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Abstract (English)

snRNPsre key componentsf the spliceosome. During their life, they are found in the
cytoplasm and also ithe nucleus, where carry out their functionThere are five major
snRNPs named according to RNA they contain U1, U2, U4, U5 aBdddGnRNP consists
from RNA, ring of seven SinLSnproteins andadditional proteins specific for each snRNP
Their biognesis starts in the nucleus, whdbeyare transcribed. Then they are transported
into the cytoplasm. During their cytoplasmic phase, the SMN complex forms the Sm ring
around the specific sequence on snRNA and cap is trimethylated. These two modi§ication
are thesignaldor reimportof snRNA into the nucleus, whetfgey accumulaten the nuclear
structures called Cajal bodies (CBs), where the final maturation steps occur.

There are several quality control points during snRNP biogenesis that ensurenthat o
fully assembled particles reach the spliceosorii@e first checkpoint is in the nucleus
immediately after the transcrigpn, when the export complex i®rmed. The second
checkpoint is in the cytoplasiand proofreadsSm rirg assemblylf the Sm ring famation
fails, the defective shnRNRse degraded in the cytoplasm Byynlexonuclease. However, it
is still unclearhow the cell distinguishes between normal and defective snRNAeslast
checkpoint occurs in CBs. However, signals that target and r@t&NPs in CBs have yet to
be described.

In this work,l analyzed the main role of Sm ring in the quality control of sSnRNA in the
nucleus and the cytoplasm.

First, weidentified Sm proteirmotifs important for targeting of snRNPinto CBs and
proposed a modl, where Sm proteins play an important role in quality control in CBs.

Second, we explored a role of the componentled SMN complex, Gemin3, in the Sm
ring assembly. My data suggest that Gemin3 is involved in unwinding of the secondary
structureor snRM prior to Sm ring formation.

Finally, we investigated the defective sSnRNAs which failed to acquire the Sm ring in the
cytoplasm. We found that immature BINAs are localized in P bodies and identifiatkw

role for the L&11 protein in snRNA degradation.



Abstrakk v SOG A Yy S

snRNPRLJF G fiiN2RAt SOAGS20NY 6+t aiGSY &aSainiAK2dSK?2
odehravavO @ (i 2 LJ)tkdedrétshaji prvni faze jejich biogeneze, a tal@t RnjS> {1 RS L.
svoji hlavnifunkct OS OKy @ &y wb krathk ackatiujielRNR D Sy 6 LINR{IB A vy &
0 @2 nNEOJ\y yia zZLDNRHEKS A y A A LISOA TA VS0 KLINR ORI gRe O
vt RnjS> 1 RS 2&2dz GNIyai{NARo2@tye wb! L}Rfe&YSN]
cytoplasmy. SKSY & @S Oe (i 2dhrmuieBm Kruh @led spedifitk&sekvence
Y6 wb! LRY2ON {ab 12YLX SEdz I ytatSRyS as N
GLINI g& 2&2dz aAdytftSys OS 28 aywbt LInjALINI @8
vjadernych strukturach nazyvajici selCéj2 @I i $2N & 12108 OK (St Nalt OK
6taid 2S8S2A0K T NlIyNo
t NAOSK &aywbt o0A23SySIi.Srvn&dtrolaNtAbin& oy 8 njf 2 i & NB R 2
jejich transkripcil Yt & f S R dzae$port@itio ikgngpig)d .y uhy kontrolni bod je
veytoplad S I T F KNy dz2S G(G@2Nbdz {Y | NHKdzd +NYSs OS
detailni mechanismus je stale neznamy2 { dzR aywb! Yy SLINRP2RS GSYA(?2
jevoe 2L FayS RSAINIR2Gtyl o ! gOF1X 211 o0dzil
snRN/Ase stale nevi.
¢CnNSGN + LI2af SRYN 1/2yailNB2xGBND Ko 20RS t 3NS 1y FOKKH T{ M 3G
R2 G(GSOK(i2 aidNHzl GdzNJ 2SS aidt S ySLRLAlIYyéD
VYS LINY OA 23aYS roh Sn kiuBudga AnjiSNRRATE S\ ydl f A& o0SKSY
SnRNP 2t Rngfi 2L P 4 YS @
bS2LINBS 24aYS yH{O ALINRAISSAGASIOK =Y 2| (I0i@dnaBnBP | 2 R L2
R2 /la2Flft20gé80K (StNasS1 | TINRr@Sz 2aYS yI ONKf
kontrole kvality zrani snRNR v 2+ f 2 gé OK (St Nalt OK®
VRNHzKS 2aNBGAN { 2dzYF £t A NBfA LINRPGSAYydz DSYAyoxX
1 2 RLI2 0S RKa&ag&Bm kruhuOe (2 LIbF ®8S @é &t S Bprdin3 jzgZRNA dz2 N =
KStATHT 2 O2@2NY NYdORPN dB aywbt 2S5 NRT LX Sdl
f S LIO SinJupXedného mista pro tvorbu Sm kruhu.

