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Abstract: Mammalian genes are transcribed as precursors – pre-mRNA. They
contain coding sequences (exons) and non-coding sequences (introns). Splicing,
a process of cutting out introns and joining exons to generate mature mRNA,
is carried out by a spliceosome. The spliceosome consists of five small nuclear
ribonucleoprotein (snRNP) particles and numerous associated proteins. Its as-
sembly is a complex process involving a specific nuclear sub-compartment, the
Cajal body (CB). Here, we investigate function of the CB scaffold protein, coilin,
in snRNP quality control in HeLa cells. Sequestration of immature snRNP in
coilin-deficient cells is analysed by fluorescence in situ hybridisation. We show
that without coilin the cells are unable to sequester them. Next, we provide
evidence that absence of coilin does not sensitise HeLa cells for perturbation in
snRNP maturation in terms of cell proliferation. Moreover, coilin deficiency does
not result in significant changes in U4, U5 or U6 snRNA steady state levels.
Therefore, coilin, and, in this way, Cajal bodies do not become essential under
the conditions of strained snRNP biogenesis.

Keywords: coilin knockout, spliceosomal assembly, incomplete snRNP particles,
PRPF6
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Abstrakt: Savč́ı geny jsou transkribovány ve formě prekurzor̊u – pre-mRNA. Ob-
sahuj́ı kóduj́ıćı sekvence (exony) a nekóduj́ıćı sekvence (introny). Sestřih, proces
odstraněńı intron̊u a spojeńı exon̊u za účelem vytvořeńı zralé mRNA, se provád́ı
pomoćı spliceosomu. Spliceosom se skládá z pěti malých jaderných ribonukleo-
proteinových (snRNP) částic a četných asociovaných protein̊u. Jeho skládáńı je
složitým procesem, kterého se učástńı specifický jaderný subkompartment, Ca-
jalovo těĺısko (CB). V této práci zkoumáme funkci CB scaffoldového proteinu,
coilinu, při kontrole kvality snRNP v HeLa buňkách. Sekvestrace nehotových
snRNP částic v buňkách bez coilinu je analyzována pomoćı fluorescenčńı in situ
hybridizace. Ukazujeme, že buňky bez coilinu nejsou schopny nehotové snRNP
částice zachytit. Dále, poskytujeme d̊ukazy, že nepř́ıtomnost coilinu nezvyšuje
citlivost HeLa buněk v̊uči defekt̊um ve zráńı snRNP částic z hlediska buněčné
proliferace. Nav́ıc, nedostatek coilinu nevede k významným změnám hladin U4,
U5 nebo U6 snRNA. Proto se coilin, a tud́ıž ani Cajalova těĺıska, nestávaj́ı
nezbytnými v podmı́nkách defektńı biogeneze snRNP částic.

Kĺıčová slova: coilinový knockout, skládáńı sestřihového komplexu, nehotové
snRNP částice, PRPF6
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1. Introduction
Biology of ribonucleoprotein complexes has been studied for years. RNA is

capable of doing fascinating things in collaboration with proteins. Among those
are protein synthesis (ribosomes), protection of genetic information during cell
division (telomerase), splicing (spliceosome) and more.

Generally, eukaryotic genes are transcribed as precursors which are called pre-
mRNA. They contain coding sequences (exons) and non-coding sequences (in-
trons). Typically, in human, there are around two hundred base pair long exons
interspersed with ten times longer introns. Splicing is a process of cutting out
introns and joining exons so that a functional product – mRNA – is ready to
proceed to the cytoplasm and serve as a template for protein synthesis. This is
a multi-step process carried out and regulated by a huge number of participants.
This thesis is mostly concerned with assembly, transport and quality control of
small nuclear ribonucleoproteins which are constituents of a large spliceosomal
complex.

Spliceosomal assembly happens along a convoluted pathway traversing a num-
ber of cellular compartments. Its RNA and protein compounds have to be pro-
duced and modified at an appropriate rate in the correct location. Coherently,
it is not a surprise that quality control mechanisms are always in place. They
strictly regulate competence of intermediates to be transported, join with other
constituents or take part in splicing. Should those mechanisms fail, it may lead
to pathological states like spinal muscular atrophy or retinitis pigmentosa.

One of the hubs involved in quality control is a Cajal body. It is a nuclear
sub-compartment explicitly visible under the microscope in lots of metabolically
active cells. In case small nuclear ribonucleoprotein structure is compromised,
they accumulate in Cajal bodies in substantial quantities. One of the plausible
mechanisms enabling accumulation is related to coilin. This protein is a Cajal
body scaffold – a certain platform helping to bring together various molecules or
even sequester the faulty ones. Is coilin a truly essential protein for small nuclear
ribonucleoprotein quality control?

A gene knockout (KO) is a widely used technique to study gene function. This
thesis inquires into possible differences in phenotype of normal cells in comparison
to a coilin knockout cell line. By uncovering these differences, we would be able
to better comprehend how important role coilin, and, by extension, Cajal bodies,
play in spliceosomal assembly and function.
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2. Literature review

2.1 Spliceosome
Spliceosome is a gigantic highly dynamic structure primarily involved into pre-

mRNA splicing. It is of great importance because the vast majority of genes in
higher eukaryotes contain introns that have to be spliced out to ensure function-
ality of the product. Spliceosomal complex is also notable due to the existence
of alternative splicing, a mechanism behind striking diversity of different protein
isoforms originating from a single gene. In this part of the literature review,
we will sum up what is known about spliceosomal structure and function with
principal focus on its RNA element.

2.1.1 Structure and Function
Various methods of structural analysis like X-ray crystallography, NMR studies

and cryo-electron microscopy were employed to reveal what we know about the
spliceosome nowadays. It is a multimegadalton complex composed of RNA with
its core proteins and several associated non-snRNP proteins.

snRNA and associated proteins

The small nuclear ribonucleoprotein (snRNP) consists of a small nuclear RNA
(snRNA) – U1, U2, U4/U6 or U5 – in complex with common Sm (or Like-Sm –
LSm) proteins and other particle-specific core proteins. As visible from Fig. 2.1,
snRNAs differ in their length and secondary structure. All but one snRNAs
are transcribed by RNA polymerase II and acquire a trimethylguanosine cap,
whereas U6 is transcribed by RNA polymerase III and has a gamma-monomethyl
triphosphate guanosine cap (Reddy and Busch [1988], Singh and Reddy [1989]).
The snRNAs are post-transcriptionally modified by pseudouridylases and 2′-O-
methylases (extensively reviewed in Karijolich et al. [2010]). All spliceosomal
snRNAs possess a U-rich sequence (Pu-A-U4-6-G-Pu) in their 3′ region. It is
known as Sm-site in U1, U2, U4 and U5 snRNA since a ring of Sm proteins is
assembled there. A set of paralogous LSm proteins assemble on a similar U-rich
LSm-site in case of U6 (Branlant et al. [1982]) .

There are at least ten proteins constituting each snRNP (Fig.2.1). Seven of
them are ”ever-present” Sm proteins – B, D1, D2, D3, E, F and G. As mentioned
above, they form a characteristic ring on a short uridine-rich single stranded
stretch of the snRNA, between two pronounced hairpins. The structural analysis
by Pomeranz Krummel et al. [2009] and Grimm et al. [2013] showed that snRNA
is threaded through the central hole of the ring. The Sm proteins are evolutionary
well-conserved. Members of the Sm family contain a so-called ”Sm fold” enabling
binding to neighboring Sm proteins within a formed ring (Scofield and Lynch
[2008]). The C-termini of B, D1 and D3 Sm proteins have an RG-rich region (e.g.
RGRGRGMGRG position 110-119 of human Sm D3) known to be symmetrically
methylated. This methylation is important for interaction with the survival motor
neuron (SMN) complex and the Sm ring assembly on snRNAs (Meister et al.
[2001b], Bradbury et al. [1975]).
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snRNP snRNA Sm and other core proteins associated with snRNA 

U1 164 nt B, D3, G, E, F, D2 and D1;
U1-70K, U1A, U1C

U2 188 nt B, D3, G, E, F, D2 and D1;
U2A, U2Bʹʹ, SF3B60, SF3A66, SF3A120, SF3B14B, SF3B14A, 
SF3B155, SF3B145, SF3B130, SF3B49 and SF3B10 

U4/U6 144 nt and 
107 nt

U4: B, D3, G, E, F, D2 and D1; U6: LSm2–8;
PRPF3, PRPF31, PRPF4, 15.5K/NHPX, SART3, PPIH

U5 116 nt and 
117 nt

B, D3, G, E, F, D2 and D1;
PRPF8, PRPF6, DDX23, SNRNP200, EFTUD2, SNRNP40, 
CD2BP2 and TXNL4A

Figure 2.1: Composition of snRNPs [based on Matera and Wang [2014]]

Length and secondary structure of human snRNAs and protein composition of pertinent
snRNPs are shown.

As mentioned earlier, instead of Sm complex U6 snRNA contains a ring of
related but distinct Like-Sm proteins. They also contain a highly conserved Sm
folds and their heptamers adopt a donut-like shape. The yeast LSm2–8 complex
is known to associate with U6 snRNA in a different manner – by, so-called, ”end
recognition” or ”capping”: the 3′ end of U6 snRNA is anchored by LSm3 and
the preceding three nucleotides are recognised by LSm2, LSm8 and LSm4 (Zhou
et al. [2014]).

The U1 core proteins are not numerous making U1 snRNP the smallest among
the spliceosomal snRNPs (Fig. 2.2b). Its structure has been solved in 2009 by
Pomeranz Krummel et al. [2009]. One of the U1 snRNP proteins – U1C – contains
a zinc-finger domain that stabilises the pre-mRNA/U1 snRNA interaction at the
earliest steps of splicing (Kondo et al. [2015]). Other proteins known to associate
with U1 snRNP in human function as alternative splicing factors facilitating
recognition of weaker splice sites (Puig et al. [2007]).

The U2 snRNP elongated flexible structure has been well described for S. cere-
visiae (Plaschka et al. [2017], Bai et al. [2018]). Apart from Sm-ring, there are
a host of proteins (Fig. 2.1): the U2A-U2B hetero-dimer (Msl1-Lea1 in S. cere-
visiae), SF3A (containing Prp9, Prp11, Prp21 in S. cerevisiae), and SF3B (con-
taining Rds3, Hsh155, Cus1, Rse1, Hsh49 and Ysf3 in S. cerevisiae) subcom-
plexes. The SF3B proteins associate with 5′ end of U2 snRNA, whereas Sm ring
and U2A-U2B associate with 3′ part, the SF3A subcomplex bridges the two –
this creates a distinct bipartite arrangement of U2 snRNP rendering it limber
and well-suited for the large scale movements during splicing (Fig. 2.2c).

