incubation period of 30 minutes followed. Then, cells were washed 3X
with PBS, and coverslips were transferred to slides with mounting medium containing
DAPI (Vectashield). The coverslips were sealed on the slides by painting around their

edges with nail varnish.

2.2.4 RNA BIOLOGY

Total RNA extraction — Total RNA was extracted using TRIzol reagent (Invitrogen) as
per the manufacturer’s instructions. RNA samples were resuspended in H20 and
subjected to DNase treatment via the addition of 4 units of TurboDNase (Thermofisher)
plus TurboDNase buffer and RNase inhibitors, with incubation at 37 °C for 1 hour.
RNA acidic phenol (pH 4.5) was added to samples at a 1:1 v/v ratio and left to incubate

at room temperature for 5 minutes. RNA in the aqueous phase would then be
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precipitated via the addition of 86 mM sodium acetate pH 5.8, 100% ethanol and
glycogen along with storage at -20 °C for 2 hours. This was followed by washing the

RNA pellets once in 75% ethanol and resuspension in H20.

RNA Immunoprecipitation (RIP) - One 6 cm dish was used per RIP, with cells at 80%
confluency on the day of experiment. 100 pl protein-G Dynabeads per condition were
washed twice in RIP lysis buffer, before being resuspended in 400 ul RIP lysis buffer
+ 1% BSA (from 20% BSA solution stock, 0.2 pm filtered) along with 4-10 pg of the
relevant antibody. This was followed by rotation at room temperature for 1 hour. After
blocking, beads were then washed 3 times in RIP lysis buffer prior to the addition of
sample lysate. Protein-RNA complexes were crosslinked through incubation with 3 ml
PBS-formaldehyde (0.1%) for 10 mins, followed by quenching via the addition of
glycine (0.125 M final concentration). Cells were then washed 3X with PBS, and lysed
in RIP lysis buffer supplemented with Ribosafe RNase Inhibitors (Bioline) and Turbo
DNase (Ambion). Sonication was performed using a Bioruptor (High, 5 x [30s-ON/30s-
OFF]), generating RNA fragments of 300-400 nucleotides. Samples were cleared by
centrifugation (16100 x g, 15 minutes, 4 °C), and 10% of the total lysate was isolated
to keep as an input fraction. The remaining lysates were then added to the beads and
IPs were carried out whilst rotating for 2 hours at 4 °C. This was followed by washing
the beads twice with RIP lysis buffer, then twice with RIP high salt wash buffer, and
finally two more washes with RIP lysis buffer. Input and IP samples were then made
up to 56 pl with H2ORNaseFree, followed by the addition of 33 pl 3X reverse crosslinking
buffer, 10 ul proteinase K (Roche, 19mg/ml) and 1 pl Ribosafe RNase Inhibitors
(Bioline). Samples were incubated for 1 hour at 42 °C and then 1 hour at 55 °C, both
whilst shaking at 1100 rpm, to reverse the crosslinks and digest proteins in the
samples. RNA was then isolated from the input and IP samples via TRIzol extraction

(detailed above), and converted into cDNA prior to qRT-PCR analysis.
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Chromatin/Nucleoplasm/Cytoplasm Fractionation — One 10 cm dish was used per
condition. Cells were washed once in 1X PBS, then trypsinised and transferred to a
15 ml falcon. This was followed by 2 more washes with 1X PBS. Cell pellets were then
lysed in 5-10X cell pellet volume of Sucrose Lysis Buffer, and centrifuged at 500 x g
for 5 minutes at 4 °C. The resulting supernatant was removed and centrifuged at
16100 x g at 1 minute, with the supernatant generated following this spin stored as the
cytoplasmic fraction. The pellet produced from the first 500 x g spin was washed twice
with Sucrose Lysis Buffer, then once with PBS + 0.5 M sucrose, followed by a final
wash with Sucrose Lysis Buffer. The pellet was then resuspended in 350 pyl NRB buffer,
followed by the addition of 350 ul of NUN buffer. This mixture was incubated on ice for
5 minutes with inversion every minute. This was followed by centrifugation at 1200 x
g for 5 minutes at 4 °C. The resulting supernatant was removed and stored as the
nucleoplasmic fraction. The pellet was resuspended in Buffer A, followed by
centrifugation at 1200 x g for 5 minutes at 4 °C. The pellet would then be resuspended
in Fractionation RIPA buffer plus 500 U Benzonase, and left at room temperature for
45 minutes. This was followed by centrifugation at 16100 x g for 10 minutes at 4 °C,

with the resulting supernatant then removed and stored as the chromatin fraction.

Reverse transcription and quantitative Polymerase Chain Reaction (QRT- PCR) —
Reverse transcription reactions were performed using the Bioscript kit (Bioline). 0.5
mM dNTPs and 200 ng poly(dN)s random primer would be added to 1 uyg RNA and
reaction mixtures were incubated for 5 minutes at 70°C, followed by 1 minute on ice.
Next, 100 units of Bioscript Reverse Transcriptase enzyme along with 1X reaction
buffer would be added. The following program conditions were used for the reverse
transcription reaction: 25 °C for 10 minutes, 42 °C for 1 hour and 85 °C for 5 minutes.
cDNA produced from these reactions was diluted 3-6X with H2ORNaseFree prior to being
used in gRT-PCR. qRT-PCR reaction mixtures consisted of 2 pl diluted cDNA, 1X

SensiMix (Bioline), 500 nM primers (see table), topped up to 10 ul with H2ORNaseFree.
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gRT-PCR was performed using a Rotor-gene 6000 (Qiagen) with the following
program conditions: 95 °C for 10 minutes and then 45 cycles of 95 °C for 10 seconds,

59 °C for 15 seconds and 72 °C for 25 seconds.

Statistical Testing — All statistical analyses were performed using a two-tailed unpaired
T-test, except during the Sleeping Beauty complementation assays where ANOVA
was used. The P value generated from these analyses is displayed on graphs using

the following asterisk marks:

P-value Number of asterisks

p>0.05 Not indicated on graphs
0.01<p<0.05 *
0.001<p<0.01 *

p<0.001 ok
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HNRNPUL1 STABLE CELL LINES

Despite being discovered over 20 years ago, our understanding of the role of
HNRNPUL1 in RNA metabolism is still incomplete. It has been reported to interact with
mRNA export adaptor NXF1 (Bachi et al., 2000), along with a range of other RNA-
binding proteins such as FUS and TAF15 (Chi et al., 2018b). Many of these interacting
partners perform functions at multiple stages of the gene expression pathway,
including alternative splicing regulation and mRNA nucleo-cytoplasmic transport
(Lagier-Tourenne et al., 2010). Despite these interactions, no direct role in mRNA
splicing or export has yet been established, although previous work performed in the
Wilson lab has demonstrated that overexpression of HNRNPUL1 results in the export
of a poorly spliced transcript (Wilson, unpublished). The highly homologous protein
HNRNPU has been implicated in a diverse range of RNA-related processes, including
splicing regulation (Xiao et al., 2012), snRNP biogenesis (Xiao et al., 2012), and
IncRNA nuclear localisation (Hasegawa et al., 2010). However, the extent of functional

redundancy between these two proteins remains unknown.

Both HNRNPU and HNRNPUL1 possess a central nucleoside triphosphate (NTP)-
binding motif that enables these proteins to bind nucleotides (Nozawa et al., 2017;
Wilson, unpublished). The role that nucleotide binding plays with regards to the
function of HNRNPUL1 in the cell has also yet to be determined. The C-terminal prion-
like domain of HNRNPUL1 composed of an RGG box and a poly-proline region has
been reported to facilitate its recruitment to sites of DNA damage (Hong et al., 2013).
PrLDs found in other proteins (including those associated with ALS) form associations
with a wide range of protein interactors, and enable these factors to assemble into
higher order structures composed of RNA/protein complexes. Whether the PrLD of
HNRNPUL1 also mediates the majority of its interactions with protein and RNA

partners is another outstanding question.
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Therefore, the aims of the work described in this chapter are to generate the tools
that will enable me to further investigate the functions of HNRNPUL1, and specifically
determine what roles the NTP and PrLD regions play with regards to those functions.
With these intended goals, | firstly set out to generate a HNRNPUL1 conditional
knockout cell line using the auxin-inducible degron system. In addition, | aimed to
create stable cell lines expressing tetracycline-inducible FLAG-HNRNPUL1 wild-type,
as well as two stable FLAG-HNRNPUL1 mutant lines — one that was unable to bind
nucleotides: FLAG-HNRNPUL1 Walker A mutant (FLAG-HNRNPUL1 WA), and one
that lacked the PrLD at its C-terminus: FLAG-HNRNPUL1 ACTD.

3.1 HNRNPUL1 RNAI d tind lete knockd i :

An HNRNPUL1 RNAI line was generated previously in the Wilson lab to assess the
consequences of HNRNPUL1 depletion within the cell. However, the knockdown of
HNRNPUL1 observed in this cell line is incomplete, and requires 48 hours to occur
following the addition of tetracycline (Figure 3.1). The advent of CRISPR/Cas9
technology as a tool for genome editing has radically expanded the landscape of
genetic alterations that molecular biologists can introduce into mammalian genomes.
In recent years, this technology has been utilised to tag target proteins with a
sequence known as an auxin-inducible degron (AID). Once tagged with an AID, the
addition of indole-3-acetic acid (referred to as auxin from here on in) triggers the
degradation of the target protein, mediated by plant protein TIR1 (Natsume et al., 2016;
Nishimura et al., 2009). In plants, the presence of auxin triggers TIR1 to interact with
the SCF complex and mediates ubiquitinylation of degron-containing proteins,
followed by their rapid degradation by the proteasome (Ramos et al., 2007). This SCF
complex is highly conserved between plants and humans, whereas the TIR1 protein
needs to be introduced via genome editing in order to adapt this system for human
cells. In contrast to RNAI technology, the AID system has been reported to facilitate

depletion of target proteins to virtually undetectable levels as quickly as 20 minutes

81



TETRACYCLINE: - 24HR  4BHA TiHR  9&HR

hnRNPUL1 } CE  ——— N —

TUBULIN h-- X 4

Figure 3.1 Time-course in HNRNPUL1 RNAi line demonstrating the extent of
HNRNPUL1 knockdown

Western analyses of HNRNPUL1 levels in HNRNPUL1 RNAi line following treatment
with tetracycline. Tubulin is shown as a loading control. Tetracycline was added to
cells at a final concentration of 1 pg/ml and cells were harvested every 24 hours.
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post auxin-addition (Natsume et al., 2016). Therefore, | set out to generate a
HNRNPUL1-AID cell line, as in theory this method would enable the study of the
immediate cellular consequences of the complete loss of HNRNPUL1 as directly as

possible.

3.2 Taaging HNRNPUL1 witl AID
HCT116 cells were chosen as the parental line in which to undertake this experimental
work as they are diploid in nature, unlike other commonly used tissue culture cell lines
that often display polyploidy of varying severities, and therefore the number of
HNRNPUL1 alleles needing to be tagged is limited to two. An HCT116 cell line already
possessing a constitutively expressed TIR1 gene was donated as a gift from Steven
West. TIR1 from Oryza sativa (rice) was incorporated as opposed to Arabidopsis
thaliana TIR1 to optimise the functionality of the protein at the higher temperatures at

which human cells are grown (Nishimura et al. 2009).

To tag the AID onto the end of HNRNPUL1, a plasmid containing the AID sequence
flanked by regions homologous to the end of the HNRNPUL1 coding region (homology
arms) must be transfected into the cell along with the Cas9 expression cassette. This
ensures that when the Cas9 enzyme catalyses a double-stranded break (DSB) at the
end of the HNRNPUL1 coding region, the cell favours homologous recombination as
a means to repair this DSB and uses these homology arms as a repair template. This
can result in the incorporation of the homology arms along with the AID into the
genome at the site of Cas9-induced cleavage. To direct the Cas9 enzyme to cleave at
the appropriate region - in this case the end of the HNRNPUL1 gene - a guide RNA
that is complementary to a sequence of DNA within this region must be cloned into
the Cas9-containing vector. The efficiency at which the guide RNA directs the enzyme
to the appropriate locus can be tested via a Surveyor assay. Firstly, three guide RNAs
were designed using the online Benchling tool (Benchling 2018) and cloned into the

Cas9 expression vector (Ann Ran et al., 2013). These plasmids were then transfected
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into HCT116 cells, as well as a positive control guide RNA targeting CPSF73 that was
donated as a gift by Steven West. If the guide RNAs operated effectively, the Cas9
enzyme would be expected to cleave at the HNRNPUL1 gene and in the absence of
a repair template the cell will repair this DSB via non-homologous end joining. This is
an error-prone process, often resulting in an insertion or deletion of bases (indel). As
a consequence, PCR amplification of the HNRNPUL1 coding region from genomic
DNA isolated from these cells will be made up of a heterozygous population of
molecules, with some containing indels and some maintaining the wild type sequence.
Denaturing and reannealing these DNA molecules results in the annealing of some
indel-containing and non-indel-containing DNA strands. These mismatches are
recognised and cleaved by the Surveyor nuclease S, the products of which can be
visualised on an agarose gel. Therefore, PCR primers were designed to amplify the
region of the HNRNPUL1 gene that surrounded the three guide RNA target sites,
along with primers to amplify the corresponding region of the CPSF73 gene (Figure
3.2A). These PCR amplified regions were then denatured, reannealed and incubated
with the Surveyor nuclease. Although Surveyor nuclease digestion was not apparent
in the case of the CSPF73 positive control (Figure 3.2B), smaller DNA fragments were
clearly visible in the HNRNPUL1 guide RNA B lane of the agarose gel, indicating
significant nuclease digestion (Figure 3.2B). As these bands appeared less abundant
in the case of guide RNAs A and C, guide RNA B was chosen to proceed with when
attempting to generate the HNRNPUL1-AID cell line, as this suggests that it is this
guide RNA that is most effective at targeting Cas9 to the HNRNPUL1 locus.

Two vectors containing the HNRNPUL1 homology arms surrounding the AID
cassette were generated, each containing a different antibiotic resistance gene -
either hygromycin or neomycin — so that cells in which both alleles were tagged with
the degron could be selected for. The degron sequence was composed of three copies
of a small region of the IAA17 degron (3X mini-AID) (Natsume et al., 2016; Nishimura
et al., 2009). This 3X mini-AID was separated by the antibiotic resistance gene

sequence by a self-cleaving P2A cleavage site (Liu et al., 2017; Wang et al., 2015).
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Figure 3.2 Guide RNA B is most efficient at directing Cas9 to HNRNPUL1 locus to
generate DSBs, and was therefore chosen to guide Cas9 expression cassette

A - Schematic illustration of the location of the SURVEYOR PCR primers used in
relation to the guide RNA target sites within the HNRNPUL1 and CPSF73 genes. B -
DNA gel electrophoresis of SURVEYOR assay products using the IDT Surveyor
mutation detection kit. An untransfected (-) sample and functioning CPSF73 gRNA
transfected (+) sample were used as negative and positive controls respectively. A, B
and C represent the three HNRNPUL1 guide RNAs tested.
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The P2A cleavage site enables the antibiotic resistance protein to function separately
from the HNRNPUL1-AID protein following their expression as a single polypeptide. A
flexible glycine-rich linker sequence was located upstream of the degron to separate
it from the C-terminal domain of HNRNPUL1, along with a 3X-FLAG tag to aid
identification of successful clones during the screening process. It is_also important to
note that silent mutations were introduced into the homology arm sequence at the
guide RNA region, so that the Cas9 enzyme did not target and cleave this sequence

within the vector itself (Figure 3.3A).

These vectors, along with the Cas9/gRNA B-expressing vector, were then
transfected into the HCT116/TIR1 cell line, and cells that incorporated the AID into
both HNRNPUL1 alleles of their genome were selected via the addition of hygromycin
and neomycin to the growth media. Colonies were then screened plus and minus auxin
via Western analyses. Although it was expected that auxin may facilitate depletion of
the tagged protein within 20 minutes, cells were incubated with auxin for 24 hours
during the screening process to maximise the contrast between the plus and minus
auxin conditions. Two of the three clones screened — clones 1 and 2 - appeared to
have successfully incorporated the degron, as evidenced by the higher HNRNPUL1
band present on the Western blot in the minus auxin condition lanes, which disappears
following the addition of auxin (Figure 3.3B). The same clones were also probed using
an anti-FLAG antibody, which revealed that those higher bands were indeed
hnRNPUL1-AID (Figure 3.3C). However, the expression levels of HNRNPUL1-AID
appear significantly weaker than endogenous HNRNPUL1, even in the absence of
auxin. In addition, there is a band the size of endogenous HNRNPUL1 on the anti-
FLAG blot, suggesting that the mini-AID tag may be cleaved from the HNRNPUL1
protein by endogenous proteases. Combined, the result resembles a constitutive
HNRNPUL1 knock-out cell line, as opposed to the inducible knock-out cell line that
was intended. Therefore, alterations in degron sequence and parental cell line
background were introduced with the goal of increasing the expression levels of steady

state tagged HNRNPULA1. This process is described in the next section.
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Figure 3.3 Tagging HNRNPUL1 with a mini-AID in the presence of constitutively
expressed TIR1 causes severe degradation prior to the addition of auxin

A - Schematic diagram of the AID plus homology arms sequence that will act as a
repair template following Cas9 cleavage. B — a-hnRNPUL1 Western Blot analyses of
selected clones plus and minus auxin treatment. Tubulin is shown as a loading control.
B - a-FLAG Western Blot analyses of selected clones plus and minus auxin treatment.
Tubulin is shown as a loading control.
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3 3 Creai HNRNPUL 1-AID line in a Dox-0sTIR1 bact |
Two strategies were employed to improve HNRNPUL1-AID expression levels in the
absence of auxin. Firstly, changes to the AID itself were introduced. The glycine-rich
linker region was removed, and the 3X mini-AID was replaced by one copy of the full
length IAA17 degron followed by a C-terminal FLAG-tag (Figure 3.4A). Secondly,
rather than use an HCT116 cell line expressing constitutive osTIR1, HNRNPUL1
would firstly be tagged with the AID in standard HCT116 cells, and then a doxycycline-
inducible osTIR1 (Natsume et al., 2016) would be incorporated into this cell line

subsequently.

Thus, the HNRNPUL1 repair template vectors containing the new AID along with
the Cas9/gRNA B-expressing vector were transfected into HCT116 cells and once
again cells with the AID integrated into both alleles were selected for via the addition
of hygromycin and neomycin. Clones were then screened via Western analyses. In
this instance, three out of four clones successfully integrated the degron (Figure 3.4B).
In addition, the expression levels of this form of HNRNPUL1-AID were significantly
closer to endogenous HNRNPUL1. Clone 3 appeared to have the highest expression
levels of HNRNPUL1-AID, so this clone was chosen to be expanded and subsequently

used as a parental line for TIR1 integration.

Expression of osTIR1 in the HNRNPUL1-AID line could be achieved through
introducing an osTIR1 expression vector at the safe-harbour locus AAVS1 (Smith et
al., 2008) via CRISPR/Cas9. The osTIR1 expression vector used contained the TIR1
gene under the control of a conditional Tet promoter, and a puromycin resistance gene
to enable selection of clones that had integrated the cassette (Natsume et al., 2016).
This sequence was flanked by AAVS1 locus homology arms that would act as a repair
template following Cas9 cleavage. This vector was transfected into the HNRNPUL1-
AID line along with a plasmid that expressed Cas9 plus a guide RNA to direct the
enzyme to the AAVS1 locus. Puromycin was then added to growth media to facilitate

selection of positive clones. Colonies were then subject to three conditions —
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Figure 3.4 Tagging HNRNPUL1 with an AID containing the full length degron in the
absence of TIR1 facilitates higher expression levels of HNRNPUL1-AID

A — Schematic diagram of new AID sequence, containing the full length IAA17 degron.
B — Western analyses of clones grown in selective media following transfection of the
Cas9/gRNA B plasmid along with the new repair templates. Tubulin is displayed as a
loading control.
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untreated, doxycycline-treated, and doxycycline- and auxin-treated, before being
screened via Western analyses. In the case of the doxycycline and auxin condition,
doxycycline was added to the media 48 hours prior to the addition of auxin so that
maximal TIR1 expression would be induced prior to the introduction of the hormone.
Three out of the four clones screened in this instance appeared to have successfully
integrated the dox-OsTIR1 gene, as evidenced by the clear decrease in HNRNPUL1-
AID expression levels in the doxycyclin and auxin-treated conditions (Figure 3.5A).
Surprisingly, significant degradation of HNRNPUL1-AID was also observed in the
doxycycline-only treated condition of the successful clones. Clone 2 was chosen as
the HNRNPUL1-AID/Dox-TIR1 line to expand and used for future experiments.
Comparison of HNRNPUL1 levels in knockdown conditions between this line and the
previously generated HNRNPUL1 RNAI line revealed that a much greater depletion
could be achieved via the AID system (Figure 3.5B).

Next, a time-course assay was performed to assess how quickly HNRNPUL1-AID
could be degraded in this cell line upon the addition of doxycycline and auxin. During
this assay, cells were treated with doxycycline and auxin and then harvested at various
timepoints. This revealed that a 48 hour doxycycline incubation combined with a 2
hour auxin incubation is required to deplete HNRNPUL1-AID to virtually undetectable
levels (Figure 3.6).