10



Nakonecjsm& S &2 dza i nSRAfA yI 2&ddz2R ySI NI fteOK aywb
voedz2LX FaySe !''1tTrte 2avYS8Ss OS8ytopaSmatckythSP 6+ ad
GStNalt OK® ¢ 1S BESnY@otettzj R $ I NIER Iy @ SRR INE Y & OK

11



Introduction

In all cel, the guidelindor lifeis encoded in DNA, where the information is devided
into discrete functional units called genes. The megtiular components proteins
encodedn protein-coding genes, are converted into a protein sequence by tndpison
and translation.In eukaryotes, these two processes apatially separated by the
nuclear membraneln the first step, the DNA is transcribed into the jon&NA. Befe
the premRNA is translated, it has to be modified in the nucldisesemodificatiors
areadding a monomethyl cagt the 5"endremoving of norcoding sequences (introns)
and joining of coding sequences (exgmE)lyadenylation at 3"end and sometimiease
editing. The removing of introns from prenRNA is called splicing. Thisll-controlled
process i€atalyzed by the spliceosomehich is darge complex composed from more
than 150 proteins but the essential core is formed from 5 small nuclear
ribonuckoprotein particles (U1, U2, U4, U5 and WBRNPs)These particles are
composed of short nowoding, nompolyadenylated RNASm or LSm proteins and
proteins, which are specific for each snRNP.

My work is focused mainly on the biogenesis of U1, U2, U4dUndnRNPS. They
are transcribed in the nucleus by RNA polymerase Il and transported intotthasm
where Sm proteins are loaded on RNA and faimSm ring around the specific
sequence. After thisstep, the monomethyl cap is trimethylated, and snRNPe ar
prepared for transport back to the nucleus, whesaRNPs first accumulate the
nuclear structures called Cajal bodies (CBsjvever, the precisenechanism of how is
the maturation of ShRNPs controlled and how are the snRNPs targeted into the CBs is
still unknown. My thesis is composed of three closely connected projetiste | tried
to improve our understanding of SnRNP biogenesis and how this process is controlled.

In the first chapter, we used biochemical methods, such a®-
immunoprecipitation, in vitro transcription of mutated snRNAs coupled with

microinjection into human cultured cells and using advanced fluorescent microscopy
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approaches. Weestablished Sm ring as a novel Cajal body targeting signal which is
responsible for navigatn of SnRNPsito Cajal bodies.

In seconcchapter, we microinjected and expressed mutated forms of ShnRNA in the
cells depleted of Gemin30ur data suggest a role of a putative helicase Gemin3 in the
unwinding of SnRNA secondary structure prior assembly of the Sm ring.