The Y-shape tri-snRNP structure has been solved as well (Nguyen et al.
[2015]). It is the largest pre-assembled complex made of U5 snRNA, U4/U6
snRNAs duplex and numerous proteins (Fig. 2.2a). In addition to the U5 and
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(a) tri-snRNP (b) U1 snRNP

(c) U2 snRNP

Figure 2.2: U1, U2 and tri-snRNP structures, reproduced from [Pomeranz Krum-
mel et al. [2009], Charenton et al. [2019], Zhang et al. [2020]]

U4/U6 specific proteins, the tri-snRNP also contains SNRNP27, SART1 and
USP39 in its core. The key protein components of the tri-snRNP are PRPF8,
PRPF6, SNRNP200 and EFTUD2. PRPF8 takes part in pre-mRNA positioning
and closely associated with the catalytic RNA. PRPF8 accommodates the active
site inside one of its domains after the spliceosomal activation – a maturase-like
function (Galej et al. [2013]). PRPF6 is a helix–loop–helix motif rich protein
(Makarov et al. [2000]). It is thought to form a bridge between U5 and U4/U6
snRNPs within the tri-snRNP (Liu et al. [2006]), and so, PRPF6 is vital for
the correct assembly of this 1.5 MDa structure. SNRNP200 is a DExD/H box
ATPase which catalyses disentanglement of the extensively base-paired U4/U6
snRNAs, crucial step of splicing (Raghunathan and Guthrie [1998]). EFTUD2 is
a GTPase that controls SNRNP200 helicase activity (Small et al. [2006]).

There are a number of non-snRNP associated proteins which are vital for splic-
ing. The most well-known examples are SF1 – a U2-associated protein recognising
the branch site, and DHX16 in – one of the proteins driving transitions during
the splice reaction (Shi [2017]).
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Splicing

Splicing is a cotranscriptional process which means shared regulation and close
cooperation with the transcriptional machinery (Das et al. [2006], Hicks et al.
[2006]). It is necessary to mention that two different spliceosomal machineries
exist in the vast majory of cells: the major (a.k.a. U2-dependent) and the less
abundant minor (a.k.a. U12-dependent) spliceosome (Kreivi and Lamond [1996]).
In this thesis, exclusively the first type will be described.

The main source of information for a proper splicing reaction to occur is the
pre-mRNA itself. The sequences to be cut out – introns – are marked by short,
conserved regions: 5′ splice site (5′ ss) and 3′ splice site (3′ ss). Additionally, inside
the intron, upstream of the 3′ ss, another conserved region is located - branch site
(BS). Other cis-acting elements are known including exonic and intronic splicing
enhancers and silencers (Wang and Burge [2008]).

Regulation in cis alone is not sufficient to ensure the required degree of ac-
curacy. It is when de novo assembly of the spliceosome comes in handy. By a
stepwise process of its assembly, the spliceosome helps define exon-intron bound-
aries. The snRNAs play a central role as adaptors. They adjust pre-mRNA
position in a favourable way for the reaction to occur. Moreover, the data ac-
quired so far indicate that spliceosome is an RNP enzyme, and thus catalyses the
splicing reaction (Matera et al. [2007]).

Figure 2.3: Splicing [reproduced from Wilkinson et al. [2020]]

The process starts with the U1 and U2 snRNPs marking the intron (the
5′ ss and the BS, respectively) based on sequence recognition, and recruiting
the U4/U6.U5 tri-snRNP (Fig. 2.3). Next, with the aid of DDX23 DEAD-box

5



helicase, the 5′ ss is transferred to base-pair with U6 snRNA instead of U1 snRNA
causing release of the latter. After that, extensive base-pairing between U6 and
U4 snRNAs is dissociated by SNRNP200 protein helicase activity. The separa-
tion causes a conformational change that brings together the crucial U6 and U2
snRNA moieties. Those fold into the spliceosome active centre harboring two
metal ions necessary for coordination of trans-esterification reactions. The BS
adenosine nucleophilic 2′O attacks the phosphorus of 5′ ss, resulting in a free 5′

exon and the lariat–3′ exon intermediate. U5 snRNA is responsible for tethering
the 5′ exon to the spliceosome after the first reaction and alignment of both exons
for the second one. Finally, the exons are ligated and the intron is removed by
the second trans-esterification reaction between the 5′ exon 3′ OH group and the
phosphorus atom of the 3′ ss (Atkins [2011], Wilkinson et al. [2020]).

Despite this wealth of knowledge, our understanding of this mechanism is not
complete. In particular, the transitions between spliceosomal conformations dur-
ing splicing are not entirely without a gap, as well as the full extent of interactions
between the spliceosome and RNA polymerase.

2.1.2 Biogenesis of spliceosomal snRNPs
Transcription and processing

All snRNAs, except of U6, are transcribed by RNA polymerase II. Their cor-
responding genes consist of a specific snRNA promoter, a coding region and a
termination unit. The promoter stretches from distal sequence element (DSE)
positioned at –220 to proximal sequence element (PSE) located at around –55 to
the transcription start site. Another important feature of the transcription units
of those snRNAs is a 3′ box at 9–19 region downstream of the mature 3′ end. The
3′ box is crucial for the 3′ end processing (Hernandez [2001], Hernandez [1985],
Fischer et al. [2011]).

Opposed to the rest, U6 snRNA is transcribed by RNA polymerase III. In
addition to DSE and PSE, its gene contains a TATA-box between PSE and the
transcription start site. The 3′ box is absent. Instead, there is a stretch of uridine
residues at the snRNA 3′ end (Hernandez [2001]).

Numerous trans-acting factors regulate transcription initiation of Sm-class
snRNAs. In mammals, general transcription factors (TBP, TFIIB, TFIIA, TFIIF,
TFIIE, TAF100 and probably TFIIH), as well as ubiquitous POU2F1, ZNF143
and pentameric SNAPC, bind to the promoter region allowing RNA polymerase
II recruitment. The Integrator complex is also necessary for initiation, it binds
to phosphorylated C-terminal domain (CTD) of the RNA polymerase. The pro-
cesses of snRNA capping and 3′ cleavage are thought to occur in tight association
with transcription (Henry et al. [1998], Matera and Wang [2014]).

Apart from binding of PUO2F1 and ZNF143 to DSE and SNAPC to PSE,
U6 gene transcription initiation requires TBP and the general RNA polymerase
III specific factors (e.g. TFIIIB). U6 snRNA acquires a triphosphate guanosine
cap. The gamma-monomethyl group on the cap is added post-transcriptionally
(Reddy [1988]).

RNA synthesis continues beyond the mature 3’end of Sm-class snRNAs. The
termination happens by means of an endonucleolytic cleavage at the 3’ box. The
Integrator complex, bound to the CTD as mentioned earlier, mediates the reac-
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tion (Egloff et al. [2010], Matera and Wang [2014]). Following the 3’ processing,
the mature snRNA is exported to the cytoplasm.

It is probable that U6 snRNA termination happens via catalytic inactivation
and backtracking of RNA polymerase III. The enzyme uses a poly-T stretch as
termination signal (Nielsen et al. [2013]). Moreover, U6 snRNA is not exported
to the cytoplasm for maturation but remains in the nucleus (Fischer et al. [2011],
Hamm and Mattaj [1989]).

Export, cytoplasmic assembly and import

All snRNAs, except for U6, undergo cytoplasmic export, where first matura-
tion steps take place (Fig. 2.4). The gene clusters of snRNA associate with a par-
ticular nuclear body – the Cajal body (CB) – and, interestingly, this association is
mediated by the short nascent snRNA (Frey et al. [1999]). In fact, ”pre-snRNA”
is temporarily accumulated in the CB along with the associated proteins essential
for export (Frey and Matera [2001], Suzuki et al. [2010]). The short transcripts
are bound by the following mammalian proteins: CBP80, CBP20, PHAX and
ARS2. NONO and SFPQ promote PHAX binding (Izaurralde et al. [1995], Ohno
et al. [2000], Hallais et al. [2013], Izumi et al. [2014]). The bound proteins link
the snRNA cap to an active exportin complex – CRM1/Ran/GTP, which pro-
motes snRNA export via interaction with nuclear pore components. It appears
that assembly of the to-be-exported complexes could be facilitated and surveyed
in the CBs (Suzuki et al. [2010], Boulon et al. [2004]). Later, in the cytoplasm,
Ran GTPase is able to hydrolyse GTP leading to the dissociation of the whole
complex (Askjaer et al. [1999]). The snRNA has thus been exported and will now
enter the cytoplasmic maturation phase.

Three major steps have to occur in order for the snRNP to be formed and
imported back to the nucleus. Those are formation of the Sm core, hypermethy-
lation of the cap and trimming of the 3’ end.

A ring of seven Sm proteins, described in Section 2.1.1, assembles around the
Sm site of snRNAs (Fig. 2.4). It is paramount for stabilisation of snRNP, pro-
tection against nucleases, as well as downstream processing and import (Matera
and Wang [2014], Roithova et al. [2018], Roithova et al. [2020]). In mammals,
the assembly is highly controlled by the survival motor neuron (SMN) protein,
GEMINs 2-8 and unr-interacting protein (UNRIP) which together form the SMN
complex (Meister et al. [2001a], Carissimi et al. [2005]). Three other proteins –
methylosome protein 50, pICln and protein arginine N-methyltransferase 5 – par-
ticipate in the assembly (Meister et al. [2001b], Meister and Fischer [2002]). They
sequester Sm proteins, methylate Sm B, D1 and D3 and orchestrate formation
of the Sm ring intermediate structures before association with the snRNA. It is
known that GEMIN 5 in particular is responsible for the correct snRNA recruit-
ment to the SMN complex (Yong et al. [2010]). At last, the SMN complex aids
in the Sm ring closure around the snRNA rendering the core snRNP complete.

Next, snRNP is subjected to the cap hypermethylation by TGS1 – a human
methyltransferase that converts a methylguanosine cap to a trimethylguanosine
cap (Mouaikel et al. [2002]) – and the snRNA 3′ end is exonucleolytically processed
by TOE1 (Hernandez and Weiner [1986], Lardelli and Lykke-Andersen [2020]).

Eventually, the Sm ring and trimethylguanosine cap serve as a signal that the
snRNP is ready to be imported into the nucleus (Fig. 2.4). Snurportin 1, adaptor
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for importin β, binds the cap (Huber et al. [1998]). The SMN complex could
be imported alongside the core particle and appears to play a role in the snRNP
binding to importin β (Narayanan et al. [2002]). It has been shown that depletion
of importin β inhibits snRNP import into the nucleus (Palacios et al. [1997]).The
snRNP enters the nucleus in an energy independent way (Huber et al. [2002],
Wohlwend et al. [2007]).