The original appeal of the AID system was the potential for rapid degradation of the
target protein. Given that the 48-hour depletion period in the HNRNPUL1-AID line is
no faster than can be achieved in the previously generated HNRNPUL1 RNAi line, the
major difference between these two lines going forward was that the extent of
HNRNPUL1 knockdown following doxycycline and auxin addition in the HNRNPUL1-
AID line is considerably greater than via RNAI. At this stage it remained unnknown
whether this difference in knockdown levels had functionally significant consequences

for the cell, and this question was examined in the next section.
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Figure 3.5 Integration of dox-OsTIR1 at the AAVS1 safe harbour locus facilitates
significant degradation of HNRNPUL1-AID in the presence of doxycycline and auxin

A -Western analyses of clones grown in selective media following transfection of the
dox-osTIR1 and AAVS1 Cas9 expression vectors. Cells were either untreated, treated
with doxycycline for 72 hours, or treated with doxycycline for 72 hours and auxin for
24 hours. Tubulin is displayed as a loading control. B — Western analyses comparing
level of HNRNPUL1 knockdown achieved in HNRNPUL1 RNAi and HNRNPUL1-AID
lines.
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Figure 3.6 Time-course assay revealing that a 48-hour doxycycline incubation and 2-
hour auxin incubation is necessary to cause complete loss of HNRNPUL1-AID levels

Western analyses of time-course assay comparing HNRNPUL1-AID levels at various
time-points following the addition of doxycycline and auxin. Tubulin is shown as a
loading control.
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3 4 Validating the HNRNPUL 1-AID/Dox-TIR1 i
Following the generation of the HNRNPUL1-AID/Dox-TIR1 cell line, it was important
to test whether knockdown of HNRNPUL1 in this line produced expected phenotypes
based on what has been previously published regarding the functions of HNRNPULA1.
In addition, the severity of these phenotypes compared to the HNRNPUL1 RNAI line

previously generated in the Wilson lab had yet to be assessed.

Therefore, HNRNPUL1 RNAiI Encode RNA-seq data was analysed by Dr lan
Sudbery to generate a list of transcripts whose levels significantly increased or
decreased upon HNRNPUL1 knockdown. RNA was extracted from the Wilson lab-
generated HNRNPUL1 RNAI line and the HNRNPUL1-AID line and converted to
cDNA. The levels of a selection of the transcripts identified by Dr. Sudbery were then
analysed via qRT-PCR to examine whether the same phenotypes observed in the
Encode HNRNPUL1 RNAI dataset could be replicated in both of our cell lines. A
control RNAI cell line was used as the baseline condition to compare against the
HNRNPUL1 RNAi line, while both parental HCT116 and untreated HNRNPUL1-AID
line samples were analysed to compare against HNRNPUL1-AID treated with
doxycycline and auxin (Figure 3.7A). Minimal changes were observed for all
transcripts tested in the case of the HNRNPUL1 RNAI line compared to the control
condition (Figure 3.7B). However, in the case of the HNRNPUL1-AID line treated with
doxycycline and auxin, the abundance of every transcript tested changed in the
expected direction compared to the HCT116 condition (Figure 3.7C). Specifically,
EGR1, MT-ND1 and MT-ND2 all increased, while DCTPP1 and MIR17HG decreased.
These changes all occur in the Encode RNA-seq dataset. U1 snRNA was originally
chosen as an internal normaliser transcript, however to our surprise its levels were
consistently lower in the HNRNPUL1-AID treated with doxycycline and auxin condition
(Figure 3.7C), and therefore 18S rRNA was chosen as a normaliser for each sample
tested. This U1 snRNA finding is pursued in more detail in Chapter 4. In the case of

some transcripts, there was no observable difference between the untreated
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Figure 3.7 HNRNPUL1-AID treated with doxycycline and auxin displays phenotypes
consistent with HNRNPUL1 RNAi Encode RNA-seq data

A — Western analyses demonstrating HNRNPUL1 levels in the various conditions
incorporated into qRT-PCR analyses. B — qRT-PCR analyses on selected Encode
transcripts in control RNAI line vs HNRNPUL1 RNA. line. Errors bars represent the
SD. Transcripts were internally normalised to 18S rRNA levels. C — qRT-PCR analyses
on selected transcripts in HCT116 vs untreated HNRNPUL1-AID vs HNRNPUL1-AID
treated with doxycycline and auxin (+Dox/Aux) lines. Errors bars represent the SD.
Transcripts were internally normalised to 18S rRNA levels.
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HNRNPUL1-AID line and HCT116 cells, while in other cases there were mild
phenotypes that are less pronounced than those displayed in the plus doxycycline and
auxin condition. Combined with the minimal effects observed in the HNRNPUL1 RNAi
line in the qRT-PCR analyses, this suggests that a large depletion of HNRNPUL1

levels is required to effectively disrupt its function.

3.5 HNRNPULA | ired for cell proliferafi

In addition to qRT-PCR analyses, colony formation assays in the HNRNPUL1-
AID/Dox-TIR1 line were performed to assess the impact of the loss of HNRNPUL1
levels upon cell viability. Once again, three conditions — HCT116, untreated
HNRNPUL1-AID, and doxycycline and auxin-treated HNRNPUL1-AID - were
incorporated into the experiment. Interestingly, a drastic decrease in the number of
colonies after 14 days — from a mean of 148 to a mean of 26.33 - was observed in the
doxycycline and auxin-treated condition (Figure 3.8A, Figure 3.8B). Firstly, this
indicates that HNRNPUL1 is required for efficient cell proliferation. Secondly, it
appears that the moderate depletion of HNRNPUL1 observed in the untreated
HNRNPUL1-AID line does not significantly impact the ability of HNRNPUL1 to perform
its cellular functions, a hypothesis supported by the gRT-PCR analysis on untreated

HNRNPUL1-AID and the HNRNPUL1 RNAI line described earlier.

Therefore, the HNRNPUL1-AID/Dox-TIR1 line was used to perform future functional
assays on HNRNPUL1, given that the largest HNRNPUL1 knockdown can be
achieved in this line. The parental HCT116 line was chosen as the control condition
as opposed to untreated HNRNPUL1-AID, due the untreated line already displaying
moderate depletion of HNRNPUL1 as well as partial phenotypes in the qRT-PCR
assays. The control HCT116 line was treated with doxycycline and auxin at the same
concentrations and time-points as the HNRNPUL1-AID line in all future functional
assays to ensure that any observed phenotypes are not as a result of the effects of

these compounds themselves.
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Figure 3.8 Colony formation assay demonstrating a significant decrease in cell viability
following total depletion of HNRNPUL1

A — Photograph of one of the six wells seeded per condition. B — Quantification of the

mean number of colonies grown after 14 days per condition. Errors bars represent the
SD.
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361 liate-earl lated HNRNPUL1 depleti
One of the transcripts included in the initial gRT-PCR analysis validation of the
HNRNPUL1-AID line was EGR1. EGR1 is one of the most significantly increased
transcripts in the HNRNPUL1 RNAi Encode RNA-seq dataset, and a clear
upregulation was also observed in the HNRNPUL1-AID line upon HNRNPUL1
depletion (Figure 3.7C). EGR1 is an example of an immediate-early gene (IEG).
Expression of IEGs are rapidly activated within minutes of stimulation by internal or
external factors such as cytokines or serum (Bahrami and Drablgs, 2016). This is
facilitated in many cases by RNAPII already bound at the promoters of these genes
awaiting pause-release activation (Li and Gilmour, 2011). Many IEGs are transcription
factors such as FOS and FOSB that trigger the activation of a diverse range of
signalling pathways, and are therefore critical for several cellular processes such as
differentiation and the immune response (Bahrami and Drablgs, 2016). IEGs are also
induced in response to DNA damage, a pathway in which HNRNPUL1 has been
previously reported to play a role (Polo et al., 2012). IEG expression is typically fairly
transient, for example FOS expression levels peak around 30-60 minutes post-

activation before returning to basal levels after 90 minutes (Greenberg and Ziff, 1984).

To assess whether other IEGs are upregulated in response to HNRNPUL1
knockdown, further qRT-PCR analyses were performed on total RNA that had been
extracted from HNRNPUL1-AID cells and converted into cDNA. These revealed that,
in addition to EGR1, both FOS and FOSB are significantly upregulated upon
HNRNPUL1 depletion (Figure 3.9A). Time-course assays were performed
subsequently whereby expression of IEGs was activated by adding 20% FCS to cells
previously starved of serum, with RNA extracted at various time-points during this
process. These assays demonstrated that elevated IEG mRNA transcript levels occur
upon HNRNPUL1 knockdown throughout the cycle of IEG expression activation and

repression (Figure 3.9B, Figure 3.9C).

We next set out to identify whether the increased IEG mRNA levels were brought
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Figure 3.9 IEGs are upregulated at the mRNA level upon HNRNPUL1 knockdown

A - gRT-PCR analyses of total RNA levels of IEGs in HNRNPUL1-AID line. Error bars
represent the SD. B — qRT-PCR analyses of EGR1 mRNA levels at various time-points
over the course of a serum-starvation time-course assay. Cells were starved of serum
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for 24 hours prior to the addition of 20% FCS to the media. Error bars represent the
SD. C - gRT-PCR analyses of FOS mRNA levels at various time-points over the
course of a serum-starvation time-course assay. Cells were starved of serum for 24
hours prior to the addition of 20% FCS to the media. Error bars represent the SD.
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about via an upregulation in transcription. Therefore, RNAPIl ChIP assays were
performed in the HNRNPUL1-AID line and the RNAPII signal at various loci throughout
the EGR1 and FOS genes was analysed via qRT-PCR. These revealed a clear
increase in RNAPII signal at downstream regions of these genes (Figure 3.10A, Figure
3.10B), consistent with an upregulation of transcription via RNAPII pause-release from
the promoter-proximal regions of these genes. This phenotype observed via ChIP was
confirmed by mNET-seq analysis performed by Ivaylo Yonchev in the Wilson lab,
which also identified elevated RNAPII signal in the body of both the EGR1 and FOS
genes (Figure 3.11A, Figure 3.11B).

100



A

RNAPII ChIP at the EGR1 gene in hnRNPUL1-AID line

3=

|
o { ©
0 0 N
Q:\& K@Q x%QB XJ\ b‘
& o Q &
& & <
Loci

levels relative to HCT116
o —_
L 1
| —
[
1
[ —
1

1 HCT116
Bl hnRNPUL1-AID

RNAPII ChIP at the FOS gene in hnRNPUL1-AID line

KD

levels relative to HCT116

. 1 HCT116
T Bl hnRNPUL1-AID

Figure 3.10 RNAPII ChIP analyses reveal upregulation of IEGs at the transcription

level upon HNRNPUL1 knockdown

A - gRT-PCR analysis of RNAPII signal at EGR1 gene loci following ChIP performed
plus and minus HNRNPULA1. Errors bars represent the SD. B - qRT-PCR analysis of

RNAPII signal at FOS gene loci following ChIP performed plus and minus

HNRNPUL1. Errors bars represent the SD.
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Figure 3.11 mNET-seq analysis confirms activation of IEG transcription upon
HNRNPUL1 knockdown

A - 1GV tracks of the RNAPII signal at the EGR1 gene following mMNET-seq
performed by lvaylo Yonchev. B - IGV tracks of the RNAPII signal at the FOS gene
following mNET-seq performed by Ivaylo Yonchev.
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37Tl f ¢ stable ELAG-HNRNPUL 1 cell I
As well as investigating the cellular consequences of HNRNPUL1 knockdown,
dissecting the roles of the individual domains within this protein was also a key priority.
Therefore, in addition to the HNRNPUL1-AID line, we also attempted to generate
stable cell lines expressing wild-type and mutant forms of FLAG-tagged HNRNPUL1
using the Flp-In T-Rex System (Thermofisher). Under this method, a vector expressing
the gene of interest, along with a vector expressing an enzyme known as Flp
recombinase, are transfected into a host cell line that possesses an FRT site. This
facilitates Flp-recombinase-mediated integration of the host gene into the FRT target
site. The host cell line also expresses the Tet repressor, enabling expression of the

gene of interest under the control of tetracycline.

Introducing a triple amino-acid substitution into the Walker A motif of HNRNPUL1
disrupts its ability to bind nucleotides (Wilson lab, unpublished data). Three FRT/3X-
FLAG vectors — one expressing this nucleotide-binding mutant form of HNRNPUL1,
one expressing wild-type HNRNPUL1 and another expressing a C-terminal truncated
form of HNRNPUL1 that lacked its PrLD (Figure 3.12A) — were transfected into host
Flp-In T-REx 293 cells. Following antibiotic selection, colonies were treated plus and
minus tetracycline and screened via Western analyses. Every colony screened had
integrated the FLAG-tagged forms of HNRNPUL1, with a significant band appearing
at the size of HNRNPUL1 in the ‘plus tetracycline’ condition (Figure 3.12B).

It was clear from this initial screening Western blot that the different forms of FLAG-
HNRNPUL1 displayed different expression levels when induced at the same 2ug/ml
concentration of tetracycline. Therefore, a tetracycline titration assay was carried out
to identify the tetracycline concentration that induced equal expression levels among
all three forms of HNRNPUL1. This would ensure that any effects identified in
upcoming functional assays would be as a result of the mutations themselves, not due
to expression level differences. Western analyses of samples harvested following

induction with various concentrations of tetracycline revealed that the most similar
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Figure 3.12 Generation of tetracycline-inducible FLAG-HNRNPUL1 WT, FLAG-
HNRNPUL1 WA and FLAG-HNRNPUL1 ACTD cell lines

A — Schematic diagram of FLAG-HNRNPUL1 WT, FLAG-HNRNPUL1 WA and FLAG-
HNRNPUL1 ACTD. B — Western analyses of clones grown in selective media following
transfection of the pcDNA5/FRT/FLAG-HNRNPUL1 and pOG44 Flp recombinase
expression vectors. Expression of FLAG-tagged proteins was induced by addition of
tetracycline (2ug/ml) for 48 hours. Tubulin is displayed as a loading control.
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expression levels were brought about following tetracycline induction at 2 ug/ml in the
case of HNRNPUL1 WA, and 0.0167 pg/ml in the case of HNRNPUL1 WT and
HNRNPUL1 ACTD (Figure 3.13A). These tetracycline concentrations also resulted in
expression of FLAG-HNRNPUL1 that is comparable to the endogenous form of the
protein, as revealed by Western analyses using an endogenous HNRNPUL1 antibody
on a FLAG-HNRNPUL1 WT sample induced at this 0.0167 pg/ml tetracycline
concentration (Figure 3.13B). Hence, these concentrations were used to induce

FLAG-HNRNPUL1 expression in all subsequent experiments involving these cell lines.

3.8 Walker 2 | C- . . I t di I RNA-bindi ity of
HNRNPUL1

A defining characteristic of HNRNPUL1 is its ability to bind RNA. It has been widely
established that RGG boxes interact with RNA (Thandapani et al., 2013), however
whether the other domains of HNRNPUL1 contribute to its RNA-binding capacity
remains unknown. It was recently demonstrated that the central SPRY domain plus
NTP region of HNRNPU possessed RNA-binding ability (Panhale et al., 2019), which
may also be true in the case of HNRNPUL1 given the high degree of homology

between the two proteins.

To address the impact of the Walker A and ACTD mutations on HNRNPUL1 RNA-
binding at a global level /n vivo, an mRNP capture assay was performed involving the
FLAG-HNRNPUL1 WT, FLAG-HNRNPUL1 WA and FLAG-HNRNPUL1 ACTD stable
cell lines. This assay involves the UV-crosslinking of protein to RNA followed by the
purification of mMRNP complexes via poly d(T) coated beads. A non-UV crosslinked
condition along with a crosslinked condition treated with RNase A were used as
controls for the capture. Interestingly, this capture revealed no significant differences
in the amount of FLAG-HNRNPUL1 co-purifying with mRNA transcripts between the
wild-type form of the protein and the two mutants (Figure 3.14). This suggests that
other HNRNPUL1 domains in addition to the RGG box at the C-terminus possess the
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Figure 3.13 The effects of varying tetracycline concentration on expression levels of
FLAG-HNRNPUL1 WT and mutants in the stable FLAG lines

A - Western analyses of tetracycline titration assay examining the expression levels of
FLAG-HNRNPUL1 WT and mutants following the addition of tetracycline at various
concentrations. Tubulin is shown as a loading control. B — Western analyses
comparing the expression levels of FLAG-UL1 WT induced at 0.0167 pg/ml to
endogenous HNRNPUL1. Tubulin is shown as a loading control.
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Figure 3.14 The mRNA-binding ability of HNRNPUL1 is unaffected by Walker A and

ACTD mutations

Western analyses measuring the levels of FLAG-HNRNPUL1 WT, FLAG-HNRNPU-
UL1 WA, and FLAG-HNRNPUL1 ACTD RNA-binding following mRNP capture assays.
UAPS56 is shown as a control for mRNP capture efficiency in each condition. +R = UV-
crosslinked and RNase A-treated condition.
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ability to bind RNA, and therefore mutating or deleting only one or two of these
domains is not sufficient to hinder its RNA-binding capacity. This finding also indicates
that nucleotide-binding is not a prerequisite for HNRNPUL1 association with RNA.
Whether nucleotide-binding affects the association of HNRNPUL1 with its protein

interacting partners will be explored in subsequent chapters.
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3.9 Summary

In this chapter, a HNRNPUL1 auxin-inducible degron cell line has been generated,
facilitating the depletion of this protein to extremely low levels following the addition of
doxycycline and auxin. During this process, it became apparent that in the case of
HNRNPUL1, a 3X mini-AlD tag added in the presence of constitutively expressed TIR1
triggers degradation of HNRNPUL1 regardless of auxin addition. Therefore,
alterations to the degron sequence were introduced, along with placing TIR1
expression under the control of doxycycline, in order to improve HNRNPUL1-AID
expression levels under basal conditions. Although the doxycycline-inducible
component of this cell line means that knockdown of HNRNPUL1 is not as rapid as
previously expected, the greater extent to which the protein can be depleted relative
to alternative methods such as RNAI justifies continuing with this AID system to study
the cellular effects of loss of HNRNPUL1 expression. This was conclusively
demonstrated by qRT-PCR analyses of RNA expression changes in HNRNPUL1
knockdown conditions in both the AID line and the RNAI line. These revealed much
stronger phenotypes in the case of the HNRNPUL1-AID line. Immediate-early genes
are particularly affected by HNRNPUL1 depletion in the HNRNPUL1-AID line, and are
upregulated at the level of transcription throughout their rapid gene activation and

repression cycle.

Colony formation assays performed in the newly generated HNRNPUL1-AID line
revealed that HNRNPUL1 is required for efficient cell proliferation. These assays also
demonstrated that low levels of HNRNPUL1 appear to be sufficient for the protein to
function, given that there was minimal change in colony formation numbers in the

untreated HNRNPUL1-AID cell line condition.

In addition to a conditional HNRNPUL1 knockout cell line, stable cell lines
expressing FLAG-HNRNPUL1 wild type, Walker A mutant and ACTD were also
generated using the Flp-In system. Perhaps surprisingly, the HNRNPUL1 ACTD

mutant lacking its RGG box bound RNA as well as the wild type form of the protein in
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MRNP captures performed in these cell lines. This indicates that either the SAP, SPRY
or NTP regions also possess RNA-binding capacity. The HNRNPUL1 Walker A mutant
also displayed no mRNA-binding defect, suggesting that nucleotide binding is not
essential for HNRNPUL1:RNA interactions, at least when an RGG box domain is also

present.
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CHAPTER 4 - HNRNPUL1 AND SMALL RNA BIOGENESIS

Following the successful generation of a HNRNPUL1-AID line and stable FLAG-
HNRNPUL1 lines, the function of HNRNPUL1 with regards to RNA metabolism can
be investigated. A surprising result from the qRT-PCR validation assays of the
HNRNPUL1-AID line performed in Chapter 3 was the downregulation of U1 snRNA
levels upon HNRNPUL1 knockdown. While HNRNPUL1 has been reported to co-
immunoprecipitate with U1 snRNP (Chi et al., 2018b), and HNRNPU has been
demonstrated to negatively regulate U2 snRNP maturation (Xiao et al., 2012), a role
for HNRNPUL1 in snRNP biogenesis has not been established previously. Given the
widely reported association between snRNP biogenesis defects and
neurodegeneration (Coady and Lorson, 2011; Tsuiji et al.,, 2013), investigating a
potential role for HNRNPUL1 in this cellular pathway was of great interest, and

therefore pursued throughout the work described in this chapter.

4.1 snRNA levels are downregulated upon HNRNPUL1 knockdown

In addition to the reduction in U1 snRNA levels observed via qRT-PCR upon
HNRNPUL1 knockdown, mNET-seq assays performed in the HNRNPUL1-AID line by
Ivaylo Yonchev in the Wilson lab revealed a global reduction in the amount of shRNAs
co-purifying with RNAPII in the HNRNPUL1 knockdown condition (Figure 4.1A).
Therefore, to assess whether other snRNAs were also affected by HNRNPUL1
knockdown, a panel of snRNAs were analysed via gRT-PCR following RNA extraction
from the HNRNPUL1-AID line. Although efficient knockdown of HNRNPUL1 can be
achieved in the HNRNPUL1-AID cell line following 48hrs doxycycline-addition and
2hrs auxin-addition, cells were treated with doxycycline and auxin for an additional
48hrs in this assay due to the long half-lives of shRNAs (Sauterer et al., 1988), which
could potentially mask any defects in their biogenesis if analysed at a short time point.

This revealed that U2, U4 and U5 in addition to U1 snRNA were all downregulated as
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Figure 4.1 RNAPII-transcribed snRNAs are downregulated upon HNRNPUL1
knockdown

A - mNET-seq signal across snRNA genes following mNET-seq analyses in
HNRNPUL1-AID line performed by Ivaylo Yonchev. CPM = Counts per million. TSS =
Transcription start site, TTS = Transcription termination site. B — gqRT-PCR analyses
of sSnRNA levels following HNRNPUL1 depletion in HNRNPUL1-AID line. Errors bars
represent the SD.
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a result of HNRNPUL1 depletion, while U6 and 7SK snRNAs were not affected (Figure
4.1B). As U6 and 7SK are transcribed by RNA polymerase I, this result suggests that
the snRNA biogenesis defect observed is exclusive to RNAPII-transcribed snRNAs.
As in the case of other transcripts screened following HNRNPUL1 knockdown in
Chapter 3, the extent of the reduction of snRNA abundance appears to be sensitive to
the extent of HNRNPUL1 depletion, with untreated and just doxycycline-treated cells
displaying a reduced snRNA defect phenotype compared to doxycycline and auxin-

treated cells (Figure 4.2A, Figure 4.2B).