In the lastchapter,we analyzedhe fate of snRNAs without Sm ring. We depleted
proteins important for Sm ring formation lifie SIRNA mediated RNA interferermed
analysed snRNA localizatibg fluorescencen situ hybridization and microinjection of
in vitro transcribed RNA&Ve aimedto address, how are immature snR&&cognized
and degradedn the cytoplasm. W found out that immature snRNAgcumulatan the
cytoplasmic structures called P bodies and LSnnihg play a role in the transport of

immature snRNAinto these structures.
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Aims

The primary goal of my project is to gain a deeper insight into the biogenesis of ShRNPs,

which are critical components the spliceosomal complex focus on threepecific aims

1 To decipher localaion signal, which navigates the snRNP intouclear

structures called Cajal body, the place of fisilRNHnaturation

1 To describe the role of the SMN complex component, Gemin3, in the Sm ring

formation in the cytoplasm

1 To identify factors responsibleorf the recognition and degradation of

incomplete snRNPs in the cytoplasm.
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1. Literary review

Most of the eukaryotic genes ateanscribed agpre-mRNA contaiimg noncoding
sequences (introns)vhich have to be removed in a process calledpfRNA spling
The splicing is catalyzed by the spliceosome. This large complex is composed of more

than 150 proteins, but the catalytical core is formafidthree snRNA$82, U5 and U6.

1.1. Spliceosome assembly and splicing

The spliceosomeomplex is formed from thenRNPs in a stepwise manner directly
on premRNA. Spliceosomal snRNA function is driverbdse pairing with short
conserved motifs located at the junctions between the expressed exon sequences and
the intervening introns of targepre-mRNAgMatera and Wang, 2014bThe boundary
of the intron is defined by 5 splice site (5'ss) at the beginning and 3"splice site (3"ss) is
located on the end of the intron. 150 nucletides upstream of 3’ss is present the

branch point adenosine (Fig. 1)

t 2f &LJk N
GINO G
BSEEN 0! w! L brtiwe, SR
p® { . NI yOK aritogf({
LR2AYG RS

Figure 1 Conserved sequences defining the introns in metazoarmRANA. Y stands for pyrimidine, R
for purine. Adapted fronfWill and Luhrmann, 2011)

During the first step, U1 snRNP interacts with the 57ss resulting in the formation of the
early complex (feomplex, Fig. 2Mount et al. 1983 This interaction is promoted by
RNA polymerase CTD domain which interacts directly with U1 snRNP, but the functional
role of this interaction is still under the del®{Gornemann et al., 2011; Morris and

Greenleaf, 2000)The 3'ss is regnized by the U2 snRNP and associated factors SF1 and
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U2AF. UZnRNP recognizes the sequence miathe branch point siteand interacts

with U1 snRNP resulting in the formation of fgeliceosome Aomplex(Valcarel et al.,

1996) (Fig. 2) This process is catalyzed by DEXD/H helic@Sesani et al., 1996A
further step is binding of prassembled U4/U6-U5 tanRNP tdorm the B-complex
(Bindereif and Green, 1987In the next steps, the compositional and confotioaal
rearrangements catalyzed lsgveral helicases such as Bari Prp28 lead to releasef

U1 and U4 snRNPs from the spliceosome and catalytically active B complex (B*complex)
is established. The activation tife B complex leads to the forman of UZU6 snRNA
structure that catalyzes the splicing reacti@®un and Manley, 1995After the first
catalytic step, the complex C is generaf{@g&ssonov et al., 2008; Konarska et al., 2006)
This complex contains the free exon 1 and ithteon-exon 2 lariat intermediate (Fig).

It undergoes further rearrangements essential to carry out the second catalytic step of
splicing. It results in a pospliceosomal complex that contains the lariat intron and
spliced exons. Finally, the DExD#litase Prp22 catalyzes the release of spliced product
from the spliceosome and U2, U5, and U6 snRNPs are recycled for additional rounds of

splicing(llagan et al., 2013; Schwer and Gross, 1998)
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Figure 2 PremRNA splicingCanonical crosgitron assembly and disassembly pathway. Exon and intron
sequences are indicated by boxes and lines. Adapted {With and Luhrmann, 2101)