Final maturation steps

While U1, U2, U4 and U5 snRNAs travel outside of the nucleus and back,
U6 snRNA remains within its boundaries. Here it acquires a stretch of uridines
on its 3′ end added by human TUT1 (Lund and Dahlberg [1992], Trippe et al.
[2006]). The uridines serve as a binding site for La proteins which protect the U6
snRNA 3′ end before LSm ring assembles there (Achsel et al. [1999], Rinke and
Steitz [1985]). The complex is relocated to the nucleolus, where it is subjected
to 3′ processing by specific enzymes (Gu et al. [1997]), pseudouridylation and
2′-O-methylation by small nucleolar RNAs (Ganot et al. [1999]). Furthermore,
the pre-formed LSm ring is also loaded onto U6 snRNA in the nucleolus, most
probably in a single step (Licht et al. [2008]). After all the processing, U6 snRNA
is transported to the CB in complex with SART3 to complete snRNP assembly
including its annealing to U4 snRNA (Stanek et al. [2003]).

Loading of snRNP-specific proteins is aided by chaperons and takes place in
the nucleus after the core particles are imported (Romac et al. [1994], Kambach
and Mattaj [1994], Novotny et al. [2015]). These proteins contain NLS and it
is thought that their import is independent of the core particles (Kambach and
Mattaj [1992], Jantsch and Gall [1992]). The Cajal body is the place where Sm-
class snRNAs accumulate right after the import (Sleeman and Lamond [1999]).
Here, snRNAs get modified (pseudouridylation and 2’-O-methylation) with the
aid of small Cajal-body specific RNA (scaRNA) (Jady et al. [2003]). As men-
tioned before, nucleotide modifications are crucial for snRNA stability, as they
also increase the level of specificity when it is time for snRNP-specific proteins to
bind (Yu et al. [1998]). The Cajal body assists in snRNP formation by providing
a favourable chemical environment (Novotny et al. [2011]), especially by bringing
snRNAs, associated proteins, chaperones, etc. into close proximity (see Section
2.2.2 for more detail). There is plenty of evidence suggesting that it is the site
where specific proteins meet their RNA partners (Novotny et al. [2015],Bizarro
et al. [2015]), and where assembly of U2 snRNP and tri-snRNP is finalised (Nesic
et al. [2004], Schaffert et al. [2004], Stanek and Neugebauer [2004], Tanackovic
and Kramer [2005]). In the CB, SART3 helps U6 and U4 snRNPs form the
di-snRNP: it contains an RNA recognition motif that facilitates snRNA associ-
ation. The following interactions with PRPF31, PRPF3 and PRPF4 promote
the di-snRNP stabilisation (Nottrott et al. [2002]). To form a mature tri-snRNP,
U5 snRNP incorporation is required. Until that time, immature di-snRNPs re-
main within the CBs (Schaffert et al. [2004], Stanek and Neugebauer [2004]).
The most prominent protein component of U5 snRNP is PRPF8, through which
the majority of protein-protein interactions occur. Therefore, association of U5
snRNA with PRPF8 is crucial for U5 snRNP integrity. Formation of the tri-
snRNP is mediated by PRPF6, PRPF31 anf PRPF3 and additionally stabilised
by snRNP27 (Novotny et al. [2015], Liu et al. [2006]).
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Figure 2.4: Biogenesis of Sm-class snRNP, reproduced from Matera and Wang
[2014]

Export of pre-snRNAs, cytoplasmic maturation steps and re-import are shown. The export
complex is assembled in the CB. Binding of several specific proteins, e.g. PHAX, is essen-
tial for export. After transport via the nuclear pore complex, the export complex dissociates.
Cytoplasmic maturation steps governed by the SMN complex take place. Loading of the sym-
metrically dimethylated Sm proteins onto the Sm site of snRNA finalises the core formation.
Hypermethylation and 3′-end trimming follow. Then, the import complex is assembled by
recruitment of importin β. After nuclear import, the snRNPs localise in the CBs. Here, snR-
NAs are modified and joint with other snRNP-specific proteins to produce mature snRNP
particles.
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The snRNP biogenesis reaches completion when higher order spliceosomal
structures, those competent to engage with the splicing machinery, are assem-
bled. After that, U1, U2 snRNPs and U4/U6.U5 tri-snRNP localise to nuclear
speckles functioning as a storage compartment for splicing factors (Sleeman and
Lamond [1999]).

2.2 Coilin
Coilin (UniProtKB: P38432) is a 63 kDa protein first visualised by human

autoimmune antibodies. Under the microscope, it generally exhibits a sublime
staining pattern of a number of explicit foci in the nucleus in addition to a diffuse
nucleoplasmic pool (Andrade et al. [1991], Raska et al. [1991]). Coilin is a ubiq-
uitous protein enriched in testis, in early and late spermatids (Thul et al. [2017],
Human Protein Atlas available from http://www.proteinatlas.org).

Figure 2.5: Human transcriptomics data from single cell types for coilin, repro-
duced from [Human Protein Atlas]

In Homo sapiens, it is encoded by a 7-exon gene on 17q22 (NCBI ID: 8161).
Two transcripts are predicted: one full-lenght, confirmed experimentally to re-
sult in a 576 amino acid polypeptide; and another short putative splice variant,
possibly resulting in a 37 amino acid polypeptide aligning with 81-109 region of
the full-lenght protein. This gene has pseudogenes on chromosome 4 and chro-
mosome 14. Coilin is widely accepted as a Cajal body marker protein, however,
its structure and function are still poorly understood.

2.2.1 Structure
The most conserved regions of coilin are its N- and C-termini. The N-terminus

is crucial for coilin’s ability to self-interact. It appears to be a common theme
for other nuclear body specific proteins – they are also able to self-oligomerise
(e.g. PML, SMN and SAM68) – underlining a common feature assisting a highly
organised eukaryotic nucleus in existence (Lorson et al. [1998], Chen et al. [1999],
Ishov et al. [1999]). In fact, the coilin first 92 amino acid residues are necessary
and sufficient to localise a protein to Cajal bodies (Hebert and Matera [2000]).
The low complexity middle part of the protein does not seem to be conserved
(Machyna et al. [2015]). There are two nuclear localisation signals. Between
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them, in the position 160-168, a cryptic nucleolar localisation signal, MDM2-like
basic sequence, has been reported (Hebert and Matera [2000]). Based on this
finding, one could speculate that coilin possesses an ability to fold alternatively
and interact with components of the nucleolus.

Coilin is a phosphoprotein phosphorylation of which was thought to be cell-
cycle dependent and to only occur on serine residues (Carmo-Fonseca et al.
[1993]). There are several serine patches at 242–259 and at 312–325 which could
be potentially phosphorylated, as well as a consensus phosphorylation site at S184
(Hebert and Matera [2000], Sanz-Garcia et al. [2011]). Recent tandem MS/MS
analysis indicated phosphorylation of several amino acids in the middle region
(T122, S271, S272, T303, S489) and presence of six C-terminal phosphoresidues
important for proper localisation (S566, S568, T570, S571, S572, T573) (Hearst
et al. [2009]). An arginine and glycin rich region, the so-called RG box, found
at 392-420 is required for interaction with the SMN complex and appears to be
specific for vertebrates (Hebert et al. [2001]).

Coilin C-terminus, being well-conserved, adopts a Tudor domain-like struc-
ture which bears numerous similarities to the domains like ”Kyprides, Ouzounis,
Woese”, ”conserved domain within Cul7, PARC, and HERC2 proteins” and ”SRC
Homology 3” (Shanbhag et al. [2010]). This implicates coilin’s potential to bind
methylated amino acids like symmetrically dimethylated arginines present in Sm
proteins. However, a combination of bioinformatics, deletion analysis and NMR
spectroscopy performed by (Shanbhag et al. [2010]) did not reveal any obvious
amino acid patterns in favour of such an implication.

2.2.2 Function
Viewed primarily as a Cajal body marker and scaffold protein, coilin function

is tightly related to this nuclear sub-compartment. However, Lam et al. [2002]
report that only 30% of coilin resides there, the rest is nucleoplasmic. Cajal
bodies disappear during mitosis and reform in the early interphase, with the
highest number of them being present at mid to late G1. Interestingly, coilin level
remains constant throughout the cell cycle (Andrade et al. [1993]), however, its
phosphorylation status does not, pointing out the mechanism by which integrity
of the Cajal bodies is regulated (Carmo-Fonseca et al. [1993], Hebert and Matera
[2000]). Gems are another nuclear structure rich in coilin since they often co-
localise with Cajal bodies and contain similar proteins, like SMN complex. It
was suggested that methylation of coilin RG box determines whether the SMN
complex is transported to gems or to Cajal bodies (Hebert et al. [2002]).

The Cajal body, first described by Ramon-y-Cajal in neuronal cells, is a curi-
ous nuclear domain ranging from 0.15 to over 1.5 µm in diameter. Coilin is re-
quired for formation of the Cajal bodies in Homo sapiens (Carmo-Fonseca et al.
[1993]), in Mus musculus (Tucker et al. [2001]), Drosophila melanogaster (Liu
et al. [2009]), and in Danio rerio (Strzelecka et al. [2010]). The data provided by
Kaiser et al. [2008] showed that the Cajal body can be formed de novo in presence
of its constituents (coilin, SMN complex, spliceosomal snRNPs and scaRNPs),
and assembles as a self-organising structure. It was suggested that the Cajal
body is an snRNP maturation site (Matera and Shpargel [2006]). Therefore, it is
rational to assume that coilin itself plays a notable role in snRNP metabolism.
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First of all, coilin brings together various components like: i. relevant threads
of chromatin – genes for histones and snRNAs (Machyna et al. [2014]), U4, U11,
and U12 snRNA loci (Jacobs et al. [1999]), as well as U2 and U1 snRNA loci
(Smith et al. [1995]); ii. RNA molecules – snRNA, scaRNA (Enwerem et al.
[2014]), snoRNA (Boulon et al. [2004], Machyna et al. [2014]); iii. protein factors
– Sm proteins (Xu et al. [2005]), SART3 (Novotny et al. [2015]), a subunit of
Integrator complex (Takata et al. [2012]), nucleolar and coiled-body phospho-
protein 1 (Nopp140) (Isaac et al. [1998]), ankyrin repeat and sterile alpha motif
domain-containing protein 1B (AIDA1c)(Xu and Hebert [2005]) etc. The par-
ticular sites of interaction are in Fig. 2.6. By this, coilin sets up a favourable
environment for the appropriate biochemical processes to take place, as well as
providing a plausible mechanism how to sequester faulty participants from the
snRNP biogenesis pathway.