{ 2 HNRNPULA i ith snRNAs. bindi v to U4

Following the observation that snRNAs are downregulated in the HNRNPUL1-AID line,
we next wanted to establish whether HNRNPUL1 plays a direct role in snRNP
biogenesis, and to identify which stage or stages of snRNP biogenesis were

specifically disrupted upon HNRNPUL1 depletion.

Therefore, in order to firstly establish whether HNRNPUL1 bound snRNAs,
HNRNPUL1 was immunoprecipitated from cells using an endogenous HNRNPUL1
antibody and the presence or absence of snRNAs in the IPed fraction was assessed
via qRT-PCR. This revealed that HNRNPUL1 interacts with a variety of snRNAs
including all the components of the major spliceosome, as well the 7SK snRNA
component of the 7SK snRNP complex (Figure 4.3), as measured by fold enrichment
over a negative IP using an anti-FLAG antibody. U4 snRNA bound particularly strongly,
an interesting result in light of the qRT-PCR assays described previously, which
revealed that this transcript was the most downregulated upon HNRNPUL1
knockdown amongst all the snRNAs (Figure 4.1B). These interactions are consistent
with the hypothesis that HNRNPUL1 plays a direct role in at least one stage of the life
cycle of an snRNA.
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Figure 4.2 A greater knockdown of HNRNPUL1 results in a stronger snRNA defect
phenotype

A — Western analyses comparing HNRNPUL1 levels in HCT116 cells vs untreated,
doxycycline-treated (+Dox) and doxycycline and auxin-treated (+ Dox+Aux)
HNRNPUL1-AID cells. Tubulin is displayed as a loading control. B - qRT-PCR
analyses of snRNA levels following varying degrees of HNRNPUL1 depletion. Errors
bars represent the SD.
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Figure 4.3 HNRNPUL1 interacts with snRNAs

gRT-PCR analyses following a HNRNPUL1 RIP assay using an endogenous
HNRNPUL1 antibody. A FLAG-antibody was used as a negative control. Transcripts
in the immunoprecipitated fraction of both IPs were measured as a percentage of input,

and then a fold enrichment over the negative IP was calculated. Error bars represent
the SD.
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snRNAs

Although the HNRNPUL1 RIP assay demonstrated HNRNPUL1 binding to RNAPIII-
transcribed as well as RNAPII-transcribed snRNAs (Figure 4.3), the fact that the levels
of U6 and 7SK snRNAs were unaffected in the HNRNPUL1-AID line suggests that the
defect is specific to the RNAPII-transcribed snRNA pathway. A previous study has
reported HNRNPUL1 to be a strong interactor of RNAPII (Chi et al., 2018a), indicating
a direct role for HNRNPUL1 in transcription regulation. To confirm this interaction,
RNAPII was immunoprecipitated from HCT116 cells and Western analyses were
carried out to identify whether HNRNPUL1 co-immunoprecipitated (colPed) with this
complex. IPs were performed plus and minus DNase and RNase A to assess the
importance of DNA and RNA with regards to the interaction. These revealed that
HNRNPUL1 colPs with RNAPII both in the presence and absence of DNA and RNA,
at comparable levels with known strong interactors of RNAPII such as FUS and U1

snRNP (Figure 4.4A).

To assess whether HNRNPUL1 is present specifically at sites of snRNA
transcription, publicly available HNRNPUL1 ChlP-seq data was analysed by lan
Sudbery who generated a meta-gene averaging the HNRNPUL1 signal across all
snRNA loci. This demonstrated a clear HNRNPUL1 enrichment over shnRNA genes,
peaking over the body of the gene as well as the transcription termination site (Figure
4.4B). Combined with the RNAPII co-immunoprecipitation, this suggests HNRNPUL1

could be playing a direct role in the regulation of snRNA transcription.

To test whether there was indeed a defect in snRNA transcription upon HNRNPUL1
knockdown, RNAPII ChlIP assays were performed in the HNRNPUL1-AID line and the
RNAPII signal occupying U1, U4 and U3 sn/snoRNA loci was assessed via qgPCR.
This revealed a significant decrease in snRNA transcription at all three loci tested
occurring upon HNRNPUL1 depletion (Figure 4.5). The RNAPII signal at the beta-

actin gene was also analysed to identify whether the observed transcription phenotype
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Figure 4.4 HNRNPUL1 interacts with RNAPII and ChIPs at snRNA loci

A — ColP of HNRNPUL1 and RNAPII plus and minus DNase/RNase A treatment. B -
Meta-gene analysis of HNRNPUL1 ChIP-seq signal at snRNA loci. TSS = transcription
start site, TTS = transcription termination site.
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Figure 4.5 HNRNPUL1 is required for efficient snRNA transcription

ChIP-PCR assays performed using a RNAPII antibody in HCT116 and HNRNPUL1 -
AID lines. Errors bars represent the SD.

118



was exclusive to SnRNA genes. This revealed no decrease in transcription at this locus,
suggesting that this was indeed an snRNA gene-specific phenomenon. This indicates
that HNRNPUL1 plays a direct role in the transcription of RNAPII-transcribed snRNA

genes.

HNRNPUL1-AID line

As the HNRNPUL1 ChlIP-seq meta-gene analysis suggests that HNRNPUL1 is
present at the 3’ end of snRNA genes, we hypothesised that HNRNPUL1 may
specifically function in the stages of snRNA transcription and processing that occur at
this region of genes — transcription termination and 3’-end processing. If this was the
case, itis likely that depletion of HNRNPUL1 in the HNRNPUL1-AID line would induce
observable defects in these processes. Further evidence supporting this notion came
from the strong interaction between HNRNPUL1 and ARS2 reported by Hallais et al.
in 2013 (Hallais et al., 2013). ARS2 binds pre-snRNAs and pre-snoRNAs and can
recruit PHAX to promote nuclear transport of these transcripts, or alternatively
associate with the NEXT complex to trigger their degradation. Hallais and colleagues
also demonstrated that ARS2 knockdown results in elevated levels of 3’-end extended
snRNAs, as well as increased RNAPII signal downstream of snRNA genes consistent

with improper transcription termination (Hallais et al., 2013).

Therefore, ChIP primers were designed to amplify a region approximately 400 base
pairs downstream of the end of the U1 snRNA coding region (Figure 4.6A), and the
level of RNAPII occupancy at this locus was analysed relative to its abundance over
the U1 snRNA promoter (to ensure that a reduction in overall transcription did not
mask the phenotype), plus and minus HNRNPUL1. This revealed a mild increase in
RNAPII signal in the HNRNPUL1 knockdown condition, however this increase was not

statistically significant (Figure 4.6B).

Alongside the ChIP assays, the levels of 3’-end extended snRNA transcripts in the
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Figure 4.6 HNRNPUL1 knockdown does not result in significant shRNA transcription
termination defect

A — Schematic illustration of U1 snRNA gene and the location of ChIP primers used.
B - ChIP-PCR analysis of RNAPII signal at U1 snRNA +550bp locus in HCT116 and
HNRNPUL1-AID line. Errors bars represent the SD.
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HNRNPUL1-AID line were measured via total RNA extraction and qRT-PCR, again
using primers that amplified regions downstream of the U1, U2, U4 and U5 snRNA
coding sequences (Figure 4.7A). Previous studies have demonstrated that knockdown
of 3’-end snRNA processing factors such as DSIF and NELF result in a 3-6 fold
increase in the levels of these uncleaved transcripts (Yamamoto et al., 2014) and
therefore if HNRNPUL1 also functioned in this process one would expect to see
similarly elevated levels in the HNRNPUL1-AID line upon HNRNPUL1 depletion. gRT-
PCR analysis of these transcripts revealed a mixed picture, with a small increase
observed in the amount of 3’-end extended snRNAs in the HNRNPUL1- AID line in
the case of U1 and U2 snRNA, whereas there did not appear to be a phenotype in the
case of U4 and U5 (Figure 4.7B). Once the proportion of uncleaved transcripts was
normalised against the total level of each snRNA (Figure 4.7C), a small but statistically
significant increase in the relative abundance of U1, U2 and U5 uncleaved transcripts
was revealed, but still not the 3-6 fold increases that have been reported upon

knockdown of other 3’-end processing factors.

Combined, the ChIP and total RNA extraction assays hint at a role for HNRNPUL1
in snRNA transcription termination and/or 3’-end processing. However, given the mild
phenotypes demonstrated, we are unable to confidently conclude that HNRNPUL1

specifically functions in these processes at this stage.

. 5 Caial bodi | SMN-containi I < i ted HNRNPUL 1
knockdown

It has been previously reported that Cajal bodies require ongoing snRNA transcription
for their integrity (Lemm et al., 2006), with coilin ChlP-seq analyses also demonstrating
that this core Cajal body component, like HNRNPULA1, is present across the body of
all RNAPII-transcribed snRNA genes (Machyna et al., 2014). In addition, knockdown
of several individual components of the snRNP biogenesis pathway such as PHAX,

TGS1 or INTS11 has also been shown to be sufficient to disrupt Cajal bodies
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Figure 4.7 HNRNPUL1 knockdown results in small snRNA 3’-end processing defect

A - Schematic illustration of an snRNA gene and the location of qRT-PCR primers
used. B - gRT-PCR analyses of total and uncleaved snRNA levels in the HNRNPUL1 -
AID line. Errors bars represent the SD. C - qRT-PCR analyses of uncleaved snRNA
levels in the HNRNPUL1-AID line normalised to total snRNA level. Errors bars
represent the SD.

122



(Lemm et al., 2006; Takata et al., 2012). Therefore, given that an snRNA transcription
defect has previously been demonstrated in this chapter, the morphology of Cajal
bodies in the HNRNPULI-AID line upon HNRNPUL1 depletion was analysed via
immunostaining. At the same time, the effect of HNRNPUL1 knockdown on nuclear
SMN-containing Gems was also assessed. These frequently co-localise with Cajal
bodies within the nucleus, and their absence is a hallmark of the neurodegenerative
disorder spinal muscular atrophy (SMA) as well as some SOD1-related forms ALS
(Kariya et al., 2012). Furthermore, loss of SMN is associated with a downregulation of
snRNA levels comparable to the decrease observed in the HNRNPUL1-AID line
(Zhang et al., 2008). HCT116 and HNRNPUL1-AID cells were co-stained with coilin
and SMN antibodies following auxin depletion of HNRNPUL1 and then examined
under a microscope. This revealed a clear decrease in the number of Cajal bodies per
cell in the HNRNPUL1-AID line, and remarkably almost a total loss of SMN-containing
nuclear Gems (Figure 4.8A, Figure 4.8B).

To confirm this dysregulation of Cajal bodies and Gems, a coilin IP was carried out
following depletion of HNRNPUL1 in the HNRNPUL1-AID line. The levels of a panel
of snRNP biogenesis components co-immunoprecipitating with coilin in each condition
was compared via Western blot. Firstly, the input fractions of these IPs demonstrated
that coilin and SMN levels were not downregulated in the HNRNPUL1-AID line,
indicating that this was not the reason for disintegration of Cajal bodies and Gems
(Figure 4.9). Secondly, this revealed a clear disruption of the interaction between coilin
and SMN upon HNRNPUL1 knockdown. Interestingly, coilin binding to SART3 — a key
U4/U6 di-snRNP recycling factor — was also reduced, as well as its interaction with U1
snRNP (Figure 4.9). HNRNPUL1 also bound coilin in the HCT116 cell line, although
the amount co-immunoprecipitating was significantly less than observed in the case
of other snRNP biogenesis components (Figure 4.9). These IP data along with the
immunostaining assays conclusively demonstrate that HNRNPUL1 is required for the

integrity of Cajal bodies and SMN-containing nuclear Gems.
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Figure 4.8 - HNRNPUL1 knockdown results in disintegration of Cajal bodies and loss
of nuclear SMN-containing Gems

A — Immunostaining analyses in HNRNPUL1-AID line using anti-coilin and anti-SMN
antibodies. Pictures were taken and Cajal bodies/Gems were counted by Dr. Helen
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Knight. B — Tally chart quantification of Cajal body and Gem number decrease in
HNRNPUL1-AID line. The experiment was repeated three times, with 100 cells
counted per replicate.
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Figure 4.9 — Coilin interactome is disrupted upon HNRNPUL1 knockdown, while its
abundance in the cell remains unaffected

Western analyses of coilin IP plus and minus HNRNPUL1, showing a clear decrease
in the amount of snRNP biogenesis components co-immunoprecipitating with coilin as
a result of HNRNPUL1 depletion. Lysates were not treated with RNase A during these

IPs to ensure that RNA-dependent interactions could also be assessed.
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I { exclusivelv reside in Caial bodi

While ongoing snRNA transcription is a prerequisite for Cajal body integrity, it has also
been reported that Cajal bodies themselves are required for proper snRNA
transcription (Wang et al., 2016). Therefore, it was plausible at this stage that
HNRNPUL1 was in fact an essential Cajal body component, and that the Cajal body
disintegration resulting from its depletion has the knock-on effect of reducing the levels
of snRNA transcription. This would also be consistent with the overlap observed
between the ChlP-seq profile of HNRNPUL1 and coilin. In addition, reduced levels of
RNAPII-transcribed snRNAs observed in a HNRNPU auxin- inducible degron line
generated in the Wilson lab were not sufficient to disrupt Cajal bodies. In fact, an
increase in number per nuclei was observed (Wilson lab, unpublished data).
Alternatively, if HNRNPUL1 regulated an snRNP biogenesis component known also
to be essential for Cajal body integrity such as SMN or SART3 (Lemm et al., 2006,
Novotny et al., 2015), then this could also account for the loss of Cajal bodies and
subsequent snRNA transcription defect upon HNRNPUL1 depletion. Interestingly,
analyses of publicly available RNA-binding protein eCLIP datasets by Ivaylo Yonchev
revealed that, in contrast to other RBPs, HNRNPUL1 was most enriched on small
Cajal body-specific RNAs (scaRNAs) (Figure 4.10), As their name suggests, this class
of snoRNA permanently reside in the Cajal body, where they catalyse base
modifications of SnRNAs. The fact that it is this class of RNA that is most strongly
bound by HNRNPUL1 suggests that this protein may spend at least some of its life

within these nuclear bodies.

To identify whether HNRNPUL1 was indeed a Cajal body component, the
localisation of HNRNPUL1 with respect to coilin was analysed via co-immunostaining
HelLa cells with endogenous HNRNPUL1 and coilin antibodies. This revealed
distinctive localisation patterns for the two proteins (Figure 4.11). HNRNPUL1 appears

diffusely stained throughout the nucleus, with no clear concentration of the protein in
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Figure 4.10 HNRNPUL1 interacts most strongly with Cajal body-associated RNAs

Analyses of the eCLIP profiles of HNRNPUL1 and a selection of RBPs produced by
Ilvaylo Yonchev, revealing a specific enrichment on scaRNAs in the case of
HNRNPUL1.
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Figure 4.11 HNRNPUL1 does not concentrate in Cajal bodies

Immunostaining analyses using endogenous anti-HNRNPUL1 and anti-coilin
antibodies, revealing distinctive localisation patterns for the two proteins.
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Cajal bodies which were clearly identified as discrete nuclear bodies with coilin
staining. However, HNRNPUL1 is clearly present in Cajal bodies, but is not exclusively
localised there. Combined with the weak HNRNPUL1/coilin interaction observed in the
coilin IP, this suggests that although HNRNPUL1 is found in Cajal bodies it is not a
core component of these structures and probably plays many other nuclear roles not

associated with Cajal bodies.

Although the interaction between HNRNPUL1 and coilin had been examined via IP
and immunostaining, the relationship between HNRNPUL1 and other components of
the snRNP biogenesis machinery so far affected by HNRNPUL1 knockdown such as
SMN and SART3 was still unknown. Therefore, FLAG IPs using the stable FLAG cell
lines generated in Chapter 3 were performed, incorporating FLAG-HNRNPUL1 WT,
FLAG-HNRNPUL1 WA, and FLAG-HNRNPUL1 ACTD. Including the mutant cell lines
would reveal the importance of nucleotide-binding and the C-terminal prion-like
domain to any interactions identified. In addition, FLAG-HNRNPU was also
immunoprecipitated during this experiment from a stable FLAG-HNRNPU line
generated by a previous student in the Wilson lab (Figure 4.12A). This would enable
the identification of SnRNP maturation component interactions that were exclusive to
HNRNPUL1, and therefore more likely to be relevant to the specific phenotypes
observed in the HNRNPUL1-AID line. RNase A was not added to the lysate during
these IPs, given that many of the protein complexes formed in these pathways are

RNA-dependent.

Firstly, this revealed that HNRNPUL1 interacts with numerous snRNP proteins, with
a clear band identifiable in the FLAG-HNRNPUL1 WT IP lane in the case of U1A (U1
snRNP), SF3B3 (U2 snRNP) and PRP31 (U4 snRNP) (Figure 4.12B). Although it was
demonstrated previously in this chapter via RNA-IP that HNRNPUL1 interacts with
snRNAs, that assay did not differentiate between nascent snRNA transcripts and
snRNAs present within fully mature snRNP particles. The fact that HNRNPUL1 also

binds snRNP proteins suggests that this protein does in fact bind to mature snRNPs.
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Figure 4.12 HNRNPUL1 interacts with snRNPs and snRNP biogenesis components
A - Schematic diagram of the HNRNPU/UL1 proteins included in the FLAG IP assay.
B - Western analyses following FLAG-HNRNPU and FLAG-HNRNPUL1 IP,
demonstrating that HNRNPUL1 specifically interacts with shnRNP components and
snRNP biogenesis factors.
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Surprisingly, the HNRNPUL1 Walker A mutant interacted with snRNP proteins more
strongly than HNRNPUL1 WT for all three snRNP proteins tested (Figure 4.12B). In
contrast, the ACTD mutation almost completely abolished the interaction between
HNRNPUL1 and the snRNP proteins (Figure 4.12B). This pattern of increased
interaction with the Walker A mutant and disrupted interaction with the ACTD mutant
was also observed in the case of coilin and SMN (Figure 4.12B). These findings
suggest that the prion-like domain located at the C-terminus of HNRNPUL1 is
essential for forming many of the protein’s interactions, including several components

of the snRNP biogenesis pathway.

The interaction between HNRNPUL1 and coilin was weak, consistent with the
endogenous coilin IP and coilin/[HNRNPUL1 co-immunostaining performed as
previously described in this chapter. So too was the interaction between HNRNPUL1
and SMN, suggesting that it is doubtful that HNRNPUL1 co-operates with or regulates
the localisation of SMN during cytoplasmic snRNP assembly and re-import into the
nucleus. Therefore, the loss of SMN-containing nuclear Gems observed upon
HNRNPUL1 knockdown is more likely an indirect consequence of a defect in a

different stage of the snRNP biogenesis pathway.

Interestingly, the strongest interaction observed was between HNRNPUL1 and
SART3 (Figure 4.12B), with SART3 being highly enriched in the HNRNPUL1 WT IPed
fraction relative to its input levels. Furthermore, this interaction appeared specific to
HNRNPUL1, as there was considerably less SART3 present in the FLAG-HNRNPU
IPed fraction (Figure 4.12B). The SART3/HNRNPUL1 interaction also appeared
unique in the respect that, in contrast to the association with the snRNP components,
the HNRNPUL1 Walker A mutation severely disrupted the interaction (Figure 4.12B).
This suggests that HNRNPUL1 nucleotide-binding is required for this interaction to

OcCcur.
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HNRNPUL1 knockdown

SARTS targets the U6 snRNA to Cajal bodies, promoting U4:U6 snRNA annealing,
and therefore subsequent U4/U6 di-snRNP and U4//U6/U5 tri-snRNP formation within
these structures (Bell et al., 2002; Stanék et al., 2003). In addition, SART3 is also
required for the induction of Cajal body formation (Novotny et al., 2015). Given that
HNRNPUL1 bound most strongly to U4, U5 and U6 snRNAs relative to U1 and U2 in
the RNA-IP assay performed earlier in the chapter (Figure 4.1), the strong
HNRNPUL1/SART3 interaction further pointed to HNRNPUL1 playing a direct role in

this stage of snRNP biogenesis.

To confirm that SART3 normally localises to Cajal bodies in HCT116 cells, and that
this localisation would be disrupted as a result of the Cajal body disintegration
observed upon HNRNPUL1 knockdown, HCT116 and HNRNPUL1-AID cells were co-
immunostained with SART3 and coilin following doxycycline and auxin treatment. This
demonstrated that SART3 does indeed concentrate in Cajal bodies in HCT116 cells,
and that this co-localisation between SART3 and coilin is lost upon HNRNPUL1
depletion (Figure 4.13). This corroborates the coilin IP described earlier in the chapter,
which revealed a clear disruption of the interaction between the two proteins in the

HNRNPUL1-AID line (Figure 4.9).