1.1.1. Exon and intron definition

A typical transcript in animal cells has very long introns and short eXbesopposite
situation is in lower eukaryotes where genes primarily consist of large iexerupted by
small introns(De Conti et al., 2013When the introns are long, and exons are short, the
splicing machiner is firstformed across an exon and only later converted into the cross
intron complex. This hypothesis is called exon definition model (FigR@)berson et al.,
1990) It was previously showthat splice sites alone are insufficient to define exon/intron
borders and there are additionalsacting eéments witin the premRNA which modulate
splicing(Reed and Maniatis, B8). These RNA elements (exonic/intronic splicing enhancers
or silencers) are bound by regulatory proteins, which re@urepulseother parts of splicing

machinery. The enhancers are bound by members of Serléingprotein family (SR
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proteins)(Zhong et al., 20095R proteins can interact with each othsith U1-70K (specific
protein of U1 snRNP) and with U2AF35 splicing factoough their RS domain. These
findings led to the proposal that SR proteins facilitate splicing by forming the interaction
across the exons and introiBlencowe, 2000)The negative ragation of exon recognition

is carried out by hnRNP protein family, which bind the exon or intron splicing silencers (ESS
or ISS). hnRNPs are less defined than SR proteins and also the mechanism of their function
has not been fully uncovered. It is thoughhat they inhibit splicing through the steric
obstruction or by promoting the formation of inhibiting RNA secondary struct(iBesch

and Hertel, 2012; De Conti et al., 2013; Spellman anthSBD06; Tange et al., 2001)

In lower eukaryotes where genome architecture is characterized by short introns and large
exons the intron definition model, where splice sites are paired across introns rather than
exons, is predominant (Fig(Berget, 1995)This model was recently describedSnpombe

where SRelated protein Rsdl was identified as a bridging factor between Ul and U2
snRNPs. It interacts with U1A (specific protein of UL snRNP) and at the same time through
the Prp5 ATPase with U2 snRNReqarotein SF3b.

a Exon definition b Intron definition

& @\ ; @\ ; Q\. Fals
OQ__#“ @Q—_ @Q___ ) @) @q. ..

Exon

TIIII o

J'ss 5'ss J'ss 5'ss J'ss S'ss 3'ss

| |
@ .0 6
CKUJ Exon /é&'i’x Ex;n_ b r Exon ,CUE' Exon
@& o <
L5
) o
| |
Exon Exon Exon Exon Exon
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Figure3: a, Exon definition SR proteins (purple) bind to exonic splicing enhancers (ESE; blue), recruiting

'm G2 GKS R2¢gyaiuNBIY p aa FyR GKS aLX AOAy3 FIFOG2N
and 3'ss. Therefore, whemmé SR proteins bind the ESE, they promote the formation of a ‘erass

recognition complex by placing the basal splicing machinery in the splice sites that flanked the same exon.

b, Intron definitonY G KS oAy RAYy3 2F ' m (2) adnKKGRARANE (2N they  p a
downstream polypyrimidine tract and branch site, respectively, of the same intron. Therefore, intron
definition selects pairs of splice sites located on both ends of the same intron, and SR proteins can also
mediate this process.dapted from(Ast, 2004)

1.1.2. Splicing regulation and alternative splicing

Alternative splicing plays an indispensable role inékpressionof various forms of
proteins thatdeterminethe identity of the cell and whole tissue#oreover, nearly 95%
of mammalian genes undergo alternative splicing to produce multiple protein isoforms
with different functions(Matera and Wang, 2014a; Pan et al., 2008)e spliceosome is
responsible for both constitutive and alternative splicing, and regulation of its assembly

is a critical conbl point in these processes.

Intron retention — pa : . .

Alternative 3’ splice site — _— =

Alternative 5’ splice site — et e

Exon skipping - - - -

Figured: A schematic representation of alternative splicindifferent types of alternative splicing: exon
inclusion or skipping, alternative splisée selection, mutually exclusive exons, and intron retention. For
an irdividual premRNA, different alternative exons often show different types of alternasipkcing
patterns. Adapted frongLi et al., 2013)
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Alternative exon shares the same sequence features as a constitutive exon, but are
dweakekg, whichmeans that they hava lowered affinity to the spliceosome resulting