Figure 2.6: Coilin schematic structure, interaction partners and formation of the
Cajal body [reproduced from Machyna et al. [2015]]

Secondly, during their biogenesis, as was described in 2.1.2, snRNA and pro-
teins participating in the snRNP assembly frequently enter and leave the Cajal
body. Probably, there is a CB-associated snRNA surveillance step before the
snRNA exit from the nucleus into the cytoplasm, since export-related proteins
are found within the CB. Next, the snRNP components pass through it after they
return or are de novo imported into the nucleus. Their transient localisation is
a clear sign of the CB-mediated facilitation and RNP remodeling taking place.
Presence of binding sites for major snRNA associated proteins like Sm, SMN,
SART3 etc., in coilin only reinforces the point. Moreover, depletion of PHAX,
knockdown of snRNP-specific proteins or impediment of the tri-snRNP formation,
in other words, anything that might lead to increased concentration of defected
snRNPs, triggers snRNA accumulation in and even de novo formation of Cajal
bodies in the cell type normally lacking those structures (Novotny et al. [2015],
Schaffert et al. [2004], Suzuki et al. [2010]. In concordance with that, transfor-
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mation process, associated with high levels of transcription and thus splicing,
also induces Cajal body formation (Spector et al. [1992]). On the other hand,
as Lemm et al. [2006] showed, Cajal bodies disintegrate upon SMN or PHAX
RNAi-mediated depletion. In those cases, coilin is dispersed in the nucleoplasm.
It has been recently shown that snRNPs accumulate in the CB in the Sm ring-
dependent manner (Roithova et al. [2018]). Therefore, there should be a factors
that is able to tether immature snRNPs via interaction with the Sm-ring. Coilin
is known to interact with individual Sm proteins. This suggests that coilin in
particular might be the factor that discriminate between mature and immature
snRNPs. The fate of snRNPs accumulated in the CB is unknown: they could be
stabilised for maturation completion or get degraded.

On top of all mentioned above, in vivo studies in mice and fish showed that
without coilin embryogenesis, fertility and even viability could be compromised
(Tucker et al. [2001], Strzelecka et al. [2010]). This strong effect on reproductive
function, especially in mice, points at the CB role in highly active cells like
embryonic, transformed or neuronal cells.

On the other hand, a number of differentiated cell types do not contain any
visible Cajal bodies indicating that their presence is not of critical importance
(Whittom et al. [2008]). Moreover, experiments in flies (Liu et al. [2009]) did not
show any detectable fertility decrease in coilin-null mutants. It means that, under
certain conditions, snRNP particles can assemble and recycle properly without
help of coilin. From the data analysed, it appears that aggregation of all the
necessary components inside the CB reflects the intensity of snRNP metabolism
rather than represent a feature fundamental for survival.

This ambiguity and incomplete understanding of coilin molecular function
prompted us to further investigate the relationship between snRNP biogenesis
and the CB major scaffold protein coilin.
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3. Aims of the thesis
We intended to test a hypothesis that coilin is a part of the control machinery

that monitors snRNP biogenesis. The primary goal of this thesis was to evaluate
the response of coilin-deficient cells under conditions of spliceosomal assembly
malfunction in order to understand the role Cajal bodies play in the fate of
incomplete snRNP particles.

In all three experimental parts, these conditions were achieved by performing
an siRNA-mediated knockdown of the snRNP component proteins resulting in
increased concentration of stalled tri-snRNP precursors.

The first part pursued the goal through visualisation of apparent differences in
coilin knockout cell phenotype. The second part was dedicated to assessment of
the coilin-deficient cells proliferation rate through analysis of cell viability. Lastly,
we aimed to estimate the change in snRNA steady state levels by means of RNA
quantification techniques.
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4. Materials and methods

4.1 Materials

4.1.1 siRNA, hybridisation probes, primers and
antibodies

siRNA Sequence (5′ to 3′) Manufacturer
NC5 (Silencer Nega-
tive Control 5 siRNA)

Ambion

PRPF6-siRNA AGGUUCCGAGCUACUUGUAGCtt Ambion
PRPF31-siRNA AAGCCAAAGCTTCAGAAGTtt Ambion
PRPF8-siRNA CCUGUAUGCCUGACCGUUUtt Ambion

Table 4.1: List of siRNAs

Target RNA Sequence (5′ to 3′) Purpose
U4 snRNA CCAGTGCCGACTATATTGCAAGTCGTCACG NB
U4 snRNA TCACGGCGGGGTATTGGGAAAAGTTTTCAATTAG-

CAATATCGCGCCT
FISH

U5 snRNA TTGGGTTAAGACTCAGAGTTGTTCCTCTCC NB
U5 snRNA CTCTCCACGGAAATCTTTAGTAAAAGGCGAAAGA-

TTTATACGATTTGAAGAG
FISH

U6 snRNA CACGAATTTGCGTGTCATCCTTGCGCAGGGGCCAT NB
U2 snRNA GAACAGATACTACACTTGATCTTAGCCAAAAGG-

CCGAGA
FISH

5S rRNA TCTCCCATCCAAGTACTAACCAGGCCCGACC NB

Table 4.2: List of hybridisation probes

Primer Sequence (5′ to 3′) Purpose
Random NNNNNN Reverse transcription
U4 snRNAF TGGCAGTATCGTAGCCAATG qPCR
U4 snRNAR CTGTCAAAAATTGCCAGTGC qPCR
U5 snRNAF CTCTGGTTTCTCTTCAGATC qPCR
U5 snRNAR TGTTCCTCTCCACGGAAATC qPCR
U6 snRNAF CGCTTCGGCAGCACATATAC qPCR
U6 snRNAR AAAATATGGAACGCTTCACGA qPCR
7SK RNAF GGAGGATCCGAGGGCGATCTGGCTGCGAC qPCR
7SK RNAR GCGGAATTCCGCAGATGGAGCGGTGAGGC qPCR

Table 4.3: List of primers
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Antibody Origin Manufacturer Purpose
anti-PRPF31 rabbit Abcam WB
anti-PRPF6 mouse Santa Cruz Biotechnology WB
anti-PRPF8 mouse Santa Cruz Biotechnology WB
anti-GAPDH mouse Abcam WB
anti-alfa tubulin mouse Facility of IMG ASCR WB

Table 4.4: List of antibodies

4.1.2 Solutions

3M NaCl
300mM sodium citrate, pH 7.0

Table 4.5: 20x SSC buffer

4x SSC
2% (wt/vol) BSA
20% (wt/vol) dextran sulfate solution

Table 4.6: RNA FISH hybridisation mix

25mM Tris-HCl
192mM glycine
0.1% (wt/vol) SDS

Table 4.7: SDS running buffer

40% acrylamide/N,N’-methylene-
bisacrylamide 37.5:1

1.25 ml

1.5M Tris-HCl pH 8.8 1.25 ml
10% SDS 25 µl
dH2O 2.42 ml
10% APS 50 µl
TEMED 2 µl

Table 4.8: Separating gel, 10% (5 ml vol.)
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40% acrylamide/N,N’-methylene-
bisacrylamide 37.5:1

310 µl

1M Tris-HCl pH 6.8 310 µl
10% SDS 13 µl
dH2O 1.83 ml
10% APS 25 µl
TEMED 3 µl

Table 4.9: Stacking gel (2.5 ml vol.)

25mM Tris-HCl
192mM glycine
20% (vol/vol)
methanol

Table 4.10: WB transfer buffer

5x TBE 2 ml
40% acrylamide/N,N’-methylene-bis-acrylamide 19:1 3.35 ml
10% APS 100 µl
TEMED 5 µl

Table 4.11: RNA separating gel (10 ml vol.)

0.5M Tris base
0.5M boric acid
0.01M EDTA (pH 8.0)

Table 4.12: 5X TBE stock solution

0.25M sodium phosphate buffer pH 7.2
1mM EDTA
1% (wt/vol) BSA
7% (wt/vol) SDS

Table 4.13: Church buffer

40% (vol/vol) dimethylformamide
2% (vol/vol) glacial acetic acid
16% (wt/vol) SDS

Table 4.14: DMF solubilisation solution

4.2 Methods

4.2.1 Cell culture
All the experiments were done using HeLa cells which grew in Dulbecco’s

Modified Eagle’s Medium with high glucose (Sigma-Aldrich) supplemented with
10% fetal bovine serum and antibiotics (penicillin and streptomycin). Cells were
cultured in 5% CO2 atmosphere at 37°C.
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20% (vol/vol) glycerol
2% (vol/vol) 2-mercaptoethanol
4% (wt/vol) SDS
250 mM Tris-HCl pH 6.8
0.02% (wt/vol) bromophenol blue

Table 4.15: 2x sample buffer

4.2.2 Transcfection of siRNA
HeLa cells were grown in culture till 50% confluent. All siRNAs were trans-

fected using Oligofectamine (Invitrogen) in line with the manufacturer’s protocol
- the transfection reagent and the 20µM siRNA were incubated in Opti-MEM
medium at room temperature for 5 min, mixed, incubated for further 20 min
and added to the cell medium. The cells remained in culture for 48 h before
proceeding to downstream experiments.

For MTT assay knockdown effect assessment, the cells were transfected on the
day of seeding. The exposition time is specified in Chapter 5.

Culture vessel siRNA and dilution vol. Oligofectamine and dilution vol.
6-well plate 5 µl in 70 µl 5 µl in 20 µl
24-well plate 1.25 µl in 17.5 µl 1.25 µl in 17.5 µl

Table 4.16: Transfection mix

4.2.3 MTT assay
HeLa cells were seeded in 24-well plates at different densities for:

i. calibration - two fold serial dilution from 20 x 104 to 2.5 x 104 per well;
ii. growth assessment - 1.25 x 104 per well and iii. knockdown effect assessment
- 5 x 104 per well.

MTT solution (5 mg/ml in PBS – stock solution) was added to the final con-
centration of 0.22 mg/ml: i. calibration - two hours after seeding; ii. growth
assessment - after 24 h, 48 h and 72 h of standard cultivation; iii. knockdown
effect assessment - 24 h, 48 h and 72 h after transfection.

The cells were incubated for 3 h in 5% CO2 atmosphere at 37°C. MTT for-
mazan crystals were then resolved by adding 0.5 ml of DMF solubilisation solution
(Table 4.14). The resulting mixture was pipetted up and down for better solubil-
isation and stayed on a shaker as long as crystals remain visible. Absorbance was
measured at a wavelength of 540 nm, and background substracted at 630 nm,
using a microplate reader (EnVision Multilabel Reader, PerkinElmer).