Although the U4/U6 di-snRNP and the U4/U6/US tri-snRNP can assemble in the
nucleoplasm in the absence of Cajal bodies, it has been previously reported that this
process occurs approximately 10-fold faster within Cajal bodies (Novotny et al., 2011).
In light of the observed dysregulation of SART3 localisation and disintegration of Cajal
bodies upon HNRNPUL1 knockdown, coupled with the finding that HNRNPUL1
strongly interacts with U4, U6 and SART3, we hypothesised that HNRNPUL1
depletion may also trigger defects in U4/U6 di-snRNP and U4/U6/US tri-snRNP
assembly. To test this idea, RNA-IP was performed on U4 snRNP protein PRP31
(Figure 4.14A) in the HNRNPUL1-AID line following auxin depletion of HNRNPUL1.
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Figure 4.13 — Cajal body disintegration caused by HNRNPUL1 knockdown disrupts
SART3 localisation

Immunostaining analyses using endogenous anti-SART3 and anti-coilin antibodies in
the presence and absence of HNRNPUL1. SART3 normally concentrates in Cajal
bodies in HCT116 cells, which are disrupted upon HNRNPUL1 knockdown.
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Figure 4.14 HNRNPUL1 knockdown causes defects in U4/U6 di-snRNP and
U4/U6/U5 tri-snRNP assembly

A — Structure of the U4/U6/U5 tri-snRNP. PRP31 protein immunoprecipitated in RIP
assay is circled. This figure is adapted from Bleichert and Baserga, 2010. B — RIP
assay comparing U4, U6 and U5 levels co-immunoprecipitating with PRP31 in
HNRNPUL1-AID line relative to HCT116 cells. snRNAs in each RIP sample were
internally normalised to their input levels prior to the comparison of HCT116 and
HNRNPUL1-AID conditions. Assays were performed three times, errors bars
represent the SD.
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This revealed that HNRNPUL1 knockdown results in a significant decrease in the
amount of U6 snRNA and U5 snRNA co-immunoprecipitating with PRP31 (Figure
4.14B), indicating that U4/U6 di-snRNP and U4/U6/U5 tri-snRNP assembly is indeed
disrupted in the absence of HNRNPULA1.

8 HNRNPUL 1 debletion ind limited alobal splicing ct

To examine the impact of the defects in snRNP biogenesis so far discovered in the
HNRNPUL1-AID line upon splicing at a transcriptome-wide level, we performed RNA-
seq on nuclear poly (A)+ RNA extracted from cells following auxin depletion of
HNRNPUL1. Triplicate sets of libraries were prepared and sequenced by Novogene,
Hong Kong, in paired-end 150 mode on lllumina technology with ~25 million paired
reads per sample. Reads were mapped to hg38 using STAR using default parameters.
In order to assess splicing changes, gene models were obtained from Ensembl v85
and divided into minimally spanning transcript chunks using the gtf2gtf program from
the CGAT suite and annotated as either constitutive exon, constitutive intron,
annotated retained intron or alternate. Read counts were calculated using
featureCounts from the subread package and differential chunk usage calculated
using DEXSeq. Intron chunks with an adjusted p-value less than 0.1 and a log2 fold
change between control and hnRNPUL1-AID >1 were designated as significantly more
retained. The pipeline used is available at https://github.com/sudlab/pipeline_

retained_introns. To our surprise, limited splicing changes were detected, and in the
case of all three classes of intron, decreased intron retention was observed upon
HNRNPUL1 knockdown (Figure 4.15A). This indicates that the decrease in shRNA
levels identified in the HNRNPUL1-AID line is not severe enough to trigger an
immediate reduction in splicing efficiency, given that in fact there is more intron
removal occurring in the HNRNPUL1 depleted cells. We have noticed some striking
examples of HNRNPUL1 enrichment upon introns in the publicly available

HNRNPUL1 eCLIP dataset, such as the introns surrounding FUS exon 7 (Figure
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Figure 4.15 HNRNPUL1 knockdown triggers mild decrease in intron retention events

A - Effect of HNRNPUL1 knockdown upon intron retention. The number of gene
products with evidence of an increase or decrease in intron retention
(adjp<0.1;logFC>1) was measured as a fraction of gene products that contained
introns of that type. Analysis performed by Ivaylo Yonchev. B — Example of
HNRNPUL1 intron binding from publicly available HNRNPUL1 eCLIP dataset.
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4.15B). Therefore, it is possible that HNRNPUL1 directly promotes the retention of
introns to which it binds, and that its depletion would thus trigger decreased retention
of these introns, counteracting any effects of the decrease in snRNP levels. However,
the relationship between HNRNPUL1 intron binding and intron retention requires
further global analysis to confirm this hypothesis. Alternatively, these splicing changes
may be the product of increased RNAPII CTD phosphorylation that also occurs upon

HNRNPUL1 depletion — a phenomenon that will be described in detail in Chapter 5.

4.9 snoRNA levels are downregulated upon HNRNPUL1 knockdown

As in the case of snRNAs, all snoRNAs traffic through Cajal bodies during their
biogenesis pathway (Machyna et al., 2014), while scaRNAs reside within these
structures permanently. Given the disintegration of Cajal bodies upon HNRNPUL1
depletion previously identified in this chapter, we speculated that snoRNA biogenesis
would also be affected in the HNRNPUL1-AID line. This would also be consistent with
the HNRNPUL1 eCLIP profile displayed in Figure 4.10, which revealed that
HNRNPUL1 binds most strongly to these classes of RNAs. As there are approximately
750 known snoRNAs (Jorjani et al., 2016), we adopted a global approach to analyse
the levels of these transcripts by performing small-RNA sequencing on RNA harvested
from the HNRNPUL1-AID line following auxin depletion of HNRNPUL1. Triplicate
nuclear 50-250bp size selected libraries were prepared and sequenced by Novogene,
Hong Kong in single-end 150 mode on Illumina technology with ~12.5 million reads
per sample. Transcript abundances were estimated by mapping to the RNAcentral
non-coding RNA sequence database in order to avoid duplicated small RNA gene
sequences, using bwa aln with parameters -110 -k2 -n5. An average of 92% of reads
were mapped across all samples. Reads were extracted using samtools idxstats and
merged into a transcript abundance table which was then fed into DESeq2. A meta-
gene averaging the signal density of all snoRNAs in this small RNA-seq sample in the

HNRNPUL1-AID line compared to the HCT116 line revealed a significant, global
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decrease in snoRNA levels upon HNRNPUL1 knockdown (Figure 4.16A). We also
analysed the signal over all snRNA genes from the small RNA-seq samples, and as
in the case of the snoRNAs, a clear reduction in abundance of these transcripts was
observed (Figure 4.16B). This finding corroborates the decrease in snRNA levels

identified by gRT-PCR that was detailed earlier in the chapter.

To confirm that this decline in small RNA levels was specific to these classes of
transcript, the levels of total mMRNA in the HNRNPUL1-AID line was examined from
the poly (A)+ RNA sequencing data obtained previously. Transcript abundances were
estimated using salmon against the Ensembl v85 annotation (hg38) and aggregated
to gene level using tximport. Differential expression analysis was performed with
limma using RLE normalization to account for gene length. Genes were considered
differential upon showing a Bonferonni-Hochberg adjusted p value < 0.05 and an
absolute fold change of > 1.5x. A meta-gene plot averaging the signal over all protein-
coding genes demonstrated that HNRNPUL1 knockdown does not induce a global
decrease in mMRNA levels (Figure 4.17A), with in fact more mRNA transcripts
upregulated (1715) than downregulated (1613) in the HNRNPUL1-AID line relative to
HCT116 cells (Figure 4.17B). Interestingly however, the average abundance of
MRNAs produced from pre-mRNAs containing snoRNAs within their introns
significantly decreased in the HNRNPUL1-AID line compared to HCT116 cells (Figure

4.18), consistent with the decline in snoRNAs previously noted.

To validate the downregulation of snoRNAs observed in the small RNA-seq data,
the levels of a panel of snoRNAs that displayed strong phenotypes in that dataset
were analysed via qRT-PCR, from total RNA extracted from the HNRNPUL1-AID line
following auxin depletion of HNRNPUL1. Primers were designed to measure the levels
of mature snoRNAs, mature mRNAs produced from snoRNA-containing pre- mRNAs,
and the levels of the precursor pre-mRNAs themselves (Figure 4.19A). Examples of
both H/ACA and C/D snoRNAs were incorporated, as well as two independently

transcribed snoRNAs — U3 and scaRNA2. These analyses confirmed the
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Figure 4.16 Global decrease in snoRNA and snRNA levels upon HNRNPULA1
knockdown

A - Meta-gene analysis of small RNA-seq signal averaged across all snoRNA genes.
CPM = counts per million. B- Meta-gene analysis of small RNA-seq signal averaged
across all snoRNA genes. CPM = counts per million. Analyses performed by lvaylo
Yonchev.
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Figure 4.17 HNRNPUL1 depletion does not trigger global downregulation of mMRNAs

A — Meta-gene analysis of poly (A)+ RNA-seq signal averaged across all protein-
encoding genes. CPM = Counts per million. B — Histogram analysis of poly(A)+ RNA
transcript expression changes in the HNRNPUL1-AID line following depletion of
HNRNPUL1 relative to HCT116 control. The dotted line indicates a log2 fold change
significance threshold of 0.5849625, indicating a 1.5 fold increase or decrease in gene
abundance.
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Figure 4.18 HNRNPUL1 depletion triggers specific downregulation of mRNAs
produced from snoRNA-containing pre-mRNAs

Meta-gene analysis of poly (A)+ RNA-seq signal averaged across all snoRNA-
containing genes. CPM = Counts per million.
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Figure 4.19 gRT-PCR validation of small RNA-seq data demonstrating decrease in
snoRNA levels upon HNRNPUL1 knockdown

A - Schematic illustration of the snoRNAs analysed and the location of qRT-PCR
primers used. B - qRT-PCR analyses of snoRNA levels in the HNRNPUL1-AID line.
Errors bars represent the SD.
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downregulation of snoRNA levels following HNRNPUL1 knockdown (Figure 4.19B). It
appeared from these analyses that all types of snoRNA are affected by the depletion
of HNRNPULA1, given that examples of H/ACA, C/D, scaRNA, and independently
transcribed snoRNAs are all downregulated (Figure 4.19B). Although precursor
transcripts levels were also reduced, mNET-seq analyses performed by Ivaylo
Yonchev in the Wilson lab revealed that there is no global transcriptional
downregulation of snoRNA-containing genes upon HNRNPUL1 depletion (Figure
4.20). This indicates that, in contrast to snRNAs, the snoRNA biogenesis defect

resulting from HNRNPUL1 knockdown occurs post-transcriptionally.

As HNRNPUL1 specifically binds snoRNA and scaRNAs, it is plausible that it plays a

direct role in the processing of these species from their host pre-mRNA transcripts.
However, if this were the case one might expect the levels of the precursor transcripts
to increase upon HNRNPUL1 knockdown, whereas the levels of two snoRNA-
containing pre-mRNAs analysed via qRT-PCR in the HNRNPUL1-AID line in fact
declined (Figure 4.19). This finding, coupled with the knowledge that transcription is
occurring at the same rate, suggests that these transcripts are subjected to increased
degradation following HNRNPUL1 depletion. Under normal conditions, the fate of
nascently-transcribed snoRNAs and snRNAs appears to be determined by
competition between nuclear transport and degradation pathways. In the case of
snRNAs and independently transcribed, capped snoRNAs such as U3 snoRNA, the
CBC-ARS2 complex recruits PHAX to mediate their nuclear transport (Boulon et al.,
2004). However this complex can also interact with the NEXT complex, composed of
RBM7, ZCCHC8 and MTR4, which targets these RNAs to the nuclear exosome for
degradation (Giacometti et al., 2017). In the case of uncapped snoRNAs located within

introns, PHAX appears to be recruited in an ARS2-independent manner. Similarly,

144



mNET-seq exon metagene over all snoRNA containing genes.
30-

_ Sample

g

5 HCT116

@ hnRNP-UL1-AID
10-

0=

Exons TTS

Figure 4.20 snoRNA-containing genes are not downregulated at the level of
transcription upon HNRNPUL1 depletion

MNET-seq RNAPII signal across snoRNA-containing genes following mNET-seq
analyses in HNRNPUL1-AID line performed by Ivaylo Yonchev.
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RBM7 - the RNA-binding component of NEXT — also directly binds to pre-snRNAs
(Hrossova et al., 2015) and to the 3’-end of snoRNA-containing introns, which are
subsequently degraded up to the mature snoRNA by the exosome. The snoRNA itself
is thought to be protected from further degradation via the assembly of snoRNP-
specific proteins upon it, as well as PHAX recruitment. However, how this competition
between assembly/transport and degradation is regulated is still not completely

understood (Kufel and Grzechnik, 2019).

It has been previously demonstrated that all snoRNAs traffic through Cajal bodies en
route to the nucleolus during their maturation (Machyna et al., 2014). The loss of Cajal
bodies caused by HNRNPUL1 knockdown will therefore disrupt the snoRNA transport
pathway, and this could potentially trigger increased targeting of these precursor
transcripts to the nuclear exosome. Alternatively, it could be the case that aberrant,
upregulated degradation of these snoRNAs via a different mechanism, combined with
the snRNA downregulation observed upon HNRNPUL1 depletion, is what causes

Cajal body disintegration in the first place.

To examine whether HNRNPUL1 associates with the NEXT complex and may
therefore be directly involved in the regulation of snoRNA degradation, further FLAG
IPs were performed utilising the stable FLAG-HNRNPUL1 WT, FLAG-HNRNPUL1 WA,
FLAG-HNRNPUL1 ACTD and FLAG-HNRNPU cell lines (Figure 4.21A). Western blot
analyses detected the presence of all three NEXT components in the FLAG-
HNRNPUL1 WT immunoprecipitated fraction, with particular enrichment relative to its
own input observed in the case of RBM7 (Figure 4.21B). Unlike the interaction with
snRNP biogenesis components, HNRNPUL1 binding to the NEXT complex appears
to be unaffected by the Walker A domain mutation (Figure 4.21B). The prion-like
domain at the C-terminus of HNRNPUL1 is clearly required to maintain these
interactions, although low level binding to RBM7 was observed with this mutant. ARS2
was also probed for, and this too was detected as a co-immunoprecipitant, however

only weak binding to FLAG-HNRNPUL1 WT was observed in this case (Figure 4.21B).
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Figure 4.21 HNRNPUL1 interacts with the NEXT complex

A — Schematic diagram of the HNRNPU/UL1 proteins included in the FLAG IP assay.
B - Western analyses following FLAG-HNRNPU and FLAG-HNRNPUL1 IP,
demonstrating that HNRNPUL1 specifically interacts with the NEXT complex.
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This was somewhat surprising given the strong interaction reported between the two
proteins previously described (Hallais et al., 2013), but consistent with the lack of
severe snRNA transcription termination phenotype upon HNRNPUL1 knockdown
described previously in this chapter. This weak interaction implies that it is unlikely that

HNRNPUL1 directly mediates the interaction between CBC-ARS2 and NEXT.

As we have shown that HNRNPUL1 is specifically enriched on snoRNAs (Figure
4.10), the strong interaction with RBM7 — the RNA-binding component of NEXT that
specifically associates with the precursors of these RNAs - is of particular note.
Whether HNRNPUL1 may prevent RBM7/NEXT from accessing these substrates, or
disrupt its ability to form an active complex with the exosome, are intriguing

possibilities to be investigated in the future.
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4.11 Summary

Throughout this chapter, the HNRNPUL1-AID line and stable FLAG-HNRNPUL1 lines
generated as described in Chapter 3 have been utilised to investigate the relationship
between HNRNPUL1 and small RNA biogenesis. It has been demonstrated that the
presence of HNRNPUL1 at RNAPII-transcribed snRNA loci is necessary to maintain
the efficient transcription of these genes, with the downregulation of transcription upon
HNRNPUL1 depletion resulting in a reduction in overall abundance of RNAPII-
transcribed snRNAs. Consistently, we have shown that Cajal bodies disintegrate upon
HNRNPUL1 knockdown, resulting in the mislocalization of snRNP biogenesis
components SMN and SART3 within the nucleus. HNRNPUL1 strongly interacts with
SART3 in a nucleotide binding-dependent manner, promoting the efficient assembly
of the U4/U6 di-snRNP and U4/U6/U5 tri-snRNP. We have also identified the prion-
like domain located at the C-terminus of HNRNPUL1 as fundamental in enabling the
protein to interact with several components of this cellular pathway. The disruption to
the snRNP biogenesis pathway appears to have limited immediate consequences for
splicing within the cell, although a small number of intron retention changes were

identified.

It has also been revealed in this chapter that HNRNPUL1 specifically interacts with
all classes of snoRNA, and that loss of the protein results in lowered expression of
these RNAs as well as their precursor transcripts. As we demonstrate no
transcriptional downregulation of these genes upon HNRNPUL1 depletion, this
indicates a role for HNRNPUL1 in specifying the post-transcriptional fate of these
RNAs. In agreement with this notion, a strong interaction between HNRNPUL1 and
NEXT component RBM7 — responsible for targeting shRNA and snoRNA precursors
for degradation via the nuclear exosome complex — was uncovered, again mediated

by the prion-like domain located at the C-terminus of HNRNPUL1.
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CHAPTER 5 - HNRNPUL1 AND ALS

In addition to investigating the cellular functions of HNRNPUL1, we also aimed to
further understand its relationship with the neurodegenerative condition ALS over the
course of this study. Therefore, in this chapter the association between HNRNPUL1
and other ALS-causing RBPs is studied in detail. In addition, a further investigation
into the function of the prion-like domain located at the C-terminus of HNRNPUL1 will
be performed, alongside assays assessing the importance of the nucleotide-binding
ability of HNRNPULA1. Finally, the impact of HNRNPUL1 mutations present in ALS
patients, uncovered by our collaborators at SITraN, will be explored. Of particular
interest is how these mutations affect the cellular functions of HNRNPUL1 discovered
in Chapters 3 and 4, namely the regulation of immediate-early gene expression and

small RNA biogenesis.

interactors

The FLAG-HNRNPUL1 IPs performed in the previous chapter revealed that the
Walker A and C-terminal truncation mutations strongly affect many of the interactions
between HNRNPUL1 and its protein binding partners. To assess the impact of these
mutations upon the entire interactome of HNRNPUL1, FLAG-HNRNPUL1 WT, FLAG-
HNRNPUL1 WA and FLAG-HNRNPUL1 ACTD were all immunoprecipitated from the
stable FLAG cell lines and the IPed fractions were then subjected to mass
spectrometry analysis. In addition, FLAG-GFP was immunoprecipitated from a stable
FLAG-GFP cell line, and the IPed fraction was also analysed via mass spectrometry
as a negative control. One replicate was performed per condition. RNase A was added
to the lysates during the IP in order to identify direct protein interactors, rather than
interactions bridged by RNA. 5% of each IPed sample was first assessed via
Coomassie staining prior to mass spectrometry analysis. This revealed high yields of

the expected IPed protein in each condition (Figure 5.1), and therefore the rest of
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Figure 5.1 Immunoprecipitation of FLAG-GFP, FLAG-HNRNPUL1 WT, FLAG-
HNRNPUL1 WA and FLAG-HNRNPUL1 ACTD for mass spectrometry analysis

Coomassie staining of FLAG-GFP, FLAG-HNRNPUL1 WT, FLAG-HNRNPUL1 WA
and FLAG-HNRNPUL1 ACTD IPed fractions prior to mass spectrometry analysis.
FLAG-tagged proteins were purified from Flp-In T-REx 293 cells via anti-FLAG M2
agarose beads and eluted using arginine-HCI (pH3.5) solution.
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each sample was incorporated into the mass spectrometry analyses. Detailed
methodology of the mass spectrometry procedure can be found in the ‘FLAG-tagged
Protein Immunoprecipitation (IP) for Mass Spectrometry analysis’ section of the
Materials and Methods chapter. Peptides were identified using MaxQuant software
and interactors were ranked according to iBAQ score (the sum of intensities of all
tryptic peptides for each protein divided by the number of theoretically observable
peptides). 59 proteins were identified in the FLAG-HNRNPUL1 WT IPed fraction
(Figure 5.2). The majority of these interacting proteins were other RNA-binding factors,
with functions relating to various stages of gene expression such as transcription and
splicing, or RNA stability and transport (Figure 5.3). In addition, a large number of
ribosomal proteins were present, suggesting that HNRNPUL1 performs a previously
unreported role in ribosomal assembly or protein translation. snRNP proteins were
also identified, consistent with the findings of the previous chapter linking HNRNPUL1
to these complexes. Interestingly, many of the HNRNPUL1 interactors with the highest
iBAQ scores - HNRNPA2B1 (1st), FUS (2nd), HNRNPA1 (4t), EWSR1 (10TH), TAF15
(28th) - are DNA/RNA-binding factors that have been previously associated with ALS,
providing further evidence that HNRNPUL1 may operate in a common pathway with

these proteins.