in reduced recognitionThe sequaces surronding weak sites diverge subtfyom
strong sites, yet weak sites are frequently consenmdween mouse and human
(Sugnet et al., 2004Asmentioned before, SR proteins and hnRNPs play a ra&an
recognition. Asa generalrule, SRoroteins promote exon inclusion, and hnRNPs
antagonize exon inclusigrand the interplay between them defines tlimal decision
about alternative exon inclusion or exclusiddowever, there are many exceptions to
this rule. For example the GTPase Racl, where a tréimn is regulated by the
competition of two SRoroteins, SRp20 and ASF/§Encalves et al., 2009)Genome

wide analyses of splicing factorteractions combined with RNA expression analyses
detecting the alternatively spliced versions enabled the formulation of the putative
splicing code, which can predict whether the exon is constitutive or alternative
(reviewed inKornblihtt et al., 2013)

However, these analyses are still radile to predict the alternative splicing outcomes
with the absolute accuracy, becausetls process play roles other regulations mainly
the coupling of splicing with transcription, the influence of histone marks or nucleosome

position.

SnNRNPs

FivemajorsnRNPs U1, U2, U4, U5, andad@ four minor snRNPs U11, U12, U4atac
and U6ataare preent in the eukaryotic cell. They are composed of short uridiole
noncoding norpolyadenylated RNA, seven Sm or LSm proteins and proteins, which are
specific for each snRNP. Based on their sequence and protein composition we can
distinguish two types adnRNAs. The first type is the @gpe U1, U2, U4, U5, U11, U12,
U4atac. In this case, the Sm ring is formed in the cytoplasm around a specific sequence
called Sm binding site. The second case is-tiySenof ShnRNAs U6 and U6atac. They

contain LSm -8 ringformed in the nucleus. My projects are focused only on the major

20



Smtype of snRNAs U1, U2, U4 and U5 and | will not discuss théyp8ranRNAsr

minor SnRNA& my thesis.

1.1.3. Compaition of SnRNPs

1.1.3.1. Sm proteins

In the eukaryotic cell, there are 7 Sm proteinamed SmB, SmD1, SmD2, SmD3,
SmE, SmF and SmG (Fig.5). They are evolutionary conserved. Furthermore, biochemical
characterization of the protein composition of snRNiPgarious specieevealed their
presence in yeast, plants, fruit fly, mouse, and hamaéhe Sm proteins belong to the
large family of Sm and LSm proteins, defined by the presence of two conserved motifs
¢ Sm1 and Sm2. These homologous regions are 32 and 14 amino acids long, and they
are important for Sm protehprotein interactions(Hermann et al., 19955m proteins
are assembled in a stepise manner into a ringhaped structurevhose positively
charged interior is thought to interaetith the Sm site (PuA4GPu) of the U snRNPs
(reviewed in Urlaub et al. 200Iyhe main function of Sm proteinsstabilization and

protection ofsnRNA against nucleases.

The three Sm proteins SmB/B", SmD1 and SmD3, contain unique gitiee rich
domain (GR repeats) in their-t€rminal parts ad Arginines in GR repeats are
symmetrically dimethylated by the PRMT5 complex. These repeats fulfill the special
functions. At first, they are essential for interaction with SMN complex, which binds
them through its Tudor domain. Other studies have showat fpositively charged-C
termini of SmB, D1, and D3 can serve as a nuclear localization signal and can also bind
the premRNA within the 5°ss region and help to stabilize spliceosomal complex

(Bordonné, 2000; Zhang et al., 2001)
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SmB Sml Sm2 GR Repeats
SmD1 Sml Sm2 GR Repeats

SmD3 Sml Sm2 GR Repeats

Siylsral helix Smi Sm2

SmE Sml Sm2

SmG Smil Sm2

Figure 5 Structure and protein composition of Sm ring. Adapted from PDB with the letter code 4pjo.