4.2.4 Preparation of cell lysate
HeLa cells grew in a 6-well plate. They were washed two times with PBS.

To each well, 200 µl of 2x sample buffer (Table 4.15) were added and the cells
scraped off the surface. The resulting suspension was collected and subjected to
sonication. The samples were incubated at 95°C for 5 min and then stored at
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-20°C. The lysate was used for the knockdown efficiency assessment via Western
blotting.

4.2.5 Isolation of RNA
HeLa cells grew in a 6-well plate. They were washed once with PBS. Sufficient

volume of TRIzolTM reagent was added to the well in accordance with the manu-
facturer’s instructions. The cells were incubated for 5 min at RT and transferred
to a tube. Then, chloroform was added at ratio 0.2 ml per 1 ml of TRIzolTM and
the cells were incubated for 3 min at RT. Centrifugation (15 min, 14,000×g, 4°C)
followed. Colorless upper aqueous phase containing RNA was precipitated using
equal volume of isopropanol and glycogen carrier for 1 h at -25°C. Centrifuga-
tion (15 min, 14,000×g, 4°C) followed. The resulting pellet was washed with 70%
ethanol. After that, it was resuspended in RNase free water and either solubilised
at 60°C for 10 min and used in Northern blot analysis or was subjected to DNase
treatment for qRT-PCR analysis.

The treatment was carried out by TURBO™ DNase (Ambion) in the supplied
digestion buffer at 37°C for 45 min. The resulting mixture was re-purified by
precipitating in 62.5% ethanol, 0.375 M sodium acetate solution at -80°C for 1 h.
Centrifugation (20 min, 14,000×g, 4°C) followed. The resulting pellet was washed
two times with 70% ethanol and resuspended in RNase free water.

4.2.6 RT-qPCR
Reverse transcription was done on the same day as RNA isolation to prevent

RNA degradation from affecting the result of the experiments. For each reaction,
5 µg of total RNA were used.

total RNA 5 µg
random hexamers (250 ng/µl) 1 µl
dH20 up to 20 µl vol.

Table 4.17: Pre-incubation reaction mix

The reaction mix was incubated at 65°C for 5 min to denature the target RNA,
and then rapidly chilled to 4°C. After that, the reagents from Table 4.18 were
added. The resulting mixture was, first, incubated at 25 °C for 5 min, next, at
50°C for 90 min, and finally, at 70°C for 15 min to inactivate the enzyme.

5x First Strand buffer (Invitrogen) 4 µl
10mM dNTPs 1 µl
0.1M DTT (Invitrogen) 1 µl
SuperScript III Reverse Transcriptase (Invitrogen) 0.5 µl

Table 4.18: Reagents added after RNA denaturation incubation

Acquired complementary DNA (cDNA) was diluted 1:19 for U1, U4, U5 and
U6 snRNAs qPCR reactions and 1:199 for 7SK RNA. The cDNA and qPCR
Master Mix were separately transferred to the designated wells. The samples
were loaded on the plate in duplicates.
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cDNA 2 µl
SYBR Green I Master (Roche) 2.5 µl
10 µM primer F 0.25 µl
10 µM primer R 0.25 µl

Table 4.19: qPCR Master Mix

Initial denaturation 95 °C 7 min 1 cycle
Quantification:

Denaturation 95 °C 20 s
Annealing 61 °C 20 s 40 cycles
Elongation 72 °C 35 s

Melting curves analysis 95 °C 15 s
55 °C 1 min 1 s 1 cycle
37 °C 1 min 1 s

Table 4.20: qPCR program

The arithmetic mean of Ct values for different snRNAs was calculated and
normalised to 7SK RNA values according to the following equation:

N = 2CtsnRNA−Ct7SK

4.2.7 Denaturing RNA PAGE
RNA was processed on the day of isolation to prevent RNA degradation from

affecting results of the experiment. Its quality and concentration was determined
spectrophotometrically. Bio-Rad Mini-PROTEAN system was utilised. Hand-
cast 10% TBE PAGE gels used in all the experiments were prepared according
to the Table 4.11. Shortly before electrophoresis, approximately 5 ng of RNA
were mixed with 2x Gel Loading Buffer II (Ambion), containing 95% formamide,
18 mM EDTA, 0.025% SDS, xylene cyanol, and bromophenol blue, and incubated
at 65°C for 6 min. PageRuler Plus pre-stained protein ladder (Thermo Scientific)
was loaded onto gels for size reference in downstream applications. The RNA was
separated at a voltage gradient of 5 V/cm in 0.5x TBE buffer for 60 min (Table
4.12).

4.2.8 GelStar staining
The gel was stained with GelStarTM nucleic acid gel stain (Lonza Rockland),

5 µl of the supplied stock solution in 10 ml of 0.5x TBE for 5 min at RT. Subse-
quently, it was visualised using Molecular Imager Gel Doc XR (Bio-Rad).

4.2.9 Fluorescent Northern blotting
Before blotting, a nylon membrane (Zeta-Probe, Bio-Rad), filter papers and

sponges were soaked in 0.5x TBE. A blotting sandwich was constructed accord-
ing to the Bio-Rad wet blotting guide. Transfer was performed at a constant
current of 360 mA for 60 min. After transfer, the membrane was crosslinked at
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Autocrosslink setting on Stratalinker (Stratagene), dried up and stored at RT
before hybridisation.

Hybridisation was carried out in the mini-oven (Hybaid). First, the membrane
was pre-hybridised in Church buffer (Table 4.13) at 55°C for 2 h. Then, it was
hybridised with 100 nM probe in Church buffer overnight at 55°C. After that,
the membrane was washed twice, 10 min each, with Wash buffer-1 (2x SSC, 0.1%
SDS, 55°C) and twice, 10 min each, with Wash buffer-2 (0.2x SSC, 0.1% SDS,
RT).

The image was developed using Amersham Typhoon Biomolecular Imager and
analysed with Image Lab software (Bio-Rad).

4.2.10 SDS PAGE
Bio-Rad Mini-PROTEAN system was utilised. Handcast 10% SDS PAGE

gels used in all the experiments were prepared according to the manufacturer
instructions, see Table 4.8 and Table 4.9. PageRuler Plus pre-stained protein
ladder (Thermo Scientific) was loaded onto gels for monitoring protein migration
and as a size standard for downstream applications. Proteins were separated at
120 V for approximately 60 min.

4.2.11 Western blotting
Before blotting, the gel, a nitrocellulose membrane (0.45 µm, Amersham Pro-

tran, GE Healthcare), filter papers and sponges were soaked in the transfer buffer
(Table 4.10). Transfer was performed using Bio-Rad wet blotting system at a
constant current of 360 mA for 80 min. A blotting sandwich was constructed
according to the manufacturer instructions.

Following transfer, the resulting membrane was washed in PBST (PBS with
0.05% Tween) and blocked in 5% low fat milk/PBST for 1 h. After that, the
membrane was incubated at 4°C in a solution containing the primary antibody
diluted to required concentration in 1% low fat milk/PBST for 90 min. It was
washed three times with PBST. Finally, the membrane was stained with an ap-
propriate secondary antibody diluted in 1% low fat milk/PBST for 1 h. Three
washes in PBST followed.

For all the experiments, either anti-mouse or anti-rabbit AffiniPure goat sec-
ondary antibody conjugated with HRP (Jackson ImmunoResearch) was used.
The membrane was incubated with SuperSignal West chemiluminescent substrate
(Thermo Scientific) and developed using Alliance Q9-ATOM Light (Thistle Sci-
entific).

4.2.12 Immunofluorescent staining and FISH
Cells were grown in a 24-well plate on glass coverslips. The cells were washed

three times with 0.5 ml of PBS, and then fixed with 4% PFA/PIPES for 10 min.
They were washed again, three times with PBS buffer, and subsequently perme-
abilised with 0.5% Triton X-100/PBS for 5 min. After three more washes with
PBS, the cells were quenched in 0.1 M glycine/0.2 M Tris-HCl pH 7.4 for 5 min.
They were washed once more. Prior to the the hybridisation step, coverslips
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were placed in 2x SSC/50% formamide for 10 min. Hybridisation in a humidified
chamber at 37°C on drops of 7.5 µl of formamide + 7.5 µl of FISH master mix
(Table 4.6) + 0.5 µl of fluorescent probe for 1 h followed.

After the hybridisation step, the cells were washed with 2x SSC/50% for-
mamide at 37°C for 20 min, and then with 2x SSC alone in the same conditions.
Finally, the cells were incubated in 1x SSC at room temperature for 20 min. The
coverslips were left to dry up for 30 min and then mounted to microscope slides
using DAPI Fluoromount-G medium (SouthernBiotech).

The cells were visualised using DeltaVision microscopic system (Applied Pre-
cision) mounted onto Olympus IX70 microscope. The microscope oil immersion
objective (60x/1.4 NA) was used to acquire twenty Z-stacks with 200 nm spacing.
Image restoration included deconvolution done via SoftWorx deconvolution sys-
tem (Applied Precision). Image analysis and processing were done in the ImageJ
program (Schindelin et al. [2012]).

22



5. Results
The coilin knockout (KO) cell line was generated – COIL alleles were deleted

using CRISPR/Cas9 technology – and kindly provided for the following experi-
ments by Davide Alessandro Basello (manuscript in preparation). The cells did
not express coilin and lacked visible Cajal bodies.

5.1 Coilin knockout cells are unable to sequester
misfolded snRNP particles

First of all, it was vital to make sure we knew what we were working with.
The method of choice was visualisation enabling us to observe the cell phenotype
directly. Our experiment has been inspired by the publication of Novotny et al.
[2015] showing that inhibition of the tri-snRNP assembly pathway induces CB
formation in the cells normally lacking them.

We reasoned that fluorescence in situ hybridisation (FISH) detection of U4,
U5 and U2 snRNAs could show us how wild type (WT) and coilin knockout cell
lines react under the conditions of increased concentration of stalled snRNPs and
greater need of quality control. Correspondingly, PRPF6 was downregulated in
order to mimic such conditions (for representative efficiency of the knockdown
(KD) see Fig. 5.9a). Localisation of U4, U5 and U2 snRNAs was analysed.

Figure 5.1: Effect of PRPF6 knockdown on HeLa wild type cell line

Hela wild type cells were treated with negative control siRNA (NC, top panel) and siRNA
against PRPF6 (anti-PRPF6, bottom panel). The snRNA localisation monitored by FISH.
Knockdown of PRPF6 led to extensive U4, U5 and U2 snRNA accumulation in nuclear
bodies visible as clearly distinct numerous foci. The merge images of all three channels are
shown: U4 - 488 (green), U5 - Cy3 (red) and U2 - Cy5 (magenta).The scale bar represents
10 µm.