5.9 HNRNPUL1 Walker A tant displavs i {int I (i iched
chromatin

A much larger group of interacting factors was identified via mass spectrometry in the
case of the FLAG-HNRNPUL1 Walker A mutant compared to HNRNPUL1 WT (116
hits versus 59 hits in the case of the wild-type) (Figure 5.4). Almost every functional
group of interacting proteins increased in number as a result of this mutation (Figure
5.5), suggesting that preventing HNRNPUL1 from binding nucleotides improves its
ability to form protein-protein interactions in a general fashion. In addition, FLAG-

HNRNPUL1 WA bound more strongly to its interactors compared to the wild-type, as
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Gene names Mumber of peptides iBAQ
HNRNPULL WT ¥ 764535000
HNRNPA2B1 25 48046000
FUS 11 32775000
RPL2S 5 25476500
HNRNPALHNRNPALLZ 17 24029000
RPLP2 8 13016000
ERH 3 10837450
HNRNPA3 13 10416500
RPLE 12 10041150
RBMX 18 9795000
EWSR1 5 9736600
HNRNPC 14 9392900
RABEP1 2 8246650
Yax1 5 7341600
HNRNPH1 8 6368300
RPS28 4 6263000
SNRPA 7 6066150
HISTIH1E;HISTIH1D 7 4525850
RPL12 5 4509550
TXNDC12 7 4407900
HISTIH2BN;HIST1H2BL 4 4339300
RBM14 14 4251900
HISTIHZAJHIST1HZAH, 5 4048100
HNRNPAB 8 4016150
HNRNPH3 5 3461550
RPLPO;RPLPOPE 8 3246200
SNRPE 3 3176500
HNRNPL 7 2995350
TAF1S 2 2674500
RBM3 3 2478300
HNRNPAD 4 2184800
Yax3 6 2140450
HNRNPD 4 1954550
HSPALB;HSPALA 14 1831750
CLNS1A 2 1811400
ARLBIPA 4 1740150
CIRBP 5 1576450
HNRNPK 10 1397450
RPL27 3 1322900
HNRNPDL 6 1269400
RPLY 3 1244400
RPL14 2 1230500
RPS10;RPS10-NUDT3 3 1148750
HNRNPF 4 1127805
SNRPD2 4 1096700
PRPS1;PRPS1L1 5 1055565
RPL21 2 1040250
IGKV A18;IGKV2D-26 2 934815
ELAVLL 4 829825
HSPAB 10 803685
RPS3 5 778070
RPLS 3 448045
DDX17 6 394250
DDX5 5 383275
ACTG1;ACTB 2 222875
HMARNPR 3 173230
PRPSAP2 2 165585
HMANPM 3 150128.5
SRSF1 2 142145
PLOD1 3 65577.5

Figure 5.2 RNA-independent interactors of HNRNPUL1 WT

Table of HNRNPUL1-associated proteins identified by mass spectrometry, ranked by
iBAQ score.
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Figure 5.3 RNA-independent interactors of HNRNPUL1 categorised by function

Summary of HNRNPUL1-associated proteins, identified via mass spectrometry
following FLAG IP in the presence of RNase A. Mass spectrometry analysis was
performed by Mark Dickman and Caroline Evans. Proteins identified in the FLAG-
HNRNPUL1 WT sample that were also present in the FLAG-GFP sample have been
removed from this visualisation, along with the contaminant protein Actin.
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Gene names
HNRNPULL WA
HNRNPA2B1
RPLP2
FUS
RPL29
HNRNPC
HNRNPAL;HNRNPAILL:
HNRNPA3
EWSR1
RPLP1
HNRNPH1
RPLG
RBMX
HIST1H1E;HIST1H1D
RPS28
HNRNPH3
ERH
HNRNPL
RPLPO;RPLPOPE
HNRNPAB
RPL21
HISTIH2AJ;HISTIH2AK
SNRPA
RBM14
SRSF3
SRSF7
RPL12
SNRPE
TAF15
YBX1
HNRNPD
SNRPD2
RPL14
CIRBP
RBM3
HNRNPAQ
HNRNPDL
HNRNPK
HIST1IH2BN;HIST1IH2B
RPL5
YBX3
RPLS
CLNS1A
RPL34
KHDRBS1
RPL13
RPS14
HNRNPF
RPS5
RPS10;RPS10-NUDT3
ELAVL1
RPL11
SNRPG;SNRPGP15
RPS11
RPS8
RPS3
SNRPD3
HNRNPR
SRSF2

Number of Peptides

12.5

oo (= =
S L == LT

o R W W =] 0000 B 0D

= =
Wwow oo

iBAQ

242885000
158335000
103710500
70994500
57098000
56220500
54429000
44878500
35438500
34175500
30804500
215974500
19555000
17666000
16767000
15366500
14931000
12994000
13545500
13344000
13327000
12393000
12365500
11490500
11409500
10825000
10783550
10657500
10609500
5449800
8715800
8600400
8289350
7784850
7554150
7413300
7377100
6630650
6094400
5591300
5509800
5053700
4684750
4659800
4359550
4344300
4301300
4159800
3520250
3871100
3782450
3449150
3315900
2705600
2637200
2542250
2495550
2448900
2351550

(Figure 5.4, continued on next page)
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RPL27 4 2205700
PCNP 4 2122600
ARL6IP4 8 2120050
RPS20 17 2073300
RPL7A 3 2057850
RPS3A 8 2055500
HNRNPU 7.5 2042350
HSPA1B;HSPA1A 3.5 2040950
RALY 10 1982500
RPS19 2 1899700
IGKV A18;IGKV2D-26; 2 1888500
HNRNPC 4 1859650
SNRPN;SNRPB 2 1851400
SNRPC 9.5 1793200
TXNDC12 5 1513650
RPS12 2 1422750
HSPAS 14 1281050
DDX17 11 1084285
SF3B4 3 1081200
IGF2BP1 11 991440
PABPN1 4 929070
PABPC1 25 892725
ILF2 35 864685
SRSF1 4 754050
ZRANB2 3 749385
ALYREF 9 740300
SF3A1 12 717810
MRPS23 25 711865
RPL24 3 682225
PRMT1 4 664975
RPS4X 4 644385
RPSA 3 590285
DDX5 5 559850
RPL7 3 537830
ACTG1;ACTB 3 494120
MRPS28 3 478025
PRPS2 2 477050
C140rf166 3 434975
RPS13 2 410090
CKMT1A;CKMT1B 25 386790
PRPS1;PRPS1L1 3 376715
KHSRP 3 329285
SRSF9 2 306930
SPIN1 6.5 291620
DDX3X;DDX3Y 7 258540
ILF3 2 251205
PLOD1 7 233070
SYNCRIP 2 215925
HNRNPDL 2 214300
PRPSAP2 3 210975
CLASP2 7 179380
BCLAF1 2 177830
SF3B2 3 160670
XRN2 3 87390
HSPAS 2 83030.5
RBM28 2 83030
MAP1B 5 59770

Figure 5.4 RNA-independent interactors of HNRNPUL1 Walker A mutant

Table of HNRNPUL1 Walker A mutant-associated proteins identified by mass
spectrometry, ranked by iBAQ score.
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Ribosomal Proteins

~

\LFZ SF3A1 RALY PABPN1

KHSRV

/ AlLS-associated \ /

~

snRNPs
DNA/RNA-Bindin
/ : : snRPA. snRPD3
Proteins
FUS TAF15 snRPD2  SnAPN
hnRNPAL EWSR1 snRPE snRPC
\_ hnRNPAZB1 \SHRPG REM28 )
. . o
Mitochondrial proteins Microprocessor
MRPSZ8 CKMTIA
MRPS23 ) DDX5 DDX17

BOLD = ALSO FOUND IN WT,

ITALIC = UNIQUE TO WALKER A MUTANT
GROSSED-OUT = FOUND IN WT, NOT IN WALKER A MUTANT

o

RPS4X
RPL29 RP528 RPL9 RPLG RPL34 RPS12 RP513 RPL24
RPLPO  RPL27 RPL12 RPS10 RPLPI  RPS5  ppsyp RPSIS
RPLPO  RPS10  RPLP2 RPLS  RPLI3  pgpsg RPL7A RPS3A
\ RPL14 RPS3 RPL21 RPS14 RPLII RP511 RPL7 RPSA /
/ Transcription/Splicing Factors \ /RNA Stabilitv{Turnover/\
Transport RBPs
hnRNPM ERH ZRANBZ SRSF7
hnRNPH1 ELAVLL  SRSF? SRSE9 hnRNPDL hnRNPAB /GF2BP1
hnRNPL
YBX1 SRSF1 BCLAF1 XRNZ hnRNPD hnRNPAD ALYREF
hnRNPR
RBM14 hnRNPF SF384 SF382 RBM3 CIRBP PABPC1
hnRNPC hnRNPK  SRSF3 SPINT hnRNPA3 kHDRBS1  ILF3

/

SYNCRIP
Nucleotide Others
biosynthesis CLNS1A

PRPSAP2 PLOD1
PRPS1 PRMT1
PCNP

\ PRP52 / RABEPT

ONLY FROTEIN FOUND IN
WT BUT NOT WALKER A
MUTANT = INVOLVED IN

ER TO GOLGI TRAFFICKING

Figure 5.5 RNA-independent interactors of HNRNPUL1 Walker A mutant

categorised by function

Summary of HNRNPUL1 Walker A mutant-associated proteins, identified via mass
spectrometry following FLAG IP in the presence of RNase A. Mass spectrometry
analysis was performed by Mark Dickman and Caroline Evans. Proteins identified in
the FLAG-HNRNPUL1 WA sample that were also present in the FLAG-GFP sample
have been removed from this visualisation, along with the contaminant protein Actin.
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evidenced by the reduced ratio of bait to prey iBAQ scores in this IPed fraction (Figure
5.6A, Figure 5.6B). Only one protein was identified in the wild-type mass spec that
was absent in the Walker A mass spec — RABEP1, a factor involved in ER to Golgi

trafficking.

Given the clear increase in binding between the FLAG-HNRNPUL1 Walker A mutant
and a range of chromatin-associated transcription/pre-mRNA processing factors
relative to the wild-type form of the protein, we hypothesised that the cellular
localisation of this mutant would display an increased chromatin bias. To test this
possibility, fractionation of cells expressing FLAG-HNRNPUL1 WT and FLAG-
HNRNPUL1 WA was performed in order to isolate chromatin, nucleoplasm and
cytoplasmic fractions. The abundance of HNRNPUL1 WT and HNRNPUL1 WA in
each fraction was then assessed via Western blot analysis. SSRP1, TUBULIN and
HISTONE-H3 were used as markers to assess the efficiency of fractionation.
Consistent with the previous IP results, FLAG-HNRNPUL1 WA was significantly more
enriched in the chromatin fraction compared to FLAG-HNRNPUL1 WT (Figure 5.7).

5 3 The prion-like domain of HNRNPULA i red for ority of its inferacti

In contrast to the Walker A mutation, the C-terminal truncated form of HNRNPUL1
displayed a severely reduced interactome, with only 16 proteins identified via mass
spectrometry in this IPed fraction (Figure 5.8, Figure 5.9). This suggests that the prion-
like domain of HNRNPUL1 is critical for forming the majority of its protein-protein

interactions.

To confirm that HNRNPUL1 binds several ALS-causing RBPs via its prion-like
domain, and that these interactions are enhanced when the nucleotide-binding ability
of HNRNPULA1 is disrupted, FLAG-HNRNPUL1 IPs were repeated using the stable
FLAG-HNRNPULA1 lines, and the presence of FUS, TAF15 and EWSR1 was assessed
in each IPed fraction via Western blot. Consistent with the mass spectrometry findings,

each ALS-causing RBP interacted with FLAG-HNRNPUL1 WT, and this interaction
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RANK PROTEIN BAIT:INTERACTOR
1|HNRNPUL1 (WT) 1.0|BAIT
2|HNRNPA2B1 15.9
3|FUs 233
4|RPL29 30.0
5|HNRNPA1;HNRNPA1L2 31.8
6/RPLP2 58.7
7|ERH 70.6
8|HNRNPA3 73.4
9|RPL6 76.2

10[RBMX 78.0
11|EWSR1 78.5
B

RANK [PROTEIN BAIT:INTERACTOR
1|HNRNPUL1 (WA mutant) 1.0|BAIT
2 |HNRNPA2B1 15
3|RPLP2 2.3

a|Fus 3.4
5|RPL2S 43
6 |HNRNPC 4.3
7 |HNRNPA1;HNRNPA1L2 45
8 |HNRNPA3 5.4
9/EWSR1 6.9
10|RPLP1 7.1
11|HNRNPH1 7.9

Figure 5.6 Comparison of iBAQ bait to prey ratios in the FLAG-HNRNPUL1 WT and
FLAG-HNRNPUL1 Walker A mutant IP fractions

A - Table displaying the iBAQ bait to interactor ratios of the top 10 proteins identified
via mass spectrometry following IP of FLAG-HNRNPUL1 WT. B - Table displaying the
iBAQ bait to interactor ratios of the top 10 proteins identified via mass spectrometry
following IP of FLAG-HNRNPUL1 WA.
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FLAG-hnRNPUL1 - — —
SSRP1 | — I —
TUBULIN | — e e — -
HISTONE-H3 — -

Chrom = Chromatin
Mue¢ = Nucleoplasm
Cyt = Cytoplasm

Figure 5.7 FLAG-HNRNPUL1 Walker A mutant is enriched in chromatin fraction

Western blot analyses of the levels of FLAG-HNRNPUL1-WT and FLAG-HNRNPUL1-
WA in each sub-cellular fraction. SSRP1, TUBULIN and HISTONE-H3 are shown as
nucleoplasmic, cytoplasmic, and chromatin markers respectively.
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Gene names Number of Peptides iBAQ
HNRNPULL ACTD 58 1785250000
RABEP1 2 33778500
HNRNPA2B1 15 7555100
RPLG & 5BE6450
HNRNPAL;HNRMNPALLZ 8 5305550
SNRPA 5 3566100
RPLPZ 4 3096650
ARLEIP4 5 3011500
HSPAIB;HSPALA 15 2467550
TENDC12 4 1778100
HSPAB 14 1537450
SNRPE 2 1533750
HISTIH2BM;HISTIH2BL; 3 1382000
SNRPD2 4 1311805
HISTIH1EHISTIHID 3 1083405
HNRNPA3 5 1022015
HNRNPU 5 07165
ACTGL;ACTB 4 B78800
REBMX & 7503B0
HNRNPC 4 717730
SNRPM;SNRPR 2 450840
SPIN1 3 445315
S5B 4 355830
QrCT 3 245540

Figure 5.8 RNA-independent interactors of HNRNPUL1 ACTD mutant

Table of HNRNPUL1 ACTD mutant-associated proteins identified by mass
spectrometry, ranked by iBAQ score.
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/Transcr]pt]on/Spl]cing Factoh / Ribosomal Proteins \

SRS ELAVLL ERH RPE25 RPLP2 RPLE
YBX: hrRNPE  haRNPM RPLPO  RPLPO  RPE27
REMNITE haRMPR  hrRNPHL RRSI0 RPS1D  RPEZE
hARMNPK hnRMNPF hnRNPC RPEL2 RPL14 RPEZE
\RBM){ SPIN1 hnRNPU/ @LS RPS3  RRLS RP@
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snRNPs /m;:\:%a;;o;i.aiﬁd \ Others
snRPA snRPD2 -BINAINE
Proteins PLobl
snRPE snRPN ) - PRPSAP2
/ \ FUS  hnRNPA1 —
RNA Stability/Turnover/ TAFAS  EWSR1 CLNSTA
Transport RBPs RABEP1
hnRNPA2B1
hARNPBE  hRRNPAB | \_ -/ QPCT

hARNPD haRMNPAD || Microprocessor

BDx5

REM3 CIRER

\ hnRNPA3  SSB / poxL7

BOLD = ALSO FOUND IN WT,
ITALIC = UNIQUE TO ACTD MUTANT
CROSSED-OUT = FOUND IN WT, NOT IN ACTD MUTANT

Figure 5.9 RNA-independent interactors of HNRNPUL1 ACTD mutant categorised by
function.

Summary of HNRNPUL1 ACTD mutant-associated proteins, identified via mass
spectrometry following FLAG IP in the presence of RNase A. Mass spectrometry
analysis was performed by Mark Dickman and Caroline Evans. Proteins identified in
the FLAG-HNRNPUL1 ACTD sample that were also present in the FLAG-GFP sample
have been removed from this visualisation, along with the contaminant protein Actin.
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was stronger in the case of FLAG-HNRNPUL1 WA and significantly disrupted in the
case of FLAG-HNRNPUL1 ACTD (Figure 5.10). RNAPIl was also probed for, as
although it was not identified via mass spectrometry we have demonstrated a clear
interaction between this complex and the endogenous form of HNRNPUL1 in the
previous chapter. This interaction displayed a similar profile to the ALS-causing RBPs,
with the Walker A mutant binding RNAPIlI more strongly than the wild-type and the
ACTD mutant unable to bind the complex (Figure 5.10).

Although a few snRNP proteins were identified in the HNRNPUL1 WT IPed fraction

via mass spectrometry, many factors involved in small RNA biogenesis were
noticeably absent given the findings of the previous chapter linking HNRNPUL1 to this
pathway. We therefore repeated the IP of FLAG-HNRNPUL1 followed by mass
spectrometry analyses, this time without the addition of RNase A to the lysates in order
to assess whether HNRNPUL1 interacted with these proteins in an RNA-dependent
manner. As previously, FLAG-GFP was also IPed as a negative control. As expected,
a much larger group of proteins co-immunoprecipitated with FLAG-HNRNPUL1 WT
under these conditions, with 236 interactors identified compared to 59 in the plus
RNase A condition (Figure 5.11). Among this group of RNA-dependent interactors,
several were related to snRNP and snoRNP biogenesis (Figure 5.12). Components of
U1, U2, U4/U6 snRNPs and Box C/D snoRNPs were present, as well as members of
the NEXT complex and nuclear exosome previously demonstrated to interact with
HNRNPUL1 in Chapter 4. Interestingly the exonuclease XRN2, which in addition to its
role in transcription termination processes the 5’-end of pre-snoRNAs, was ranked 10tn
in iIBAQ score out of all HNRNPUL1 interactors. The presence of both 5’-end and 3’-
end snoRNA processing and degradation factors in the HNRNPUL1 IPed fraction
again strongly supports the notion that HNRNPUL1 plays a role in the snoRNA
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Figure 5.10 HNRNPULA1
like domain

H_—‘

EETss

ELLT L

interacts with ALS-causing RBPs and RNAPII via its prion-

A — Schematic diagram of the HNRNPU/UL1 proteins included in the FLAG IP assay.

B - Western analyses following FLAG-HNRNPU and FLAG-HNRNPUL1

IP,

demonstrating that HNRNPUL1 specifically interacts with FUS, TAF15, EWSR1, and

RNAPII.
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Gene names Number of Peptides
HNRMPULL WT
RPL29
RP530
YBX1
NUCLEOLIN
RPLPZ
TRYP
HISTH1E
RPL13
KRNZ
SART3
HNRMPAZB1
NFKB
YBX3
SRSF1
HNRMNPK
HNRMPAL
BSAP
REM14
RP528
RPL2E
RPL395
RPLY
RPL7A
RPL9
SRSF7
NPM1
HNRMNPH1
GRASP
55B
HMNRMNPC
HNRMPAB
RPL35
STK38
RPL35
RP514
RPLG
HIST1HZB
SRSF9
HIST1HZ2A]
RPLP1
RPLB
ALYREF
H5PA1B
RP510
HMNRMNFPU
RP511
SMRPDZ
RPLS
RPL4
PABPC1
RPL1S
RP519
HMNRMNPD
H1FX
MRPL55
RPL13AP3
RPL23A
EEF1A1

37

= = B e R R e
R R T T e A A A A= R T

A A T

iy
)

L R R R R R R U T R TT R - R ]

[FERE SR S R, BT ]

iBAQ
470530000
13724000
12768000
12527000
10480000
5057300
7861200
7133800
6244000
5501800
5744600
5674300
5587200
4537000
4612200
4545400
4452200
4388500
4271200
4188000
4048700
3874300
3115500
3028700
2741500
2545600
2385300
2341400
2236400
2148100
2145700
1881500
1727100
1673600
1671300
1662500
1655600
1558300
1556400
1510000
1485800
1460100
1448500
1351700
1387800
1312100
1255000
1207300
1177500
1166400
1165700
1153400
1105000
1100800
1087100
1033000
1004000
§52810
897850

(Figure 5.11, continued on next page)
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MRPL12
HMRNPL
RP58
HMRNPR
HMRNPH3
SNRPE
RPL24
SNRPD1
SRP14
RPLZ7A
HMRNPF
RPL12
RP529
RP53
RBMX
IGF2BP1
RP525
UBB
SRSF2
DHX15
MRPL13
KHSRP
PRMTS
DDX17
RP56
IGKV2-29
ERH
HISTIH4A
MYCBP
RPL11
TAOK1
ILF3
MRPL4S
MRPS7
RP53A
PABPC4
ACTB
RP517
MRP523
TRIM21
SNRPAL
LARP1
DHXS
HMRNPAD
ARLEIP4
RBM10
DDX5
ELAVL1
S5TAUL
SYNCRIP
RP54X
PABPN1
FUS
MRPS28
MRPL11
MTR4
RPL31
INF169

MO R O R R W LW Wm0 R b LT W s s L R R W R R R W00 W W0 R s e R B B W W W e R W B b W s e

B85060
B78880
B50220
B46180
B27050
782450
765940
720080
656060
667760
662120
656200
631070
606860
605650
581560
578380
565060
561950
544310
541360
538200
507940
507110
500450
476560
468830
447500
440010
425150
411670
408160
407640
404510
395570
358550
354360
393450
385750
385450
377010
367850
364470
357830
347400
342830
342570
336000
333850
327230
325580
306260
295650
254070
293720
250500
286700
280600

(Figure 5.11, continued on next page)
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RPSA
RPL32
KPMNAZ
HMRNPDL
EBNA1BPZ
Qkl
MRPS31
MEPCE
RPL27
DDX21
TUBALB
RPL21
RP521
RPL3
SNRPA
SF3Al
MRPS6
RPL1S
MRPLA1
MRPLAD
SRSF10
CAS
HSPAB
REM17
MRPL17
TRIM28
RBMS1
YTHDF2
SF3B2
NONO
HNRNPM
RPL1B
PRPSZ
GADD45GIP1
DHX36
MRPL34
MRP522
ZCCHCB
RRPA0
CLNS1A
YTHDCZ
RE N4
SFPQ
MRPL48
OFD1
KHDREBS1
SNRPN
HMRMNPA3
PRPF4
DAP3
REM3
RP512
SF1
LSS
HSPAS
SERBP1
REMT7
KIF11

LA e e R e W R R R e L B R R U B e e e W R L LRI RS R R e LA R e e O R L LD e e

2783504
2743404
2684804
2626404
2580004
2577104
2565204
2508804
2476504
2406004
2358104
2231804
2186804
2058704
1577804
1543204
1537504
1854504
1886104
1874404
1867704
1825204
1776004
1737804
1734004
1727104
1611004
1607604
1580004
156330
146650
143360
136550
135520
134010
131250
130520
130680
128600
128250
125350
122550
116820
110330
108520
108310
107740
105380
104680
104030
102820
101840
100400

58607

58402

57008

S6056

G5467

(Figure 5.11, continued on next page)
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CCAR2 3 93842
CZorfi3 2 86996
SRSFS 1 86268
TUBB 2 84052
PTBPL 2 83846
H5PAS 4 80350
MRPL2B 1 74866]
EWSR1 1 73495
SF3A3 1 72202
EXOSC4 1 71919
MRP526 2 71442
RPS18 1 65837
FBL 1 66794
MRPS9 1 66235
TUBB4A 1 61762
SF3B1 5 61658]
PRPF3 2 60757
NOP2 2 60579
MRPL23 1 55946
MRPL15 1 57730
MATR3 2 54796
DHX30 ) 52797
RSL1D1 1 52467
LARP? 1 52357
DDX39B 1 52186
RPL10A 1 50508]
HMRNPH2 1 43553
PCNP 1 41073
MRPL38 1 41044
THRAP3 2 40565
SRPK1 2 40709
PHAX 1 35181
FAM120A 1 38634
MRPS34 2 38223
RPST 1 37127
TFAM 1 36770
EIF251 1 36537
EXOSCH 1 34851
TXNDC12 1 33233
HSPAG 1 31876
IGF2BP2 2 30976]
SNRPB2 1 30080
GLA 1 29625
IGF2BP3 1 27371
MAP1B 3 26104
SNRNP7O0 2 25728]
PARP1 1 25313
ZFR 2 24656]
TUT1 1 23784
DDX50 2 21931
FUBP1 1 20584
CLASP2 3 19958|
TOEL 1 17937
TSEN2 1 17913
ZC3HAVL 2 17482
INF326 1 16578|
PLODL 2 14115
MYBEP1A 1 13383
KRT1 1 9767.9
APOB 1 7328.5
MOV10 1 6879.4
EXOSC10 1 6652.9
EPRS 1 5333.8
ADAR 1 3187.2

Figure 5.11 RNA-dependent interactors of HNRNPUL1 WT

Table of HNRNPUL1-associated proteins identified by mass spectrometry, ranked by
iBAQ score. IPs were performed without RNase A treatment.
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NEXT Complex Exosome U4/U6 di-snRNP
MTR4 RBM7 MTR4 RRP40 PRPF4 PRPF3
SART3
RRP41 MTR3 LSM8
\ ZCCHCE / \ / (recycling factor)
s
U1 snRNP U2 snRNP 75K complex
UlA SNRNP70 SNRPB2 SNRPA1 LARP7 MEPCE
. AN
Other

Fibrillarin - Box C/D snoRNP

XRN2 — 5’ end snoRNA processing

PHAX —small RNA transport

DDX21 — snoRNA transcription

Figure 5.12 The interactions between HNRNPUL1 and the snRNP/snoRNP
biogenesis machinery are mediated by RNA

Summary of snRNP/snoRNP biogenesis components that interact with HNRNPUL1,
identified via mass spectrometry following FLAG IP in the absence of RNase A. Mass

spectrometry analysis was performed by Mark Dickman and Caroline Evans.
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maturation process, especially given the reduction in snoRNA levels observed upon
HNRNPUL1 depletion. That these interactions are mostly RNA-dependent suggests
that it is more likely that HNRNPUL1 is competing with these proteins for binding to
their snoRNA substrates as opposed to directly inhibiting these factors through direct

protein-protein interaction.