1.1.3.2. snRNP spefic proteins

Besides of Sm proteins, snRNPs contain many other proteins which are specific for each
of them (Fig. 6). It is not precisely clear, where and in what order all proteins are added
to the core snRNP and which proteins are involved in thisga®ic Previous studies have
shown evidence that the HSP90/R2TP complex participates in the U5 and U4 snRNP
assemblyBizarro et al., 2015; Malinova et al., 2017)

Some of the snRNP specific proteins are RNA helicases such as, Brr2, and Prp8. These
three proteins are components 6fn k | ¢ wgnRNRind\Nakay a crucial roli@ activation
of the spliceosome and formation of the active s{teviewed inWill and Luhrmann,

2011) Another specific proteins such as SF3A1 or SF3B1 are essential in early steps of
spliceosome assembly and peh splice site recognitiofShao et al., 2012)n the splicing
of preemRNA are involved moreqteins than | speified here, but in my thesis | will not

focus on the snRNA specific proteins.
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Figure 6 Protein composition and snRNA setructures of the major spliceosomal snRNPs.Sm proteins and
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each snRNP. Adapted frafwill and Luhrmann, 2011)

snNRNP biogenesis

SnRNPs are assembled in a std@pe manner (Fig)7 The biogenesis takes place in
the nucleus and in the cytoplasm. This distribution into two separate compartments can
be the part of the quality control mechanism, to prevent the incomplete snRNPs meeting
the final substrate. The disturbances in snRiB&iration can lead to diseases such as
Spinal Muscular Atrophy (SMA), Retinitis Pigmentosa, chronic lymphocytic leukemia or

myelodysplasig¢Eggert et al., 2006; Krausova and Stanek, 2018; Matera, 1999; Pellizzoni
et al., 199).
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1.1.4.
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Figure 7 snRNP biogenesid. Transcription of prénRNA, 2. Formation of export complex and
transport into the cytoplasm, 3. Loading of SMN complex orspiRNA and formation of Sm ring around

Sm site, 4. Cap trimethylation BYGS1, 5. Transport SnRNP core into the nucleus, 6. Final maturation of
snRNPs in the Cajal bodies and releasing fully maturated particle into the nucleoplasm where becomes a
part of the spliceosome.

Transcriptionof Smclass SNRN&\

The biogenesis of siN®Ps starts in the nucleus, whetfeey are transcribed by RNA

polymerase IlITranscription starts with the promotewhich contains thgroximal and

distal regulatory element (PSE and DSE) and enhancer sequences (Fig. 8). The
transcription is activated by €&, which contains various binding sites for multiple
transcription factors. One of them is octamer sequence ATGCAAAT, which recruits
transcription activator Oefl(Ford et al., 1998)This factor recruits reother initiation
factors suchgeneral transcription factors (TFIIA, TFIIB, TFIIE, and TFIIF) and the
pentameric factor called snRNg&ktivating protein complex (SNAPc) to form a stable
transcrigion initiation complex. This complex recognizes the proximal regulatory

element (PSE), which is located upstream of posi#ihand is essential and sufficient
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to direct basal levels of transcriptig®adowski et al., 1993; Sadowski et al., 19B6)A
polymerase Il transcribes snRNA gene beyond 3’box locaté8 Aucleotides
downstreamof the 3"end of the mature snRNECuello et al., 1999; Yuo et al., 1985)

This element is required for transcription termination of shRNA genes. 3" box is
recognized by a mulsubunit factor called the Integtar complex, which
endonucleolytically cleaves nascent transciipaillat et al., 2005)Its subunits IntS9

and IntS11 have sequence similarity to cleavage factors CPSF73 and CPSF100 involved

in the 3"end processing of MRNA (reviewetMatera and Wang 2014)

Figure 8 Transcription and preessing of Sralass snRNA gene&dapted fromMatera and Wang, 2014a)

1.1.5. Export tothe cytoplasm

After the transcription, the Sralass snRNAs have to be transported into the
cytoplasm. Because they are transcribed by RNA polymerase Il, the 5"monomethyl cap
structure is added on the 5’endind bound bythe Cap binding complex (CBC)
(Izaurralde et al., 1995)Then the phosphorylated adaptor complex for RNA export
(PHAX) binds CBC and recruits the CRafiGTP complex through its leucigh
nuclear export signgdOhno et al., 2000aCrm1 (exportinl) is aptein which interacts
with nuclear pore and with the cooperation of RanGTP promotes the export of SnRNAs
into the cytoplasnm(Fornerod et al., 1997)