Cells treated with negative control (NC) siRNA were characterised by proper
localisation and normal distribution of snRNA in the nucleus. There was a clear

23



response in HeLa WT cell line upon addition of anti-PRPF6 siRNA (Fig. 5.1).
Vast majority of U4, U5 and U2 snRNA accumulated in nuclear bodies, which
were previously shown to be Cajal bodies (Novotny et al. [2015]), and almost
none except for U5 snRNA was found in the nucleoplasm. U5 snRNA is not fully
localised to the bodies and remains in the nucleoplasm to a visibly greater extent
than U4 and U2.

Figure 5.2: Effect of PRPF6 knockdown on HeLa coilin knockout cell line

Hela coilin KO cells were treated with negative control siRNA (NC, top panel) and siRNA
against PRPF6 (anti-PRPF6, bottom panel). The snRNA localisation monitored by FISH.
In either case, we did not observe any sequestration of snRNA. The merge images of all three
channels are shown: U4 - 488 (green), U5 - Cy3 (red) and U2 - Cy5 (magenta).The scale bar
represents 10 µm.

It was not the case for the coilin knockout cell line (Fig. 5.2). Cells treated
with NC siRNA were quite distinct from the WT. Diffuse nucleoplasmic staining
of snRNA could be observed as an evident result of coilin knockout. It also looks
as if NC coilin KO nuclei were slightly smaller in diameter than in NC WT. Even
though the correct assembly of snRNPs had been disrupted by knockdown of
PRPF6, almost all the U4, U5 and U2 snRNAs were dispersed in the nucleoplasm.
The cells were unable to sequester the stalled snRNPs to any visible extent. In
all respects, the cells looked similar to control.

A clear dissimilarity of the cell response to the malfunction in snRNP bio-
genesis prompted us to further investigate a degree of the cell lines functional
divergence.
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5. 2 C oili n k n o c k o u t c ell p r olif e r a ti o n w a s n o t

si g ni fi c a n tl y di ff e r e n t f r o m t h e wil d t y p e
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Fi g ur e 5. 3: Gr o wt h of H e L a wil d t y p e, c oili n k n o c k o ut A 1, B 2, B 5 a n d C 2 c ell
li n es

C ell vi a bilit y w a s m e a s ur e d b y M T T a s s a y. T h e gr o wt h i s di s pl a y e d a s a c h a n g e i n a b-

s or b a n c e at 4 9 0 n m aft er 2 4, 4 8 a n d 7 2 h o ur s i n c ult ur e. T h e n or m ali s e d v al u e w a s c al c ul at e d

vi a di vi di n g t h e r e s ulti n g a b s or b a n c e b y t h e a b s or b a n c e i m m e di at el y aft er s e e di n g. T h e d at a

ar e r e pr e s e nt e d a s i n di vi d u al m e a s ur e m e nt s wit h m e a n a n d S E M b ar s.

We st art e d wit h e v al u ati o n of H e L a wil d t y p e a n d H e L a c oili n k n o c k o ut vi-
a bilit y. O ur pr es u m pti o n w as t h at si n c e t h e c oili n K O c ells w er e n ot a bl e t o
s e q u est er misf ol d e d s n R N Ps i n t h e C B, t h e y mi g ht h a v e di ffi c ult y c o pi n g wit h
t h eir i n cr e as e d c o n c e ntr ati o n a n d pr olif er at e sl o w er.

First of all, w e c o m p ar e d gr o wt h of H e L a W T c ell li n e t o f o ur cl o n al H e L a
c oili n K O c ell li n es. S u c h r e d u n d a n c y i n t h e n u m b er of cl o n al c oili n K O c ell li n es
w as i m pl e m e nt e d d u e t o a w ell- k n o w n c o ns e q u e n c e of e x c essi v e s u b c ult uri n g t h at
i n cr e as es t h e ris k of p h e n ot y pi c alt er ati o n, es p e ci all y i n C RI S P R / C as 9 g e n er at e d
c ult ur es. M T T ass a y, o n e of t h e m ost c o m m o nl y us e d c ol ori m etri c m et h o ds t o
esti m at e t h e n u m b er of vi a bl e c ells, w as c h os e n ( Riss et al. [ 2 0 0 4]). T his pr o c e d ur e
is b as e d o n t etr a z oli u m c o m p o u n d r e d u cti o n b y N A D H utili zi n g c ell e n z y m es. I n
a d diti o n t o t h e m er e n u m b er of c ells, t h e a m o u nt of si g n al d et e ct e d d e p e n ds o n
p ar a m et ers s u c h as M T T c o n c e ntr ati o n, i n c u b ati o n p eri o d d ur ati o n a n d c ell ul ar
m et a b oli c a cti vit y. T h e pr ot o c ol w as c ar ef ull y o pti mis e d t o a c hi e v e s atisf a ct or y
ass a y c o n diti o ns (s e e S e cti o n 4. 2. 3).
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Fi g ur e 5. 4: E ff e ct of P R P F 6 k n o c k d o w n o n gr o wt h of A 1 c oili n k n o c k o ut c o m-
p ar e d t o t h e wil d t y p e

C ell vi a bilit y w a s m e a s ur e d b y M T T a s s a y. T h e gr o wt h i s di s pl a y e d a s a c h a n g e i n a b-

s or b a n c e at 4 9 0 n m aft er 2 4, 4 8 a n d 7 2 h o ur s aft er t h e k n o c k d o w n. T h e n or m ali s e d v al u e w a s

c al c ul at e d a s i n Fi g. 5. 3. T h e d at a ar e r e pr e s e nt e d a s i n di vi d u al m e a s ur e m e nt s wit h m e a n

a n d S E M b ar s.

We di d n ot d et e ct a n y st atisti c all y si g ni fi c a nt di ff er e n c e b et w e e n t h e gr o wt h
of H e L a W T a n d a n y ot h er cl o n al K O c ell li n e u n d er n or m al c ult uri n g c o n diti o ns
( Fi g. 5. 3). T h e gr o wt h d at a a p p e ar c o nsist e nt e x c e pt t w o m e as ur e m e nts – c oili n
K O A 1 a n d c oili n K O B 2 a bs or b a n c e, es p e ci all y aft er 4 8 a n d 7 2 h o urs. T h e y
w er e u n e x p e ct e dl y hi g h. H o w e v er, w e attri b ut e t h os e s pi k es t o i m pr e cis e s e e di n g
r at h er t h a n s us p e cti n g a m e a ni n gf ul disti n cti o n. Ot h er d at a p oi nts of A 1 a n d B 2
gr o wt h li e wit hi n t h e S E M of t h e wil d t y p e.

Si n c e all t h e c ell li n es gr e w virt u all y ali k e, o ur n e xt st e p w as t o cr e at e a
str essf ul e n vir o n m e nt, v er y m u c h li k e i n t h e mi cr os c o p y e x p eri m e nts, t o s e e h o w
a bs e n c e of c oili n a ff e cts c ell r es p o ns e. We a g ai n o pt e d f or k n o c k d o w n of P R P F 6
(f or r e pr es e nt ati v e e ffi ci e n c y of t h e k n o c k d o w n s e e Fi g. 5. 9 a). A s e q u e n c e of
f oll o wi n g gr a p hs ai ms t o c o m p ar e t h e gr o wt h of t h e i n di vi d u al c oili n K O cl o n e
pr olif er ati o n t o t h e W T.

I n Fi g. 5. 4, w e c o ul d s e e t h at t h er e is littl e di ff er e n c e 2 4 h o urs aft er a d diti o n
of P R P F 6 si R N A n ot o nl y b et w e e n t h e W T a n d c oili n K O A 1, b ut als o b et w e e n
t h e tr e at e d a n d u ntr e at e d c ells. Aft er 4 8 h o urs, t h e di ff er e n c e b et w e e n P R P F 6
k n o c k d o w n a n d c o ntr ol c ells is b e c o mi n g m or e pr o n o u n c e d. At l ast, t h e 7 2 h o ur
d at a cl e arl y s h o w us t h at P R P F 6 k n o c k d o w n a ff e cts c ell pr olif er ati o n t o a si g nif-
i c a nt d e gr e e, h o w e v er, b ot h c ell li n es r e a ct e d v er y si mil arl y. F or q u a nti fi c ati o n,
s e e t h e r es ulti n g T a bl e 5. 1.
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Fi g ur e 5. 5: E ff e ct of P R P F 6 k n o c k d o w n o n gr o wt h of B 2 c oili n k n o c k o ut c o m-
p ar e d t o t h e wil d t y p e
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c al c ul at e d a s i n Fi g. 5. 3. T h e d at a ar e r e pr e s e nt e d a s i n di vi d u al m e a s ur e m e nt s wit h m e a n

a n d S E M b ar s.

T h e tr e n d i n Fi g. 5. 5 r es e m bl es t h e pr e vi o us gr a p h b ut wit h t h e i m p ort a nt
di ff er e n c e i n r es p o ns e of t h e c oili n K O c ell li n e. Aft er 7 2 h o urs, it a p p e ars t h at
c oili n K O B 2 e x p eri e n c es l ess er dr o p i n pr olif er ati o n t h a n t h e W T. Yet t h e d at a
h et er o g e n eit y ( S E M b ars) s e e ms m or e pr o mi n e nt as w ell n ot all o wi n g f or a n y fir m
c o n cl usi o ns. F or q u a nti fi c ati o n, s e e t h e r es ulti n g T a bl e 5. 1.
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p ar e d t o t h e wil d t y p e

C ell vi a bilit y w a s m e a s ur e d b y M T T a s s a y. T h e gr o wt h i s di s pl a y e d a s a c h a n g e i n a b-

s or b a n c e at 4 9 0 n m aft er 2 4, 4 8 a n d 7 2 h o ur s aft er t h e k n o c k d o w n. T h e n or m ali s e d v al u e w a s

c al c ul at e d a s i n Fi g. 5. 3. T h e d at a ar e r e pr e s e nt e d a s i n di vi d u al m e a s ur e m e nt s wit h m e a n

a n d S E M b ar s.
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Fi g ur e 5. 7: E ff e ct of P R P F 6 k n o c k d o w n o n gr o wt h of C 2 c oili n k n o c k o ut c o m-
p ar e d t o t h e wil d t y p e

C ell vi a bilit y w a s m e a s ur e d b y M T T a s s a y. T h e gr o wt h i s di s pl a y e d a s a c h a n g e i n a b-

s or b a n c e at 4 9 0 n m aft er 2 4, 4 8 a n d 7 2 h o ur s aft er t h e k n o c k d o w n. T h e n or m ali s e d v al u e w a s
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a n d S E M b ar s f or t h e wil d t y p e. T h e d at a ar e r e pr e s e nt e d a s i n di vi d u al m e a s ur e m e nt s wit h

m e a n o nl y f or C 2 c oili n k n o c k o ut c ell li n e.