SART3 was identified under these conditions as an interactor of HNRNPUL1 with
the 11t highest iBAQ score, consistent with the strong co-IP between this protein and
HNRNPUL1 demonstrated in the previous chapter. In addition to its role as a U4/U6
di-snRNP recycling factor, SART3 has also been reported as a component of the 7SK
complex (Jeronimo et al., 2007; McNamara et al., 2013). This complex is composed
of a core of protein subunits MePCE and LARP7 associated with 7SK RNA, and
regulates the transcription of numerous classes of gene such as snRNAs and
immediate-early genes (Figure 1.2). Interestingly, MePCE and LARP7 were also
present in the FLAG-HNRNPUL1 IPed fraction (Figure 5.11). This is consistent with
the HNRNPUL1 RIP assays performed in Chapter 4 that demonstrated that
HNRNPUL1 also interacts with the 7SK RNA transcript itself (Figure 4.3).

To validate this IP/mass spectrometry finding, FLAG-HNRNPUL1 IPs were
repeated using the stable FLAG-HNRNPUL1 lines, and the presence of 7SK
components was assessed in each |Ped fraction via Western blot. In agreement with
the mass spec, each 7SK component analysed was clearly identifiable in the wild-type
IPed lane, and strongly depleted in the FLAG-HNRNPUL1 WA IP (Figure 5.13). The
increased interaction observed between FLAG-HNRNPUL1 WA and FUS with respect
to wild-type HNRNPUL1 demonstrates that this phenomenon is specific to the 7SK

complex.

5 5 ALS-causing EUS mutant d fisrunt the cellular localisation of HNRNPUL 1

The DNA/RNA-binding protein FUS is a major cause of ALS, accounting for

approximately 5% of familial cases (Mackenzie et al., 2010). In light of the strong
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Figure 5.13 HNRNPULA1 interaction with the 7SK complex requires an intact Walker A
motif

A — Schematic diagram of the HNRNPU/UL1 proteins included in the FLAG IP assay.
B - Western analyses following FLAG-HNRNPU and FLAG-HNRNPUL1 IP,
demonstrating that HNRNPUL1 specifically interacts with the 7SK complex.
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interaction identified between HNRNPUL1 and FUS via mass spectrometry, further
investigating the relationship between these two proteins was therefore of great
interest. It has previously been reported that ALS-causing FUS mutants that
accumulate in the cytoplasm can also sequester other proteins and RNA into these
aggregates (Jun et al., 2017; Yamazaki et al., 2012; Yu et al., 2015). The resulting
loss of nuclear function of these interacting partners is thought to contribute to the
pathology of FUS-related proteinopathy. Therefore, we next examined the effect of
ALS-causing FUS mutant R495X on the cellular localisation of HNRNPUL1. FUS
R495X lacks its C-terminal nuclear localisation signal (Figure 5.14A) and accumulates
in the cytoplasm as a result. Therefore, vectors expressing FLAG-tagged wild type
FUS and FLAG-tagged FUS R495X, kindly sent to us by Robin Reed, were transfected
into HelLa cells and immunostaining was performed using anti-FLAG and endogenous
HNRNPUL1 antibodies. This firstly confirmed that the R495X mutation does result in
cytoplasmic mis-localisation of FUS (Figure 5.14B). However, no accompanying
increase in HNRNPUL1 cytoplasmic signal was observed (Figure 5.14B), indicating
that the nuclear localisation of HNRNPUL1 is unaffected by this ALS-causing FUS

mutant.

5 6 Debletion of EUS results in elevated HNRNPUL1 RNA bindi

As demonstrated earlier in the chapter, FUS interacts with the C-terminal region of
HNRNPUL1. This region contains an RGG box, a motif known to possess RNA-
binding activity. Therefore, to further investigate the relationship between HNRNPUL1
and FUS, the impact of FUS on the RNA-binding ability of HNRNPUL1 was next
examined. RNA-IP was performed on HNRNPUL1 using an antibody against
endogenous HNRNPUL1 in the presence and absence of FUS, using a FUS knockout
cell line donated to us by Robin Reed (Figure 5.15A). The levels of transcripts co-
immunoprecipitating with HNRNPUL1 were assessed via qRT-PCR. snRNAs, mRNAs

and IncRNAs were all incorporated in order to ascertain whether any phenotype
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Figure 5.14 The cellular localisation of HNRNPUL1 is unaffected by expression of an

ALS-causing FUS R495X mutant

A — Schematic diagram comparing the wild-type form of FUS with the R495X mutant.
B — Immunostaining using endogenous anti-HNRNPUL1 and anti-FLAG antibodies in
cells transfected with either FLAG-FUS WT or FLAG-FUS R495X.

173



o
Celline: & 8%

FUS | e

HNRNPUL1 | == ° -

UAP56 | e ﬁ

hnRNPUL1 RIP in FUS KO line

S
s 1 Hela
-ﬁ 4= * . Bl FUS KO
s :
o ¥
s
& 2+
74
o
2 14
0_
U s s - ' 5
o & & o o &
bf:"i‘ & o & F r\\.;&
AR NN R, A
g% P &
= =
&
R

Figure 5.15 FUS knockdown results in enhanced association between HNRNPUL1
and its RNA targets

A — Western analyses demonstrating absence of FUS protein in the FUS KO line.
UAPSG6 is shown as a loading control. B — RNA-IP analyses comparing the levels of

RNA co-immunoprecipitating with HNRNPUL1 in FUS knockout cells compared to
Hela. Error bars represent the SD.
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observed was specific to a certain class of RNA. The specific examples chosen were
based on analysis of HNRNPUL1 eCLIP dataset as well as the HNRNPUL1 RIP
assays performed as described in the previous chapter, enabling the identification of
transcripts that HNRNPUL1 was likely to bind. Interestingly, this revealed an increase
in HNRNPUL1 RNA-binding to all transcripts tested in FUS knockout conditions
relative to the HelLa control (Figure 5.15B). This suggests that FUS binding to the C-
terminal region of HNRNPUL1 has a negative impact on its ability to bind RNA.
Alternatively, given that FUS also interacts with these RNAs, it may compete with
HNRNPUL1 for binding to these targets and hence the absence of FUS would enable
HNRNPUL1 to associate to a greater degree.

To assess whether this effect on RNA binding was reciprocal, RNA-IP was then
performed on FUS in the HNRNPUL1-AID line following auxin depletion of
HNRNPUL1. Again, transcripts displaying strong FUS enrichment in the publicly
available FUS eCLIP dataset were incorporated into the assay. In this instance
however, knockdown of HNRNPUL1 resulted in no significant increase in FUS RNA-
binding (Figure 5.16). This indicates that HNRNPUL1 does not suppress the RNA-

binding capacity of FUS.

5.7 RNAPIl CTD is | ol horviated HNRNPUL1 depleti
In addition to their roles in RNA processing, various ALS-associated RNA-binding
proteins have also been reported to directly affect transcription via their impact on the
phosphorylation status of the CTD of RNAPII (Gorthi et al., 2018; Schwartz et al.,
2012). For example, the depletion of FUS results in elevated levels of CTD Serine-2
phosphorylation and increased RNAPII pausing at transcription start sites (Schwartz
et al., 2012). Interestingly, this accumulation of RNAPII that is hyper-phosphorylated
at Serine-2 has also been demonstrated in the fibroblasts of patients possessing ALS-
causing FUS mutations (Schwartz et al., 2014). In addition, knockdown of another

member of the FET family of RNA-binding proteins linked to ALS — EWSR1 has been
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Figure 5.16 HNRNPUL1 knockdown does not result in significant increase in FUS
RNA binding

RIP analyses comparing the levels of RNA co-immunoprecipitating with FUS in the
HNRNPUL1-AID line relative to HCT116 cells. Error bars represent the SD.
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shown to cause elevated levels of RNAPII CTD Serine-5 (Gorthi et al., 2018).

Given the HNRNPUL1/RNAPII interaction demonstrated earlier in the chapter and
in Chapter 4, as well as previous studies reporting that this binding is comparable to
the affinity of other ALS-causing proteins for RNAPII (Chi et al., 2018a), we
hypothesised that knockdown of HNRNPUL1 may also affect the phosphorylation
status of the CTD. To test this notion, Western analyses using various CTD antibodies
were performed on whole cell lysates extracted from the HNRNPUL1-AID line
following auxin depletion of HNRNPUL1. This revealed a clear upregulation of Serine-
5 and Serine-7 phosphorylation (Ser5P, Ser7P) in the HNRNPUL1 knockdown
condition (Figure 5.17). A marginal increase in Serine-2 phosphorylation (Ser2P) was
also observed, but not to the same extent as the Ser5P and Ser7P increase.
Consistently, the unphosphorylated form of the RNAPII CTD appeared downregulated
(Figure 5.17). These increased Ser5P and Ser7P levels did not reflect an increase in
overall expression of RNAPII, as Western blot analyses using an antibody that
recognises all CTD peptides demonstrated no change in RNAPII abundance in the
HNRNPUL1-AID line compared to HCT116 cells (Figure 5.17). This suggests that the

increased Ser5P and Ser7P signal is as a result of genuine, increased phosphorylation.

Inactive RNAPII is largely unphosphorylated, and initiation of transcription involves
the phosphorylation of Serine-5 and Serine-7 by CDK7, followed by Serine-2
phosphorylation by CDK9 to stimulate productive elongation (Zlotorynski, 2017).
Therefore, we considered the possibility that the elevated phosphorylation status of
RNAPII observed upon HNRNPUL1 knockdown reflected increased levels of
transcription in the cell. However, meta-gene analyses of RNAPII signal across all
protein-encoding genes in the HNRNPUL1-AID line following mMNET-seq assays in fact
demonstrated no change in RNAPII distribution upon HNRNPUL1 depletion (Figure
5.18). This indicated that there is not a global upregulation of transcription that would

account for the increased RNAPII phosphorylation.
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Western analyses of the phosphorylation status of RNAPII CTD in the HNRNPUL1-
AID line compared to HCT116 cells, using antibodies against total, unphosphorylated,
Serine-2, Serine-5 and Serine-7-phosphorylated forms of the CTD. Tubulin is

displayed as a loading control.
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Figure 5.18 No global increase in transcription upon HNRNPUL1 knockdown

mNET-seq RNAPII signal across all protein-encoding genes following mNET-seq
analyses in HNRNPUL1-AID line performed by Ivaylo Yonchev. The global distribution
of RNAPII is unchanged upon HNRNPUL1 knockdown.
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5.8 HNRNPUL1 is a CDK7 substrate, Walker A mutant reduces RNAPII
phosphorylation by CDK?7

HNRNPU - another member of the HNRNP family that displays significant structural
and sequence homology to HNRNPUL1 — has been previously reported to inhibit the
kinase activity of CDK7 (Kim and Nikodem, 1999). We therefore speculated that
HNRNPUL1 may also be a CDK7-inhibitor, as this would be consistent with the
observed upregulation of Ser5P and Ser7P. In this model, knockdown of HNRNPUL1
would result in less suppression of CDK7, and thus an increase in phosphorylation of
its targets would occur, as is displayed in the HNRNPUL1-AID line. Therefore, the
ability of HNRNPUL1 to inhibit CDK7-phosphorylation of RNAPII CTD was assessed

via an /n vifro kinase assay.

In order to obtain purified HNRNPUL1 to incorporate into these assays, FLAG-
HNRNPUL1 WT was transfected into 293T cells and immunoprecipitated using anti-
FLAG antibody-coated agarose beads. RNase A and DNase were added to the lysate
to degrade the nucleic acids present, and beads were washed twice in a high salt
wash buffer prior to elution to remove any protein binding partners that would
otherwise co-IP with HNRNPUL1. Given that the FLAG-HNRNPUL1 WA mutant
interacts more strongly with RNAPII than the wild-type, this mutant was also purified
in the same manner to enable it to be incorporated into the kinase assays as well.
FLAG-GFP was also purified to be used as a negative control. Coomassie staining
analyses on the IPed fractions indicated that the three FLAG-tagged proteins had been

purified cleanly with no obvious contaminants co-purifying (Figure 5.19).

As a substrate for the kinase assay, 25 copies of the consensus RNAPII CTD heptad
repeat fused to a GST tag (GST-CTD25) was purified from E.coli cells (Figure 5.19).
The expression vector containing this construct was kindly donated as a gift from
Shona Murphy. Purified CDK7 was purchased from Sigma, as part of its active

complex with Cyclin H1 and MNAT1.

Purified GST-CTD25, CDK7 and each FLAG-tagged protein were incubated with
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Figure 5.19 Purification of FLAG-HNRNPUL1 WT, WA, FLAG-GFP and GST-CTD25

Coomassie staining of FLAG-GFP, FLAG-HNRNPUL1 WT, FLAG-HNRNPUL1 WA
and GST-CTD25. FLAG-tagged proteins were purified from mammalian cells via
FLAG IP with high salt washing, while GST-CTD25 was purified from E.coli using
glutathione sepharose beads.
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[y32P]-ATP for 5 minutes, and the level of GST-CTD25 phosphorylation was measured
subsequently via phosphor-imager. This firstly revealed that CDK7 phosphorylates
HNRNPUL1, as evidenced by the clear band present at the appropriate size of FLAG-
HNRNPUL1 in the case of both the wild type and Walker A mutant (Figure 5.20A).
This came as a surprise, as although HNRNPUL1 is known to be regulated by arginine
methylation (Gurunathan et al.,, 2015), CDK7-mediated phosphorylation of
HNRNPUL1 has not been previously reported. Whether this phosphorylation of
HNRNPUL1 by CDK?7 influences transcription initiation at the specific genes that
HNRNPUL1 regulates is an outstanding question. Secondly, there appeared to be a
minimal reduction in CTD phosphorylation when the wild-type form of HNRNPUL1 was
present in the assay, whereas the Walker A mutant did appear to inhibit CTD
phosphorylation (Figure 5.20A). Interestingly, the Walker A mutant itself appeared
more phosphorylated than the wild-type form of the protein (Figure 5.20A).

To ensure that the phosphorylation occurring was indeed mediated by CDK7, and
not as a result of HNRNPUL1 phosphorylating the CTD and/or itself, a repeat of the
kinase assay was performed with a ‘no CDK7’ control included that did not contain the
CDKY7 enzyme. No bands were present in this lane when visualised by the phosphor-
imager, confirming that CDK7 was the active kinase in these assays (Figure 5.20B).
Once again, the Walker A mutant appeared phosphorylated to a greater extent than
the wild type in the assays that did include CDK7. This result is interesting in light of
the finding that the WA mutant also binds RNAPII with greater affinity than the wild-
type. It could be the case that this form of the protein is masking the CTD, preventing
CDKY from accessing it as a substrate. Alternatively, it may also interact with CDK7
with greater affinity than the wild-type and therefore compete more successfully with
the CTD for enzyme binding. Overall however, as there is limited inhibition of CDK7 in
the case of FLAG-HNRNPUL1 WT, it appears unlikely that the upregulation in Ser5P
and Ser7P observed in the HNRNPUL1-AID line is due directly as a result of reduced
inhibition of CDK7 upon HNRNPUL1 depletion.
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Figure 5.20 HNRNPUL1 is phosphorylated by CDK7, but only the Walker A mutant
inhibits its ability to phosphorylate RNAPII CTD

A - Kinase assay including CDK7, GST-CTD25 and FLAG-HNRNPUL1 WT and WA.
Purified proteins were incubated with [y32P]-ATP for 5 minutes, before reactions were
stopped following the addition of SDS-loading buffer and boiling. Samples were run
on a gel, which was then dried and analysed using a phosphor-imager. B — Kinase
assay repeat, including a ‘no CDK7’ control.
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It has recently been demonstrated both in S. cerevisiae and human cells that Ser5P
levels peak at actively spliced exons and aid recruitment of the spliceosome to nascent
pre-mRNA (Harlen et al., 2016; Nojima et al., 2018). mNET-seq assays in combination
with mass spectrometry performed on Ser2P, Ser5P and Thr4P isoforms of the CTD
revealed that components of the spliceosome complex, along with a range of splicing
factors, specifically co-immunoprecipitate with the Ser5P isoform (Nojima et al., 2018).
In addition, inhibition of U1 snRNA via antisense oligo triggers upregulation of Ser5P
levels (Koga et al., 2015), further cementing the link between splicing and this CTD
isoform. It is therefore possible that the reduced levels of U1 snRNA observed in
HNRNPUL1 knockdown cells could mimic U1 snRNA inhibition and thus be the cause
of the elevated levels of Ser5P, given the lack of obvious CDK7 inhibition

demonstrated by HNRNPUL1 in the /in vifro kinase assays.

In light of this relationship, we reasoned that spliceosome recruitment to RNAPII may
be affected by the upregulation in Ser5P levels displayed in the HNRNPUL1 AID cell
line. Therefore, RNAPII IPs were performed in HCT116 and HNRNPUL1-AID lines
following auxin depletion of HNRNPUL1. The levels of U1 snRNP co-
immunoprecipitating with RNAPII in both conditions were assessed via Western blot.
This revealed a large increase in RNAPII-U1 snRNP binding in HNRNPULA1
knockdown conditions (Figure 5.21A). The interaction between FUS and RNAPII was
unaffected by the depletion of HNRNPUL1, suggesting that this increased binding was
specific to the spliceosome. To confirm this finding, the reciprocal experiment was
performed, this time immunoprecipitating U1 snRNP component U1C from cells
following auxin depletion of HNRNPUL1. Again, there was a clear increase in the
interaction between the U1 snRNP and RNAPII in the HNRNPUL1-AID line (Figure
5.21B). This could be recognised by probing with the pan-specific RNAPII antibody

and was particularly noticeable in the case of Ser5P, with the enrichment observed

184



INPUTS {0.1%) IPs

o-FLAG  a-RMNAPIL o-RNARI

. » & A
cae & e o o &%

hnRNP-ULA _E —

FUS S am—

RNAPII

- —

T =
(U1 snRNP)

INPUTS (0.1%) IPs

aFLAG oI oG

) '\
@ -
Callline: @01'\\6 ‘\eﬁi;g @0"0 le'\'\"o ﬁ@i}g

uic PR —
{U1 snRNP) | ==

— —
hnRNP-UL1 o o

TOTAL RNAPII | ey Y T

SERS5P RNAPII = e i

SER2P RNAPII [ -r- -‘--[
PRP31
(U4 snRNP)
Fus | — —

Figure 5.21 HNRNPUL1 knockdown triggers increased RNAPII-U1 snRNP interaction

A - Western analyses demonstrating increased U1C binding to RNAPII in an RNAPII
IP plus and minus HNRNPUL1, using a pan-specific RNAPII antibody. B — Western
analyses of U1C IP plus and minus HNRNPULA1, revealing a clear increase in RNAPII
interaction and a specificity for the SER5P form of the CTD.
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corroborating previous reports of the specific affinity displayed by the spliceosome for
this CTD isoform. Once more, this effect appeared specific to RNAPII-U1 snRNP as
FUS-U1 snRNP binding did not increase in HNRNPUL1 knockdown conditions.