The mRNAs have the similar export pathway as a snRNAs. Both contain 5’ monomethyl

cap on 5"end which is bound by CBC. It gives risguéstion of how the cell recognizes
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1.1.6.

between these two types of RNA (snRNA and mRNA). It was showhetdistinguish

is based on their length and their association with heterogeneous nuclear RNP (hnRNP)
CLC2 proteins, which recognizes transcripts lantjean 200400 nucleotides and
funnels them into MRNA export pathway inhibiting PHAX bindiMgsuyama et al.,
2004; Ohno, 2012)

'Nucleus [] Cytoplasm]

@ GTP hydrolysis
@ Xpo1 = XpM
—
f dephosphorylation

phosphorylation

fu snRNA

|

Figure 9 Phosphorylation/Dephosphorylation cycté PHAXprotein. Adapted from (Ohno etal., 2000a)

Sm ring formationby SMN complex

The cytoplasmic phase of the biogenesis comprises Sm ring formation, 3"end
trimming, and cap trimethylationWhen the presnRNA is translocated into the
cytoplasm, the export complex is dissociated by dephosylation of PHAX protein
(Kitao et al., 2008and snRNA is ready for acquiring the Sm.riter translation, Sm
proteins are immediately bound by plICIn protein to increase their specificity for sShRNAs
(Prusty et al., 2017)ogether with pICIn form 2 types of complexes 6S complex (D1, D2,
E, F, @ICIn) and heterotrimer (B/B", B8CInJChari et al., 2008}-ig.10). pICIn protein
also associates with PRMTanithyltransferase and together with the protein WD40
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forms PRMT5 complex, which is responsible for creating stnical dimethylated
Arginines (sDMA) on-@rminus of SmB/B", SmD1 and Sm(P8&esen et al., 2001a;
Meister et al., 2001) After this modificiion, the 6S complex and heterotrimer are
released from the PRMT5 complex, and Sm complexes are deliveréue t6MN
complex. Gemin2, the component of SMN complex, binds 6S particle forming 8S
assembly intermediate. This binding triggers arrangements igath stabilization of
opened ring(Grimm et al., 2013) The pre-snRNA isecognized byGemin5, another
component of SMN complex. Gemin5 recognizes the Sm site in RiéAm@and deliveres
SMN complexvith pre-assembled Sm protes on snRNABattle et al., 200a; Tang et

al., 2016; Xu et al., 2016; Yong et al., 2002#) the end, the SmB/B” and SmD3 are

incorporated into the Sm ring and closing it.

Sm proteins
|\' A l_j
, m;: . PRMT5 _.'
D1 cornplu‘

65 complex

Assembled core snRNP

8S complex Horseshoe intermediate

/ Pre-import complex
) formation
LM]NS
g AN

Posr-exporr complex SMN complex

Figure 10 AssistedSm ring assemblysm proteins are sequestered and symmetrically dimethylated

by the PRMT5 complex. Once formed, the 6S complex of the SMZPEG) pentamer and pICln is
thought to be released from PRMTbmplexas a separate particle. This 6S complex is delivered to the
SMN complex, which provides the overall platform for subsedquassembly steps. Geminghe
heterodimeric binding partner of SMN, binds to the 6S complex, forming an early 8S assembly
intermediate. In parallel, tt SMN complex, including Gemim&cognizes specific sequence elements (the
Smsite and theadjacento stemloop) within the postexport snRNAAdapted fran (Matera and Wang,
2014a)
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1.1.7. Cap trimethylation by TGS4dnd nuclear transport

Formation of Sm ring protects and stabilizes NARand initiatesfurther steps of
biogenesis. Irsecond cytoplasmic phase, the SMN complex binds and recruits RNA
methyltransferase TGS1 that modifies 5"end of SnRNA to at2i@&thylguanosine cap
structure (Matera and Wang, 2014a; Mouaikel et al., 2008)was shown that TGS1
directly binds SMN protein, but it can also birthe Gterminus of SmB, which also
interacts with SMN proteir{fFig. 11YXMouaikel et al., 2003; Plessel et al., 199Zhe
interaction of TGS1 with the-€rminus of SmB can trigger conformational changes and
SMN can be release from SmB.