As t o t h e B 5 r es p o ns e, t h e e ff e ct of P R P F 6 k n o c k d o w n is m or e visi bl e aft er
4 8 h o ur t h a n f or A 1 or B 2 cl o n es ( Fi g. 5. 6). T h e g a p b et w e e n c o ntr ol c ells a n d
tr e at e d c ells, i n c as e of B 5, is c o ns pi c u o us a n d bi g g er t h a n f or t h e W T. N e v er-
t h el ess, t h e d at a ar e still n ot e ntir el y h ar m o ni o us a n d s h o ul d b e i nt er pr et e d wit h
c ar e. F or q u a nti fi c ati o n, s e e t h e r es ulti n g T a bl e 5. 1. T h e l ast i n v esti g at e d cl o n e,
C 2 c oili n K O, w as c h ar a ct eris e d b y c o nsist e nt gr o wt h t hr o u g h o ut t h e c ell vi a bil-
it y e x a mi n ati o n. U nf ort u n at el y, its gr o wt h aft er 7 2 h o urs w as r at h er v ol atil e: i n
t h e Fi g. 5. 7, o nl y t w o d at a p oi nts ar e s h o w n. O v er all, h o w e v er, t h er e is a c ert ai n
hi nt t h at C 2 pr olif er at es sl o w er u n d er s n R N P ass e m bl y str ess c o n diti o ns.

Ti m e W T A 1 B 2 B 5 C 2

4 8 h 0. 8 0. 8 6 ( p = 0. 1 6) 0. 7 9 ( p = 0. 4 8) 0. 7 1 ( p = 0. 1 1) 0. 8 7 ( p = 0. 3 9)
7 2 h 0. 5 9 0. 6 5 ( p = 0. 4 3) 0. 6 6 ( p = 0. 3 3) 0. 3 9 ( p = 0. 1 2) –

T a bl e 5. 1: S u m m aris ati o n of pr olif er ati v e r es p o ns e t o P R P F 6 k n o c k d o w n i n dif-
f er e nt c ell li n es

C ell vi a bilit y 4 8 a n d 7 2 h o ur s aft er t h e K D i s s h o w n. T h e d at a ar e n or m ali s e d t o vi a bilit y

of t h e c ell s tr e at e d wit h n e g ati v e c o ntr ol si R N A. T h e W T a n d c oili n K O c ell li n e s gr e w i n a

si mil ar w a y. T h e si g ni fi c a n c e w a s a n al y s e d b y t-t e st.
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All in all, the data did not reveal any reliable difference between the wild type
and coilin knockout cells. This may serve as an indication that loss of coilin,
and, in this way, Cajal bodies, does not sensitise cells for perturbation in snRNP
maturation (Table 5.1).

5.3 Coilin knockout cell snRNA level was not
significantly different from the wild type

Since there were no revelatory dissimilarities in proliferation, we decided to
test whether snRNA levels change in coilin knockout cells. Primarily, we wanted
to know if inhibition of snRNP maturation leads to higher degradation or stabil-
isation of snRNAs in cells lacking coilin. Change in gene expression might reflect
a more subtle response and does not necessarily result in a different growth ten-
dency. This time, we tried to evoke the stressed snRNP assembly phenotype by
knockdown of either PRPF6, PRPF31 or PRPF8. These proteins are known to
result in a similar phenotype but are associated with different snRNPs (for more
information see Section 2.1.2). The difference between how the wild type and
coilin knockout cell line reacted could give us a clue about the coilin function in
the snRNP quality control process.

(a) snRNA electrophoresis

(b) NB optimisation

Figure 5.8: Northern blot optimisation

(a) The electrophoresis using TBE/formamide method was done as described in Section 4.2.7.
The gel was stained with GelStar as described in Section 4.2.8. Position of the relevant RNAs
is indicated. (b) The developed nylon membranes from different experiments are shown. U6
snRNA was detected. The lines (from top to bottom) reflect changes in the NB results upon
addition of the specified steps.

The method of choice was Northern blotting (NB) - a reliable method for
detection and quantification of changes in RNA level. For our experiments,
we used near-infrared fluorescent northern blot analysis. Significant amount of
time was spent on figuring out the optimal conditions for snRNA monitoring.
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Fig. 5.8b shows a gradual improvement of our Northern blot analysis results. In
an attempt to avoid handling radioactive probes for health and convenience rea-
sons, Cyanine2-conjugated probe, typically used for FISH, was tested (Fig. 5.8b
(Cy2 probe)). After several unsuccessful trials with RNA detection, full-length
U6 double-stranded cDNA was generated and detected by Cyanine2 probe (not
shown). It was easier to manipulate with cDNA than with RNA during opti-
misation steps. Switching to the infrared (IR) hybridisation probes was a key
improvement for it substantially reduced the background fluorescence (Fig. 5.8b
(IR probe)). Next, the wet-tank transfer method replaced the semi-dry and cap-
illary transfer methods in our protocol (Fig. 5.8b (Wet transfer)). Finally, we
adjusted the snRNA electrophoresis according to Masek et al. [2005] so that the
bands were of a more favourable for quantification shape, as in Fig. 5.8a and Fig.
5.8b (Final image).

We looked at the tri-snRNP specific snRNAs – U4, U5 and U6. All NB exper-
iments were conducted using B2 coilin KO cell line.

Knockdown of PRPF6 worked very well (Fig. 5.9a). The NB signal (Fig. 5.9b)
was sufficient not only for visual assessment but also for quantification. The
amount of U4 snRNA was expectedly lower than for U5 or U6 which may par-
tially account for its inconsistent fold change (Fig. 5.9c). In coilin KO cell line,
U6 snRNA level was similar to U4 snRNA level. Collectively, the data anal-
ysed do not imply any significant difference in how the cells of studied genotypes
reacted to the knockdown of PRPF6.

We were sure that the knockdown of PRPF31 was in effect (Fig. 5.10a). From
both the NB picture (Fig. 5.10b) and the analysis graph (Fig. 5.10c), it is evident
that the cells did not significantly up- or downregulated the snRNA expression,
since all the fold changes are consistently close to 1. Along with that, there was
an indicative trend in U4: WT appears to have reacted to the knockdown by
decreasing amount of the snRNA, whereas coilin KO cell line showed no drop.

In the case of PRPF8 knockdown, its efficiency was not as good as for other
proteins (Fig. 5.11a). However, we did not observe any decrease in coilin KO
cell line transfectability. Also, the drop in PRPF8 amount was still significant
and specific in context of the steady loading control, so we viewed it as sufficient.
However, it does not seem that WT and coilin KO react differently (Fig. 5.11b,
Fig. 5.11c).
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( c) N ort h er n bl ot a n al y si s. E ff e ct of P R P F 6 k n o c k d o w n

Fi g ur e 5. 9: P R P F 6 k n o c k d o w n

( a) A r e pr e s e nt ati v e We st er n bl ot d et e cti o n of P R P F 6 i s s h o w n. T h e c ell s tr e at e d wit h a nti-

P R P F 6 s p e ci fi c si R N A c o nt ai n e d m ar k e dl y l e s s of t h e pr ot ei n c o m p ar e d t o t h e n e g ati v e c o n-

tr ol si R N A-tr e at e d c ell s. ( b) A r e pr e s e nt ati v e N ort h er n bl ot d et e cti o n of tri- s n R N P s p e ci fi c

s n R N A s a n d 5 S r R N A i s s h o w n. T h e a nti- P R P F 6 si R N A-tr e at e d c ell s a p p e ar t o a c c u m ul at e

sli g htl y m or e of U 4 a n d U 6 s n R N A s. U 5 s n R N A a n d 5 S r R N A a m o u nt d o n ot di ff er b et w e e n

t h e c ell li n e s. ( c) A n al y si s of all t h e p erf or m e d N B s i s s h o w n. T h e i nt e n siti e s f or s n R N A s

w er e q u a nti fi e d u si n g I m a g e L a b s oft w ar e a n d n or m ali s e d t o 5 S r R N A. T h e d at a p oi nt s di s-

pl a y e d ar e t h e f ol d c h a n g e of a nti- P R P F 6 si R N A-tr e at e d i nt e n sit y wit h r e s p e ct t o t h e c o n-

tr ol. N o n e of t h e di ff er e n c e s ar e si g ni fi c a nt.
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( a) P R P F 3 1 k n o c k d o w n e ffi ci e n c y ( b) N ort h er n bl ot u p o n P R P F 3 1 k n o c k-
d o w n
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6. Discussion
Coilin is omnipresent in many different species, as well as being expressed

in majority of human cell types (Carmo-Fonseca et al. [1993], Liu et al. [2009],
Tucker et al. [2001], Strzelecka et al. [2010], Thul et al. [2017]). It was found to
associate with numerous entities, including DNA, RNA and proteins. Many of
them are tightly connected to snRNP biogenesis (Machyna et al. [2014], Smith
et al. [1995], Enwerem et al. [2014], Boulon et al. [2004], Xu et al. [2005], Novotny
et al. [2015]). Coilin gives rise to the Cajal body, most probably via its ability to
self-interact and to “glue” the Cajal body components together (Machyna et al.
[2015]).

After more than 25 years of studying coilin, researchers are still not sure what
its molecular function is. There is also relatively little information in the literature
on snRNP stability in vivo. Therefore, we decided to address snRNP-related
function of coilin. For this purpose, we worked with coilin knockout cell line under
conditions of strained snRNP biogenesis caused by knockdown of pre-mRNA
processing factors. Our main expectation was to see a phenotypic difference in
how coilin KO reacts to the KD. Three types of analysis were carried out: visual,
proliferative and snRNA steady state level.

In concordance with Novotny et al. [2015], we observed explicit accumulation
of snRNPs in the CBs of HeLa WT upon the PRPF6 KD (Fig. 5.1). Presumably,
”Final maturation steps” (Section 2.1.2) were affected by the KD, since PRPF6
is required for tri-snRNP formation in vivo. The microphotographs also show
that U5 snRNP is not fully localised to the bodies and remains in the nucleo-
plasm to a visibly greater extent than U4 and U2 snRNP. This agrees well with
what is already known about PRPF6 KD effect on the WT cells – targeting of
U4/U6 di-snRNP to the CBs, but not U5 snRNPs (Schaffert et al. [2004]). The
snRNPs were sequestered in the CBs, apparently, to prevent the faulty particles
from continuing up the biogenesis pathway and taking part in splicing reaction.
This observation points to the possible role of CBs in snRNP quality control
as suggested previously (Novotny et al. [2015], Schaffert et al. [2004]). Interest-
ingly, Nesic et al. [2004] showed that immediately after U2 snRNP completes its
maturation, the particles are released from the CB and localise in the nuclear
speckles. We did not observe this upon the KD of the tri-snRNP specific protein
– PRPF6. U2 snRNA retention was repeatedly detected in the CB which could
mean that PRPF6 depletion affects U2 snRNP biogenesis too. Most probably, the
12S U2 snRNP particles, intermediates of the U2 snRNP assembly, accumulate
in the CBs. The retention likely takes place after the re-import into the nu-
cleus, and also prior to binding of SF3A, as indicated by Tanackovic and Kramer
[2005]. This fact, however, contradicts the findings of Novotny et al. [2015] where
U2 snRNA did not localise to the CB upon KD of PRPF6, SART3 or PRPF8.
Therefore, our observation might either indicate a more complex interplay be-
tween the assembly of different snRNP particles than previously thought or be a
mere artefact of the investigative procedure inaccuracy.