Interestingly, there also appeared to be more U4 snRNP co-immunoprecipitating
with U1 snRNP in the HNRNPUL1-AID line (Figure 5.21B). This suggests that the
upregulation of Ser5P caused by HNRNPUL1 depletion triggers increased formation
of active spliceosome complexes. This could therefore account for the global decrease
in intron retention observed in the poly (A)+ RNA-seq assays performed in the
HNRNPUL1-AID line in the previous chapter, as the increased affinity for RNAPII
displayed by the spliceosome seemingly overrides the disruptions to snRNP

biogenesis that are also occurring when HNRNPUL1 levels are depleted.

5 10 ALS patients with HNRNPUL 1 mutations identified

As part of the investigation into the relationship between HNRNPUL1 and ALS, our
collaborator at the Sheffield Institute for Translational Neuroscience — Dr. Johnathan
Cooper-Knock - analysed the exomes of hundreds of ALS patients using information
available from national and international ALS patient databases, in order to screen
them for mutations in HNRNPUL1. Once identified, for a HNRNPUL1 mutation to be
considering potentially ALS-causing, several criteria were imposed. Firstly, this
mutation must be exceedingly rare among the healthy population. Furthermore,
mutations were analysed and ranked by CADD score, an algorithm that predicts the
potential deleteriousness of mutations. Only mutations that produced high CADD
scores were included. In addition, the patients possessing these mutations must also
have no other mutations present in known ALS-causing genes. Interestingly, 28
HNRNPUL1 mutations were identified that met all these criteria. There was no obvious
clustering of these mutations within a particular domain of HNRNPUL1, instead they

reside fairly uniformly throughout the protein (Figure 5.22).
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Figure 5.22 HNRNPUL1 mutations identified in ALS patients

Schematic diagram of the domains of HNRNPUL1 and the locations of the potentially
ALS-causing mutations identified through screening of national and international ALS

patient databases.
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We obtained a lymphoblastoid cell line from Project MinE UK that was generated from
one of these patients possessing a HNRNPUL1 mutation, in this case S249N (Figure
5.23A). This enabled us to study whether this patient also displayed any of the
phenotypes that we have observed upon HNRNPUL1 knockdown in the HNRNPUL1-
AID line. This would indicate whether the S249N mutation affects the ability of the
protein to function, and therefore aid in assessing the likelihood that this was an ALS-
causing mutant. We also ordered a lymphoblastoid line generated from a healthy

individual of similar age to the ALS patient to serve as our control line.

We first wanted to determine whether this patient was homozygous or heterozygous
for the S249N mutation. Therefore, genomic DNA was extracted from the LCL of the
S249N patient as well as the wild-type control, followed by PCR amplification of the
HNRNPUL1 gene and DNA sequencing. In the case of the S249N patient, two peaks
were identified in the sequencing tracks at the 2nd nucleotide of the S249 codon (Figure
5.23B). One peak was black, representing the wild-type guanine nucleotide, while the
second was green, representing an_adenosine. This confirms that the S249N patient
is in fact a heterozygote, possessing one of copy of the HNRNPUL1 gene encoding

the wild type Serine-249 residue (AGC), and another copy encoding N-249 (AAC).

We next examined the expression of HNRNPUL1 at the protein level in the S249N
patient line via Western blot on whole cell lysates. Interestingly, this revealed a clear
reduction in the expression level of HNRNPUL1 in the S249N patient compared to
control cells (Figure 5.24). This suggests that the S249N mutation destabilises
HNRNPUL1, especially as the expression level observed via Western reflects a
combination of wild-type and S249N protein due to the heterozygotic status of the
patient. We also analysed the levels of RNAPII CTD Ser5 phosphorylation as this is
upregulated upon HNRNPUL1 depletion in the HNRNPUL1-AID line. However, we

observed no change in the S249 patient line compared to the control (Figure 5.24).
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Figure 5.23 Patient S249N is a heterozygote

A — Schematic diagram of HNRNPUL1 highlighting the location of the S249N patient
mutation. B — DNA Sanger sequencing traces of genomic DNA isolated from the
S249N patient and healthy control LCLs, encompassing the HNRNPUL1 gene region
encoding residues 243-253. The presence of both a mini green peak and a mini black
peak at the middle nucleotide of residue S249 in the case of the S249N patient

indicates that this patient is a heterozygote.
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Figure 5.24 HNRNPUL1 protein expression levels are reduced in the S249N patient
LCL, while Ser5P RNAPII levels are unchanged

Western analyses of HNRNPUL1 and Ser5P RNAPII levels in the S249N
lymphoblastoid cell line. TUBULIN is displayed as a loading control.

190



5.12 snRNA level I {in the S249N patient LCL. whil RNA level
downregulated

The reduction in snRNA and snoRNA levels observed upon HNRNPUL1 knockdown
in the HNRNPUL1-AID line led us to also assess their abundance in the S249N patient
LCL. Therefore, total RNA was extracted from this cell line as well as from the healthy
control, and a panel of shRNAs and snoRNAs were analysed via qRT-PCR. This
revealed that there appears to be no snRNA biogenesis defect as a result of the
S249N mutation (Figure 5.25A). In contrast, three out of five snoRNAs tested
displayed significant downregulation in the S249N patient LCL compared to the control
sample (Figure 5.25B). U3 snoRNA, responsible for processing of ribosomal RNA,
was particularly affected. As GAPDH and the snRNAs are unaffected, this suggests

this defect is specific to snoRNAs.

5.13 G | tai | in the HNRNPUL 1-AID [i
In addition to analysing the effects of one of the ALS HNRNPUL1 mutations in the
cells of the ALS patient itself, the ability of various potentially ALS-causing HNRNPUL1
mutants to complement phenotypes observed in the HNRNPUL1-AID line was also
assessed. The Sleeping Beauty (SB) transposon system (Kowarz et al., 2015) was
utilised to integrate stable, constitutively expressed forms of HNRNPUL1 within the
HNRNPUL1-AID line. Six lines were generated - one HNRNPUL1-AID line expressing
the wild-type form of HNRNPUL1 (WT), as well as five mutants (Figure 5.26A, Figure
5.26B). Three of these mutants — A50T, R468C, R639C — are present in the ALS
patients identified by Dr. Cooper-Knock, while a HNRNPUL1-AID/SB-HNRNPUL1-
Walker A mutant (WA) line and a HNRNPUL1-AID/SB-HNRNPUL1-ARGG domain
deletion mutant (ARGG) line were also created in order to assess the effects of these
mutations on the ability of HNRNPUL1 to complement the HNRNPUL1-AID
phenotypes as well. In addition, we aimed to generate a HNRNPUL1-AID/SB-

HNRNPUL1-S249N line, but unfortunately no successful clones were isolated after
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Figure 5.25 snoRNA levels are reduced in the S249N patient LCL, while snRNAs
levels are unchanged

A - gRT-PCR analysis of sSnRNA levels in the S249N patient line compared to an age
matched control. Error bars represent the SD. B — qRT-PCR analysis of snoRNA levels
in the S249N line compared to an age matched control. Error bars represent the SD.

192



hnRNPUL1 -SAP J NTP — RGG Poly Pra

WT

3 37 191 388 423 561 610 686 846 856
hnRNPUL1 -SAP ——— RGG. PolyPro —
3 37 191 388 423 561 610 686 846 856

ARGG 3 3 191 388 423 561 810 780

!

hnRNPUL1 -SAP NTP _ RGG Poly Pro L
ASOT 3 a7 191 388 423 561 610 686 846 856
R468C
hnRNPUL1 -SAP] NTP  —— RGG  PolyPo —
R468C 3 37 191 388 423 561 610 686 846 856
R639C
RB39C
3 37 181 388 423 561 610 686 846 856
LN
v
@ )
R L [} A < )
AN s & \a < S
CELLLNE: & & & @ & &
HNRNPUL1 | S — — =

TUBULIN | S s anor S - s T s

Figure 5.26 Stable expression of HNRNPUL1 WT and various mutants in HNRNPUL1-
AID line via the Sleeping Beauty transposon system

A — Schematic diagram the HNRNPUL1 mutants integrated into the HNRNPUL1-AID
line via the Sleeping Beauty transposon system. B — Western analyses of the
expression levels of these HNRNPUL1 mutants integrated into the HNRNPUL1-AID
line. TUBULIN is shown as a loading control.
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several attempts and therefore this mutation could not be included in subsequent

complementation studies.

To analyse the ability of these various forms of HNRNPUL1 to restore snRNA and
snoRNA levels in the HNRNPUL1-AID line when HNRNPUL1-AID itself had been
depleted, RNA was extracted from these HNRNPUL1-AID/SB-HNRNPUL1 lines
following treatment with doxycycline and auxin. As the SB transposon-mediated
integrated copies of HNRNPUL1 are untagged, their expression levels are unaffected
by the addition of these hormones, and therefore these constructs were the only form
of HNRNPUL1 expressed in the cell at the point of harvesting and RNA extraction.
Isolated RNA was converted to cDNA via reverse transcription and the levels of two
snRNAs — U1 and U4, and two snoRNAs — scaRNA2 and snoR9AB - that we have
previously shown are downregulated upon HNRNPUL1 depletion, were assessed via
gRT-PCR. The ability of each form of SB-HNRNPUL1 to complement the small RNA
phenotype relative to the original HNRNPUL1-AID line to a statistically significant
degree was assessed via ANOVA tests. In the case of two out of four small RNAs, the
wild-type form of HNRNPUL1 did partially complement the HNRNPUL1-AID
phenotype (Figure 5.27). This suggests that the defects in small RNA biogenesis
observed upon HNRNPUL1 depletion in the HNRNPUL1-AID line are a direct result of
the absence of the protein as opposed to an off-target effect. In contrast, with the
exception of U1 snRNA, each mutant did not complement the HNRNPUL1-AID small
RNA phenotypes to a statistically significant degree. Interestingly, the HNRNPUL1
ALS mutant possessing a mutation within its prion-like domain — R639C - did not
induce restoration of the levels of any of the transcripts assessed (Figure 5.27).
However, given the relatively large error bars, more replicates are required before

strong conclusions can be drawn.

We next assessed the levels of three immediate-early genes identified as strongly
upregulated in our poly(A+) RNA-seq analysis on the HNRNPUL1-AID line - EGR1,
FOSB and NR4A1 - using the same cDNA samples generated for the small RNA
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Figure 5.27 Small RNA complementation analyses in the HNRNPUL1-AID/SB-
HNRNPUL1 lines

gRT-PCR analyses of snRNA and snoRNA levels following HNRNPUL1-AID depletion
in the HNRNPUL1-AID/SB-HNRNPUL1 lines. Errors bars represent the SD.
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analysis. In this instance, the wild-type SB-HNRNPUL1 protein rescued the
overexpression defect in all three cases (Figure 5.28), again indicating that this
phenotype in the HNRNPUL1-AID line is directly related to the absence of HNRNPUL1
upon the addition of auxin. Strikingly, the SB-HNRNPUL1 Walker A mutant
exacerbated the HNRNPUL1-AID phenotype of every transcript tested (Figure 5.28).
This strongly indicates that nucleotide-binding by HNRNPUL1 is required for it to
mediate the repression of immediate-early gene expression. SB-HNRNPUL1-R468C
rescued the defect in the case of two transcripts, SB-HNRNPUL1-ARGG and SB-
HNRNPUL1-R639C each rescued the defect in the case of one transcript, while SB-
HNRNPUL1-A50T did not rescue any immediate early gene transcript phenotype. This
suggests that these ALS mutations do impact the ability of HNRNPUL1 to regulate
immediate-early gene transcription, although once again the large error bars among

each sample mean that more sets are required before this is conclusively proven.
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Figure 5.28 — Immediate-early gene complementation analyses in the HNRNPUL1-
AID/SB-HNRNPULA1 lines

gRT-PCR analyses of immediate-early gene mRNA levels following HNRNPUL1-AID
depletion in the HNRNPUL1-AID/SB-HNRNPULA1 lines. Errors bars represent the SD.
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5.14 Summary

During the work described in this chapter, the relationship between HNRNPUL1 and
ALS has been explored in detail. Firstly, IP/mass spec analysis performed on
HNRNPUL1 identified multiple ALS-causing factors as strong, RNA-independent
interactors of the protein. These assays revealed that the prion-like domain of
HNRNPUL1 is critical for its ability to form these interactions, as is the case in the
majority of its binding partners. In contrast, it has been demonstrated that disrupting
the nucleotide-binding ability of HNRNPUL1 strongly enhances its capacity to form
protein-protein interactions, with the notable exceptions of the 7SK complex and
SART3. HNRNPUL1 nucleotide binding has also been shown to affect the localisation
of this protein within the cell, with the Walker A mutant showing a clear enrichment
upon chromatin compared to the wild-type form of the protein. It has also been
uncovered that knockdown of FUS, mutations of which are a common cause of ALS,

results in enhanced association between HNRNPUL1 and its RNA binding partners.

Like other ALS-causing RBPs, HNRNPUL1 was also found to affect the
phosphorylation status of RNAPII. However, in vitro kinase assays did not detect a
direct inhibition of CDK7 by HNRNPUL1, despite it being a substrate of the enzyme
itself. It was subsequently demonstrated that the increased phosphorylation of RNAPII
CTD Serine-5 induced by HNRNPUL1 depletion triggers an increased RNAPII-U1
snRNP interaction. An increased U1 snRNP-U4 snRNP interaction was also detected,
suggesting that the enhanced phosphorylation of RNAPII CTD promotes increased
formation of active spliceosome complexes. This is consistent with the mild increases
in intron removal observed upon HNRNPUL1 depletion described in the previous
chapter. Further experiments are required to determine whether this increased CTD
phosphorylation is therefore a cellular response to the snRNP biogenesis defects also

caused by HNRNPUL1 knockdown.

We have also identified numerous ALS patients possessing mutations in

HNRNPUL1 who do not also have mutations in any known ALS-causing gene. These
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HNRNPUL1 mutations are also exceedingly rare among the normal population.
Assays performed in a lymphoblastoid cell line of one of these patients, who
possessed a heterozygous S249N mutation, revealed that their mutation disrupted the

expression levels of HNRNPUL1 and caused a mild snoRNA biogenesis defect.

It was also demonstrated that expressing a wild-type copy of HNRNPUL1 in the
HNRNPUL1-AID line can partially rescue the small RNA biogenesis and immediate-
early gene expression defects observed in this line, providing further evidence for a
direct role for HNRNPUL1 in these pathways. ALS patient HNRNPUL1 mutations
A50T, R468C and R639C appeared to mildly impact the ability of the protein to
complement the HNRNPUL1-AID line in these assays. However more work is required
to establish the significance of these effects. Interestingly, the Walker A mutant form
of HNRNPUL1 exacerbated the increased immediate-early gene expression
phenotype observed in the HNRNPUL1-AID line, highlighting the importance of the
nucleotide-binding capacity of HNRNPUL1 with regards to its function in the cell.
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6.1 The Auxin-Inducible D tem to deplete HNRNPUL 1
In Chapter 3, the auxin-inducible degron system was utilised to generate a cell line in
which HNRNPUL1 could be depleted on a conditional basis. The level of HNRNPUL1
knockdown enabled by this cell line is significantly greater than that achieved by RNA..
Functional assays performed in both a previously generated HNRNPUL1 RNAI line
and the HNRNPUL1-AID line demonstrate the importance of maximal depletion when
investigating the function of the protein. The HNRNPUL1 RNAI cell line displayed
barely any of the phenotypes reported in the ENCODE HNRNPUL1 RNAi RNA-seq
data — despite Western analyses showing reasonable knockdown of the protein by
RNAI standards (Figure 3.1). In contrast, the HNRNPUL1-AID line did display the
expected phenotypes (Figure 3.7). The difference between partial and complete
knockdown was also highly apparent in the colony formation assays performed in
Chapter 3 (Figure 3.8), which revealed that cell viability is severely reduced upon total
HNRNPUL1 knockdown, but was relatively unaffected in the untreated condition,

when HNRNPUL1 levels were similar to those achieved following RNAi knockdown.

However, a drawback of the auxin degron system is that even in non-auxin treated
conditions, expression of HNRNPUL1-AID was reduced compared to endogenous
HNRNPUL1 levels. Although there was not a clear effect on cell viability in the non-
auxin treated condition, subtle reductions in HNRNPUL1 functionality may create
additional cellular stresses that could impact the outcome of functional assays, while
also generating a selection pressure on cells to adapt. Accordingly, we used only low
passage number HNRNPUL1-AID cells in order to minimise the likelihood that this
issue would affect our results. Alterations to the tag and the use of a doxycycline-
inducible form of TIR1 did improve expression levels under basal conditions. However,
this meant that a longer induction period was required to deplete the protein. In

addition, this also meant that we were unable to use tetracycline-inducible Sleeping
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Beauty constructs for subsequent complementation assays, which reduced our ability

to control the expression levels of these proteins.

The qRT-PCR analyses performed in the HNRNPUL1-AID line clearly demonstrated

that several immediate-early genes (IEGs) are strongly upregulated upon HNRNPUL1
knockdown (Figure 3.9). This finding is consistent with the ENCODE HNRNPUL1
RNAI data, which also displays this phenomenon. Subsequent mMNET-seq analyses
carried out in the HNRNPUL1-AID line revealed that these genes are activated at the
level of transcription when HNRNPUL1 is depleted, which was then confirmed by

RNAPII ChIP assays (Figure 3.10).

The cause of this upregulation is still to be determined. It appears unlikely that
HNRNPUL1 acts as a direct repressor of transcription at these loci, as ENCODE
HNRNPUL1 ChlIP-seq data demonstrates that EGR1 is the only one of these genes
at which there is significant HNRNPUL1 ChIP signal. A time-course assay was also
performed in Chapter 3 with the goal of isolating the stage of IEG expression that was
specifically altered upon HNRNPUL1 knockdown, i.e. whether the genes are being
induced inappropriately prior to stimulation or whether there is defective repression of
these genes following stimulation. However, these assays revealed that the IEGs were

upregulated at every phase of the activation and repression cycle (Figure 3.9).

The transcription of these genes is regulated primarily at the stage of pause-release,
with RNAPII occupying the TSSs of these genes even in the absence of external or
internal stimulus, awaiting phosphorylation via P-TEFb to facilitate productive
elongation. This is apparentin the RNAPIl mMNET-seq tracks in the HCT116 line, which
display a large spike in RNAPII signal over the beginning of the IEGs (Figure 3.11).
Therefore, the expression of these genes is regulated in large part by the availability
of active P-TEFb. Inactive P-TEFb is sequestered by the 7SK complex, preventing

inappropriate levels of transcription elongation.
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We have demonstrated a clear RNA-dependent interaction between HNRNPULA1
and the 7SK complex, as well as CDK9 - the enzyme component of P-TEFb (Figure
5.8). It is therefore possible that HNRNPUL1 plays a role in regulating the association
between this complex and P-TEFDb, and that elevated levels of active P-TEFb underpin
the upregulation of IEGs observed upon HNRNPUL1 knockdown. These IP assays
also revealed that the HNRNPUL1-7SK interaction is dependent on an intact
HNRNPUL1 Walker A motif (Figure 5.8). This result is interesting in light of the
subsequent complementation assays described in Chapter 5, which demonstrated
that the SB-HNRNPUL1 Walker A mutant was unable to suppress the elevated IEG
expression phenotype observed in the HNRNPUL1-AID line (Figure 5.23). While the
SB-HNRNPUL1-Walker A mutant displayed a lower expression level than wild-type,
this expression was sufficient for it to complement the U1 snRNA phenotype, and is
comparable to the expression levels of SB-HNRNPUL1-ARGG and SB-HNRNPUL1-
R468C which both restored IEG levels to a similar degree to SB-HNRNPUL1-WT. This
indicates that decreased expression levels do not account for the exacerbated IEG
phenotype displayed by the HNRNPUL1-AID/SB-HNRNPUL1-Walker A mutant line.
This provides further evidence that the HNRNPUL1-7SK interaction is functionally
relevant to the HNRNPUL1-mediated regulation of IEG expression. However, it is
important to note that the Walker A mutation also distorts many other HNRNPUL1
interactions as well as its release from chromatin, and therefore further experiments
are required to prove this hypothesis. For example, a comparison of the levels of CDK9
co-immunoprecipitating with the 7SK complex in the presence and absence of

HNRNPUL1 could be assessed by performing a CDK9 IP in the HNRNPUL1-AID line.

The IEGs that are upregulated upon HNRNPUL1 depletion all play key roles in the
cellular response to DNA damage (Christmann and Kaina, 2013; Malewicz et al., 2011;
Quinones et al., 2003), and are therefore switched on in response to elevated levels
of DNA damage. HNRNPUL1 has also been implicated in this pathway, whereby it
promotes ATR-dependent signalling to trigger repair of double-stranded DNA breaks

(Polo et al., 2012). Therefore, an alternative, plausible explanation for the IEG
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upregulation is that defective DNA repair caused by HNRNPUL1 knockdown results
in increased DNA damage in the HNRNPUL1-AID line, and this in turn causes the
increased expression of IEGs. One could test whether there was indeed greater DNA
damage in the HNRNPUL1-AID line by analysing the levels of yH2AX — a marker for

DNA damage — via Western blot on total lysates.

Interestingly, RBM7 mediates the activation of IEGs in response to DNA damage
independently from its role in the NEXT complex, through binding to 7SK in order to
promote the release of P-TEFb from this complex (Bugai et al., 2019). As we have
demonstrated a strong RNA-dependent HNRNPUL1 interaction with RBM7 (Figure
4.21), one could next analyse the association between RBM7 and 7SK/P-TEFb via
RBM7 IP in the HNRNPUL1-AID line to establish whether this axis is dysregulated
upon HNRNPUL1 knockdown. However, the fact that the HNRNPUL1 Walker A
mutant can bind RBM7 as efficiently as HNRNPUL1 WT (Figure 4.21) but cannot
complement the HNRNPUL1-AID line (Figure 5.23) argues against the hypothesis that
the IEG upregulation phenotype is related to RBM7.