Predictably, no snRNP accumulation was visible in the coilin KO cells upon
the PRPF6 KD (Fig. 5.2). The cells were seemingly unable to sequester stalled
snRNPs in absence of coilin as was the case with coilin knockout mice in Tucker
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et al. [2001]. In the mentioned publication, ectopic expression of normal coilin
led to re-appearance of CBs, hence coilin is required for recruitment of specific
components and the quality control function of the CB. Another thing to take
notice of is presence of cytoplasmic signal for U4 snRNA – could those dots
represent U-bodies? Does it then suggest that the U body–P body pathway is
involved in dealing with misfolded U4 snRNP? It has been suggested that U body
and P-bodies might contribute to spliceosomal constituent assembly (Roithova
et al. [2020], Lee et al. [2009]). In order to test this hypothesis, another FISH
experiment would be required where we stain a marker of U bodies (SMN or
GEMIN3) or P bodies (DCP1A). On the other hand, the bright cytoplasmic foci
might be nothing more than a staining artefact since no other snRNA co-localises
there.

We hypothesised that, upon PRPF6 KD, the coilin KO cells should be under
high physiological stress due to increased concentration of misfolded snRNPs.
Moreover, they could not store those defective particles in one place to prevent
them from interfering with other nuclear processes due to absence of the CBs.
Reduced cell proliferation and increased apoptosis would be a logical response
to such a considerable burden. Therefore, cell viability was examined by MTT
assay.

However, first of all, we looked at the culture growth under normal conditions,
as described in Section 4.2.1. HeLa cells with canonical CBs had been reported
to generate snRNPs and perform splicing more efficiently than coilin knockdown
cell line (Whittom et al. [2008]), and therefore might have a greater proliferation
potential. Unfortunately, our finding could not be interpreted in this way –
there was no statistically significant difference in growth of WT versus coilin
KO cell lines under physiological conditions (Fig. 5.3). One possible reason
for our observation is excessive sub-culturing of coilin KO cells, even though we
tried to limit its effect by assessing several clones. Possibly, the cells adapted to
surviving in culture without coilin. Another explanation could be that, under
normal growth conditions in HeLa cells, CB-mediated high snRNP maturation
and quality control rate are not imperative for proliferation. Indeed, in Drosophila
and Arabidopsis neither coilin nor CB are essential for cell viability (Liu et al.
[2009], Collier et al. [2006]) On the other hand, coilin depletion was demonstrated
to inhibit proliferation most probably by limiting the rate of processes important
for cell growth and/or division (Lemm et al. [2006]).

Next, we implemented PRPF6 knockdown. Overall, its effect on the WT and
coilin KO cell line was very similar (Table 5.1). Both cell lines reacted with
roughly 20% decrease in cell viability 48 h after the knockdown and 40 to 60%
drop after 72 h. Any possible difference 72 h after the KD was insignificant. Clear
absence of any coilin KO-dependent proliferative response was rather surprising.
It did not agree well with earlier findings that coilin KO have difficulty generating
snRNPs and thus have reduced splicing potential (Whittom et al. [2008]). On the
other hand, there are reports of phenotypically normal human coilin KO cell line
with respect to hTR metabolism which is also thought to be CB-related (Chen
et al. [2015]).

Another thing to take into account was that HeLa cells could deal with the
spike in flawed snRNPs via some backup or offset mechanism. Among those mech-
anisms are under- or overexpression of snRNP components (snRNA or protein)
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and non-coilin assembly-assisting components of the CB (maturation, trafficking,
recycling factors, etc. – e.g. SART3). Here, we decided to address U4, U5 and
U6 snRNA steady state levels by Northern blotting and qRT-PCR.

Three proteins were selected for the knockdown so that we target different
maturation steps. PRPF31 is required for di-snRNP formation meaning that its
absence should result in surge of immature U4 and U6 snRNPs, as well as faulty
di-snRNPs. It is also reported to prevent U5 snRNP and U4/U6 di-snRNP inter-
action (Schaffert et al. [2004]). PRPF8 is a central U5 snRNP-specific protein.
Without it, tri-snRNP formation is blocked resulting in di-snRNP and defected
U5 snRNP concentration increase (Liu et al. [2006], Novotny et al. [2015]). Lastly,
PRPF6 interacts with U5 snRNA, PRPF31 and PRPF3. By this, it brings to-
gether di-snRNP and U5 snRNP and enables the tri-snRNP formation. PRPF6
KD is known to result in a dramatic drop in tri-snRNP concentration (more than
80%), hence in accumulation of its precursors (Schaffert et al. [2004], Liu et al.
[2006]). By determining the responses of coilin KO to perturbation at certain
stages, we hoped to elucidate what maturation steps coilin is most important for.

Upon PRPF6 knockdown, a certain, albeit insignificant, tendency in U6 and
U4 snRNAs stability was present (Fig. 5.9c). Hypothetically, a slight decrease in
those snRNAs could suggest that coilin facilitates stabilisation of the di-snRNP,
most probably with the aid of SART3. By doing so, it would create an oppor-
tunity for snRNP remodelling – recycling of the intact parts and degradation of
the faulty ones. On the other hand, this accumulation can be transient and, in a
long run, assist in recruitment of the degradation machinery to the defected par-
ticles. Alternatively, upscaling the snRNA amounts in the CB could readdress
the balance and make up for insufficient amount of tri-snRNPs upon the KD.
Our RT-qPCR results, however, show a completely opposite trend (Fig. 5.12)
when PRPF6 knockdown was in place. For U6 and U4 snRNAs we observed a
slight increase. This, in turn, could suggest that coilin facilitates more efficient
di- and tri-snRNP precursors degradation and recycling, so that they do not in-
terfere with the metabolism of complete particles. It has been reported before
that when the tri-snRNP formation is inhibited, U5 snRNP distribution in the
nucleus remains unchanged (Schaffert et al. [2004]). Novotny et al. [2015] ob-
served U5 snRNP accumulation only upon PRPF8 KD, but not PRPF6. Here,
we showed a steady U5 snRNA fold changes by NB and RT-qPCR which agrees
with those findings (Fig. 5.9c, 5.12 and 5.13).

Regarding the depletion of PRPF31, we used the same siRNA design as Schaf-
fert et al. [2004], Table 4.1. It has been demonstrated that PRPF31 KD affects
cell growth even more than PRPF6 KD – 45% and 30% respectively. Because of
this, we expected a more pronounce difference in snRNA levels in cells without
coilin. In WT cells, though, the absence of a clear snRNA response is in unison
with Schaffert et al. [2004] and Makarova et al. [2002].

In literature, PRPF8 deficiency is generally connected to the maturation of
U5 snRNP, even though it was also shown to affect U4 and U6 snRNPs. Our
experiments showed that in both studied cell lines U5 snRNA was upregulated
confirming the finding by high-content microscopy (Novotny et al. [2015]). The
fact that coilin KO cells reacted in the same way suggests that this protein does
not play a crucial role in managing U5 snRNP-related burden and that its quality
control might proceed without it. Nevertheless, further experiments are needed.
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Trends aside, lack of a significant shift in snRNA concentration in coilin-
deficient cells upon a spike in the amount of incomplete snRNP particles means
that neither stabilisation nor degradation of snRNAs take place in the Cajal body.
With this conclusion, it might be tempting to speculate that the U4 specific cy-
toplasmic foci from Fig. 5.2, if related to U body-P body pathway, might be
utilised instead or as a partial subtitute for CBs. By having alternative cytoplas-
mic hubs which brings various spliceosomal components together, cell devoid of
coilin could harmonise snRNP asssembly. Although this could serve as a possible
explanation for the acquired results, it remains a mere speculation until further
research is done.

In light of all mentioned above, it could also be interesting to analyse snoRNA
steady state levels in absence of coilin since they were shown to shuttle through
the CBs (Machyna et al. [2014]). At the same time, we consider follow-up exper-
iments in models which express unusually high amounts of spliceosome compo-
nents (e.g. retina cells) and might be more easily sensitised for perturbation in
snRNP maturation without coilin. Simultaneous depletion of coilin by siRNA-
mediated knockdown and expression of the altered coilin constructs might help
reduce the clonal effect. Another valuable insight could be gained by understand-
ing whether coilin becomes essential upon strained snRNP assembly in Drosophila
melanogaster or Arabidopsis thaliana.

Summarising, in this thesis we removed coilin and inhibited snRNP biogenesis,
as we believed it was the best way to understand the fate of immature snRNPs
normally sequestered in CBs. At the same time, we raised questions on whether
coilin is a truly influential player in quality control of incomplete or faulty snRNP
particles. Other experiments ought to be performed to elucidate or rule out
coilin’s part in the final steps of snRNP assembly in Homo sapiens. After all, coilin
KO is an embryonic lethal mutation in Mus musculus. Therefore, the precise
biological and even species-specific function and significance of coilin remains
imperfectly understood, and thus need to be studied further.
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Conclusion
The thesis has searched for the role of coilin in snRNP quality control. Coilin

was reporter to interact with numerous snRNP biogenesis participants, and to
serve as a scaffold for the Cajal body – a suggested snRNP maturation site. This
work has proposed an assessment of human coilin knockout cell line phenotype to
elucidate how important coilin, and, by extension, Cajal bodies, are for spliceo-
somal assembly and function. By comparing a coilin-deficient cell line to the
wild type cell line, coilin role was evaluated visually, in terms of cell viability and
snRNA steady levels under the conditions of strained snRNP assembly.

It has been determined that knockout cells are unable to sequester misfolded
snRNP particles confirming that coilin is crucial for the sequestration. Next, we
have shown that cell proliferation was not significantly affected by absence of
coilin neither under normal culturing conditions nor under stressful conditions.
Similarly, it appears that coilin deficiency does not significantly alter stability
of snRNA. In the future, we intend to investigate coilin function in a different
biological model, e.g. human retinal organoids, in Drosophila melanogaster or
Arabidopsis thaliana, as well as trying to target other steps of snRNP maturation.
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