5.3 The role of HNRNPULA i I RNA bi ,

Over the course of this study, we have identified numerous small RNA biogenesis
defects caused by the knockdown of HNRNPUL1 (Figure 6.1). We have demonstrated
that HNRNPULA1 is required for efficient transcription of RNAPII-transcribed snRNAs
(Figure 4.5), and that this downregulation observed upon HNRNPUL1 depletion
causes a reduction in overall snRNA levels (Figure 4.1, Figure 4.17). This is consistent
with HNRNPUL1 ENCODE ChlP-seq data that demonstrates a clear HNRNPUL1
ChIP signal over snRNA genes, as well as the strong interaction between HNRNPUL1

and RNAPII reported in Chapter 4 (Figure 4.4).

Given that the HNRNPUL1 ChlIP signal peaks over the middle of snRNA loci as well
as the TTSs, it appears unlikely that HNRNPUL1 plays a direct role in the initiation of

transcription of these genes. There was also an absence of any snRNA transcription
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Figure 6.1 — Summary of small RNA biogenesis defects observed upon HNRNPUL1
depletion

HNRNPUL1 is required for efficient snRNA transcription and the integrity of Cajal
bodies and nuclear Gems. The disintegration of these structures upon HNRNPUL1
knockdown is accompanied by defects in U4/U6 di-snRNP and U4/U6/U5 tri-snRNP
assembly. HNRNPUL1 strongly interacts with snoRNAs, which are also
downregulated in the absence of the protein.

204



initiation factors in the HNRNPUL1 IP/mass spec analyses performed in Chapter 5.
As in the case of the IEG upregulation phenotype observed upon HNRNPUL1
knockdown, it is plausible that the HNRNPUL1-7SK interaction identified in Chapter 5
underpins the regulation of snRNA transcription by HNRNPUL1. The 7SK complex
mediates the recruitment of the little elongation complex to snRNA genes to promote
transcription elongation at these loci (Egloff et al., 2017). Knockdown of this complex
triggers downregulation of snRNA transcription as a result (Egloff et al., 2017). The
complex performs this function while not in association with HEXIM or P-TEFb. The
FLAG IPs performed in Chapter 5 clearly demonstrate that HNRNPUL1 interacts more
strongly with 7SK core components MePCE and LARP7 than HEXIM and P-TEFb
(Figure 5.8), perhaps indicating that snRNA genes are the site of HNRNPUL1-7SK
interaction. As the SB-HNRNPUL1-Walker A mutant could restore U1 snRNA levels
in the HNRNPUL1-AID line but not U4 snRNA, it is still unclear how significant this
domain (and therefore the 7SK interaction) is with regards to the snRNA biogenesis
function of HNRNPUL1. Testing a larger panel of snRNAs in future complementation

assays may resolve this uncertainty.

In the case of the IEGs (and other large protein-encoding genes) one could
distinguish between a transcription initiation defect and an elongation defect via
RNAPII ChIP or mNET-seq. However, the resolution of the RNAPII ChlIP assays
performed in Chapter 4 (Figure 4.5) was not great enough to distinguish between a
reduction in RNAPII signal over an snRNA promoter compared to a reduction in the
body of the gene given the small size of snRNA genes. Attempts to analyse RNAPII
occupancy over snRNA loci via mNET-seq analyses were complicated by snRNA
transcripts themselves co-purifying with RNAPII and distorting the signal over these
genes. An alternative approach could be to perform ChIP on an initiation factor such
as TBP as well as ChIP on an elongation factor such as a 7SK protein component in
the HCT116 and HNRNPUL1-AID lines. A large reduction in TBP recruitment to
snRNA loci upon HNRNPUL1 knockdown would suggest that the snRNA transcription

defect preceded the elongation phase.

205



Despite the HNRNPUL1 ChlP-seq peak over snRNA transcription termination sites,
no significant defects in transcription termination and 3’-end processing were detected
upon HNRNPUL1 knockdown, suggesting that HNRNPUL1 does not directly operate
in these processes. However, 3’-end extended snRNAs are rapidly targeted for
degradation by the NEXT complex. Therefore, it may be advisable to repeat this assay
while depleting this complex via RNAI, in order to ensure that any increase in the levels
of these 3’-end extended transcripts caused by HNRNPUL1 knockdown is not masked

by an accompanying increase in degradation.

Another potential cause of the snRNA transcription defect is the elevated levels of
Ser5P on RNAPII CTD resulting from HNRNPUL1 knockdown identified in Chapter 5
(Figure 5.12). At snRNA genes, RPAP2 dephosphorylates Serine-5 and recruits
Integrator subunits to trigger productive elongation, with knockdown of this
phosphatase also resulting in reduced snRNA transcription (Egloff et al., 2012).
Persistent Serine-5 phosphorylation is thought to decrease RNAPII transcription re-
initiation rates as well as prevent the dissociation of the capping enzyme (Reyes-
Reyes and Hampsey, 2007), both which cause reduced transcription. In addition, the
recruitment of Integrator subunit Ints11 to ShnRNA genes is repressed by the presence
of Ser5P, which therefore acts as a barrier to 3’-end processing and transcription
termination events (Egloff et al., 2010). It is currently unclear whether the global
upregulation in Ser5P levels observed upon HNRNPUL1 depletion is specific to
particular genes/region of genes, or if this defect is distributed uniformly. This could
be determined by performing Ser5P ChIP or Ser5P mNET-seq and comparing the
signal with that of total RNAPII over specific genes, e.g. at snRNA loci.

Assessing whether Ser5P upregulation occurs within intronless genes in these
assays would also help determine whether the Ser5P upregulation phenotype was
related to or independent of the splicing process. Ser5P interacts with spliceosome
components, and given the downregulation of snRNAs observed in the HNRNPUL1 -

AID line we considered the possibility that the increased Ser5P levels are a
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compensatory cellular response to promote enhanced spliceosome recruitment.
However, RNAPII IPs revealed an increased RNAPII-spliceosome interaction upon
HNRNPUL1 knockdown (Figure 5.16), and this explanation would not account for the
upregulated Ser7P levels also displayed in the HNRNPUL1-AID line (Figure 5.12).
Given that snRNPs have long half-lives and are in vast excess (Lund and Dahlberg,
1984; Tardiff and Rosbash, 2006), it would be interesting in the future to assess
whether this increased RNAPII-spliceosome interaction can be maintained after
several days of HNRNPUL1 knockdown, as it may require this long to reduce snRNP
levels to a significant degree. Similarly, although a longer post-auxin addition time-
point was chosen to harvest cells during the poly(A) RNA-seq experiment, the lack of
clear splicing defect suggests that there were sufficient levels of shRNP complexes

within the cell at that time to maintain splicing fidelity.

As both Ser5 and Ser7 are CDK?7 targets, /in vifro kinase assays were performed to
assess the ability of HNRNPUL1 to inhibit this enzyme. This revealed that HNRNPUL1
itself was a CDK?7 substrate (Figure 5.15), but only the HNRNPUL1 Walker A mutant
clearly reduced RNAPII CTD phosphorylation. It may be the case that additional
proteins are required to enable HNRNPUL1 WT to efficiently inhibit the kinase and/or
interact with RNAPII CTD, which were not present in the /n vifro assay. One could also
investigate the relationship between HNRNPUL1 and Ssu72 — a SerSP and Ser7P
phosphatase, as decreased activity of this protein upon HNRNPUL1 knockdown could

alternatively account for the increased phosphorylation phenotype.

It has previously been reported that Cajal bodies mediate specific genome
organisation events to promote snRNA transcription (Wang et al., 2016). Knockdown
of a core Cajal body component that triggers the disintegration of these structures
therefore also results in decreased snRNA transcription rates (Wang et al., 2016). The
clear reduction in Cajal body number observed in the HNRNPUL1-AID line (Figure 4.8)
led us to consider the possibility that HNRNPUL1 was a previously unreported core

Cajal body component, and that this disintegration of CBs upon HNRNPUL1
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knockdown explained the reduction in snRNA transcription. However, given the lack
of strong colP between HNRNPUL1 and coilin (Figure 4.9), as well as the lack of clear
HNRNPUL1 enrichment at CBs when assessed by immunostaining (Figure 4.11), this
appears unlikely. It has been widely reported that knockdown of factors involved in
snRNA transcription results in the reduction of CB numbers (Lemm et al., 2006; Takata
et al., 2012), and in light of these findings, it seems more probable that an snRNA
transcription defect caused by the absence of HNRNPUL1 then triggers the

disintegration of CBs.

We have also demonstrated that there is a clear reduction in the assembly rates of
the U4/U6 di-snRNP as well as the U4/U6/U5 tri-snRNP upon HNRNPUL1 knockdown
(Figure 4.14). This is to be expected given the disintegration of CBs, where the
assembly of these complexes has been reported to occur at a 10-fold faster rate
compared to the nucleoplasm (Novotny et al., 2011). It is presently unclear whether
HNRNPUL1 also directly impacts this assembly process. We have demonstrated that
HNRNPUL1 strongly interacts with U4 snRNA (Figure 4.5), along with key U4/U6 di-
snRNP recycling factor SART3 (Figure 5.8), suggesting a direct role in this pathway.
However, the wunusual HNRNPUL1-SART3 binding profile displayed in the
HNRNPUL1 FLAG IPs (Figure 5.8) — mutating the Walker A motif almost completely
disrupts the interaction — closely resembles other 7SK components as opposed to the
HNRNPUL1-U4 snRNP binding pattern (Figure 4.15). This suggests that the
HNRNPUL1-SARTS interaction occurs within the context of the 7SK-related function
of SART3. Assessing the levels of U4 and U6 snRNAs interacting with SART3 via RIP
in the HNRNPUL1-AID line could determine whether HNRNPUL1 does indeed directly
impact the U4/U6 di-snRNP assembly process. In addition, determining whether the
HNRNPUL1-SART3 interaction is 7SK dependent could be performed through colP
following siRNA knockdown of 7SK snRNA.

Unlike snRNAs, HNRNPUL1 appears to regulate snoRNA biogenesis at the post-

transcription stage. MNET-seq analyses demonstrated that there is no reduction in
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transcription of snoRNA-containing pre-mRNAs upon HNRNPUL1 knockdown (Figure
4.20), and in contrast to snRNAs there is not significant HNRNPUL1 ChIP signal over
these genes. However, HNRNPUL1 does strongly interact with snoRNA transcripts
themselves, especially scaRNAs, as evidenced by a clear enrichment of HNRNPUL1
eCLIP signal on these classes of RNA (Figure 4.10). This interaction appears to
promote the expression of these transcripts, as there is a clear reduction in their
abundance upon HNRNPUL1 knockdown (Figure 4.16, Figure 4.19). gqRT-PCR and
small RNA-seq analyses did not detect elevated levels of 5’-end or 3’-end extended
precursors (Figure 4.16, Figure 4.19), suggesting that HNRNPUL1 does not directly
impact on the processing of pre-snoRNAs. Alternatively, mis-processed precursors
may be immediately degraded via the NEXT/exosome pathway and therefore would
be undetectable in those assays. To assess whether increased degradation of
precursor and mature snoRNAs account for the decline in their levels upon
HNRNPUL1 knockdown, one could inactivate the degradation pathway via siRNA-
mediated knockdown of one or more of the NEXT/exosome complex components in
conjunction with HNRNPUL1 depletion and assay whether this restores snoRNA

levels.

As many of the interactions between HNRNPUL1 and the RNA degradation
machinery appear RNA-dependent (Figure 5.7), this would suggest that these proteins
interact with and potentially compete for the same RNA substrates, as opposed to
HNRNPUL1 directly binding these complexes to inhibit their activity. It is also striking
that the strongest interactor between HNRNPUL1 and the NEXT/exosome complex
components is RBM7 (Figure 4.21), which is the component responsible for binding
the pre-snoRNA substrates themselves and targeting them for degradation (Lubas et
al., 2015), while the interaction between HNRNPUL1 and other components of the
complex is much weaker (Figure 4.21). This again indicates that HNRNPUL1
encounters the NEXT complex via the RNA substrate. Cross-referencing HNRNPUL1
eCLIP profiles with an analysis of the transcripts downregulated in the HNRNPUL1-
AID line poly(A) and small RNA-seq samples may further clarify whether there is a
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general inhibition of NEXT mechanism occurring or if competition for substrate binding
is key. RBM7 RIP assays in the HNRNPUL1-AID line could also determine whether
increased NEXT recruitment to pre-snoRNAs occurs upon HNRNPUL1 knockdown,
although these assays could be complicated by the fact that the RNA substrates will

be degraded shortly after HNRNPUL1 depletion.

Increased degradation of snoRNAs could also potentially be triggered by the
disintegration of CBs that results from HNRNPUL1 knockdown. As all snoRNAs traffic
through these structures during their biogenesis (Machyna et al., 2014), disrupting this
transport pathway could cause these transcripts to be targeted for degradation, given
that it is becoming increasingly clear that the levels of these small RNAs are
determined by a balance between competing degradation and transport pathways
(Giacometti et al., 2017). Whether disintegration of CBs is sufficient to induce the
reduction in snoRNA levels observed in the HNRNPUL1-AID line could be tested
through siRNA-mediated knockdown of a core CB component such as WRAP53 or

USPL1 followed by gRT-PCR analyses.

During the complementation assays performed in Chapter 5, the SB-HNRNPUL1-
WT protein restored the levels of two out of four of the small RNA transcripts tested to
a statistically significant degree, providing further evidence that HNRNPUL1 plays a
direct role in the small RNA biogenesis pathway. However, the restoration was not
complete. One potential explanation for this is that the SB-HNRNPUL1-WT protein
was overexpressed relative to the levels of endogenous HNRNPULA1. If more time was
available, more clones would have been screened during the generation of the cell
line in order to select one that displayed SB-HNRNPUL1 WT expression that was

closer to the endogenous levels of the protein.

6.4 HNRNPUL1 as an ALS protein
There is a growing body of literature linking defects in snRNP biogenesis to both ALS

and SMA [reviewed in (Cauchi, 2014)]. Loss of nuclear SMN-containing Gems has
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long been recognized as a hallmark of SMA, and in recent years several studies have
also identified this phenomenon as a feature of ALS (Ishihara et al., 2013; Kariya et
al., 2012; Tsuiji et al., 2013; Yamazaki et al., 2012). ALS-causing forms of TDP-43 and
FUS have been shown to both disrupt SMN function and trigger a decrease in Gem
number (Groen et al., 2013; Ishihara et al., 2013), while cytoplasmic mis-localised FUS
also causes snRNPs to accumulate in the cytoplasm (Groen et al., 2013). The work in
this study clearly identifies HNRNPUL1 as a key component of the snRNP biogenesis
pathway. Like other ALS-causing RNA-binding factors, we have shown that the loss
of HNRNPULA1 results in a dramatic reduction in the number of Gems per cell (Figure
4.8). Consistent with this observation, the interaction between core CB component
coilin and SMN is significantly reduced in HNRNPUL1-depleted cells (Figure 4.9).
Interestingly, it has also been reported that the disruption of this interaction is also
triggered by ALS-causing mutant forms of SOD1 (Kariya et al., 2012). It is striking how
closely the cellular consequences of HNRNPUL1 loss resemble the phenotypes
produced by ALS-causing proteins, and these findings suggest that mutant forms of

HNRNPUL1 are likely to be associated with neurodegeneration.

We have demonstrated in this study that the prion-like domain of HNRNPUL1
performs a similar function to the PrLDs found in other ALS-causing binding factors.
IP/mass spectrometry assays detailed that this region is critical for the formation of
many of HNRNPUL1’s interactions, including with other ALS-causing RBPs that bind
HNRNPUL1 in an RNA-independent manner (Figure 5.1, Figure 5.5). Interestingly,
given the widespread literature on the role of RGG boxes in RNA-binding, mRNP
captures assays described in Chapter 3 demonstrated that HNRNPUL1 can efficiently
bind mRNA without its PrLD (Figure 3.14). This experiment revealed that disrupting
the ability of HNRNPUL1 to bind nucleotides also has a limited impact in the RNA-
binding capacity of the protein. These findings strongly imply that more than one
domain of HNRNPUL1 has RNA-binding capacity. A recent study revealed that the
NTP-binding region of HNRNPU, which is highly homologous in sequence to that of
HNRNPUL1, is indeed capable of binding RNA (Panhale et al., 2019). It is also
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important to note that the mRNP capture assay is global and non-quantitative, so
subtle effects on RNA-binding ability may not be recognised. It could well be the case
that the Walker A and PrLD mutations alter which mRNAs HNRNPUL1 targets, and
these changes would not be detected by this assay. In addition, only messenger RNAs
are analysed, and given the role of HNRNPUL1 in small RNA biogenesis identified in
this study this is clearly an incomplete representation of the overall RNA interactome
of HNRNPULA1. Incorporating these mutants into RIP/RIP-seq assays would enable
both the identification of minor changes in RNA-binding affinities as well as the
assessment of transcript interactions on an individual basis. Isolated HNRNPUL1
domains could also be purified and tested in /in vifro RNA-binding assays for RNA-

binding capacity.

We have also demonstrated that the interaction between HNRNPUL1 and ALS-
causing RBP FUS inhibits the RNA-binding capacity of HNRNPUL1 (Figure 5.10).
These assays were performed in a cell line where FUS expression is permanently
knocked out. Thus, there is a very strong selective pressure on these cells to develop
adaptations to counter the loss of this important protein. Therefore, confirming this
finding by repeating the assay in a system where FUS levels have been
downregulated via an alternative mechanism such as siRNA may be prudent. If
confirmed, it would be interesting to test in future whether ALS-causing mutations in
FUS disrupt this ability to regulate the RNA-binding capacity of HNRNPULA1. If this is
indeed the case, then dysregulated HNRNPUL1 RNA-binding may be an as yet
unrecognised component of the molecular pathology underpinning cases of FUS-

related ALS.

Disrupting the nucleotide-binding capacity of HNRNPUL1 strongly increases its
ability to associate with several ALS-causing proteins, as well as a variety of other
transcription and splicing factors (Figure 5.2, Figure 5.3). Although this mutant also
displays an increased chromatin association (Figure 5.4), the enhanced binding

between HNRNPUL1 and these chromatin-associated factors is unlikely to be simply
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due to increased proximity, as previous work in the Wilson lab has demonstrated that
the HNRNPUL1 Walker A mutant also binds TAF15 more strongly /in vitro (Wilson lab,
unpublished). Therefore, the increased binding observed reflects a genuine increase
in affinity between HNRNPUL1 and these proteins in the absence of an associated

nucleotide.

In light of the many properties shared between HNRNPUL1 and other ALS-causing
RNA-binding factors, the identification of ALS patients possessing HNRNPUL1
mutations by our collaborators at SITraN is an important discovery. Several criteria
were imposed to decrease the likelihood that the mutations identified were not random
polymorphisms. However, to ultimately prove that these mutations are ALS-causing,
for each case a family pedigree that demonstrated clear linkage between the
inheritance of the mutation and the manifestation of the condition would need to be
generated. This would not be possible for the small percentage of these HNRNPUL1
cases identified that appear sporadic, however the A50T, S249N, R468C and R639C
mutations investigated in this study are all present in patients with the familial form of
the condition, and therefore the generation of a family pedigree tracking these

mutations could be undertaken.

Interestingly, HNRNPUL1 expression levels were reduced in the LCL derived from
the ALS patient possessing the S249N mutation (Figure 5.19), and a minor snoRNA
defect was identified (Figure 5.20). It would be interesting to further investigate this
snoRNA defect by performing small RNA-seq in this patient LCL in the future, to
assess whether this downregulation occurs globally. It is perhaps unsurprising that
this phenotype was modest compared to the HNRNPUL1-AID line, given that this
patient was identified as a heterozygote, possessing one normal copy of the
HNRNPUL1 gene (Figure 5.18). This may also account for the lack of Ser5P
phosphorylation defect observed in Western analyses performed on total cell lysates
harvested from these cells. In studies examining the effect of FUS knockdown on CTD

phosphorylation, CTD phosphorylation changes were also too subtle to be identified
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via this method. Instead, ChlP-seq assays were performed using antibodies specific
to phosphorylated isoforms of RNAPII, and only then were defects recognised
(Schwartz et al., 2012). Therefore, it may be advisable to perform Ser5P ChlP-seq
assays in this LCL to definitively determine whether the S249N HNRNPUL1 mutation

does affect the levels and distribution of this post-translational modification.

HNRNPUL1-AID/SB-HNRNPUL1 complementation lines have been generated for
three ALS mutants — A50T, R468C and R639C. As the wild-type form of the protein
did not fully complement the HNRNPUL1-AID line with regards to the RNA transcripts
tested via qRT-PCR, likely as a result of overexpression, it is difficult to draw strong
conclusions concerning the effects of these patient mutations. Increasing the number
of replicates in the assay would likely reduce the error bars generated and therefore

more subtle effects will be more easily identifiable.

Nevertheless, it is interesting to note that the SB-HNRNPUL1-R639C mutant did
not complement any of the small RNAs analysed, and only EGR1 to a statistically
significant degree (Figure 5.23). This mutation lies within the PrLD of HNRNPUL1 that
we have shown is critical for forming many of HNRNPUL1’s interactions. This residue
has also been identified as a likely arginine methylation target (Gurunathan et al.,
2015). Therefore, it would be of great interest to examine the impact of this mutation

on the interactome of HNRNPUL1 in future studies.

However, it is possible that the mechanism by which these mutations inhibit the
function of HNRNPUL1 is via destabilisation of the protein and resulting decreased
expression, as displayed by the S249N mutation in the LCL derived from the ALS
patient possessing that mutation. Hence, this reduction in expression would have to
be mimicked in functional assays involving that mutant for any defects to be observed.
In addition, ALS is in most cases an adult-onset disorder, suggesting that ALS-causing
mutations initially trigger only minor cellular insults, which then build up over a long
period of time before becoming fully neurotoxic. Therefore, experiments performed

with relatively young cells, such as the complementation assays described in Chapter
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5, may have been conducted over an inappropriately short timescale to identify the
adverse effects of these mutations. Finally, as ALS symptoms are generated by injury
and cell death of motor neurons, it would be advisable to conduct future functional

assays in neuronal or neuronal-like cells.
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