After this cap modificatiorthe 3"end of SnRNA is trimmed. Previous stadiave shown

the presence of sSnRNA precursors in the cytoplasm, which is a few nucleotides longer

than snRNA§Madore et al., 1984)lt is still unclear when exactly the 3"end of snRNA is
processed and the enzyme which is responsible for shortened 3"end is not still known,

but the biggest candidate is the exonuclease Dis3L2, which was shown to interact with
snRNAs and degrade the extended RNWMsang et al., 1997; Labno et al.,, 2016;
Ustianenko et al., 2016)

The cap hypermethylation triggers the snRNP import to the nucleus. Snurportin 1 (SPN1)
binds the mG cap aR G KNRdzAK A& AYLERNIAY | O0AYRAY
AYLRNIGAY 1 & LO é6la aKz2eys GKFG {ab Ffaz2 R
second NLS recept@Narayanan et al., 2002Besides, the Importin 7 was shown to be
necessary for snRNP nuclear transport Dnosophila melanogaste(Natalizio and

Matera, 2013) When all modificatios of SnRNA (Sm grformation, cap trimethylation

3’end trimming) are finished, the snRNA is transported into the nucleus.
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Figure 11 Model of TGS1 and SMN interactions in cytoplasmic snRNP biogertékésl red circles
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m3G- m2,2,/G trimethylated cap, SPN$nurportin 1, TGSnethyltransferase. Adapted frofMouaikel et

al., 2003)

SMN complex

The SMN comples icomposed from the SMN proteifipm Geminproteins 2-8

and unip protein (Baccon et al., 2002; Carissimi et al., 2005; Carissimi et al., 2006;

Charroux et al.,999; Charroux et al., 2000; Gubitz et al., 2002; Liu and Dreyfuss, 19964a;

Pellizzoni et al., 2002Yhe SMN complex is dispersedhe cytoplasm andlso in the

nucleus, wheret SMN complex accumulat@s the nuclear foci called Gemini of coiled

bodies¢ Gems(Liu and Dreyfuss, 1996l 8MN complexXunction in the cytoplasm is

mainly in formation ofthe Sm ring andt might also participatesn reimport of core

snRNPs back into the nucleMassenet et al.,, 2002)In the cytoplasm binds

preferentially SmB/BD3 dimers and drives them to the 6S particle (Sm D1, D2, E, F, G,

plCIn)holding together by Gemin2 and helps to close the Sm ring around the Sm site of

snRNAPellizzoni et al., 19990t was shown that the nuclesgBMN complex associates

with the Sm proteins, early spliceosome and U1 snRNP components but the exact role

is still unknownMeister et al., 2000; Stejskalova and Stanek, 2014)
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1.1.8.

Figure 12: Schematic illustration of the sunal motor neuron (SMN) complex. The survival motor
neuron (SMN) protein binds Gemin2, Gemin3, Gemin5, Gemin7 and Gemin8, whereas Gemin4 and
Gemin6 associate with SMN through interactions with Gemin3 and Gemin7, respectively. Gemin8 also
binds the Gemin§Genin7 heterodimer, and mediates the association of Gemin6, Gemin7 and unrip with
SMN(Pellizzoni, 2007)

SMN protein

Human SMN protein is 294 amino acldag polypeptide,which harbors multipg
domains, including Merminal nucleieacid binding domain, a central Tudor domain and
Gterminal prolinerich and YG domains. Mutations in all domains have bededi to
Spinal Muscular Atrophy (SMA). SMA is neuromuscular disoedesed by @ecreased
level of the SMN protein (reviewed iranfranco, Vassallo, ai@huchi 2017)

As a substrate for binding of SMN serves RG rich domain where the Argamees
symmetrically dimethylatedFriesen et al., 2001b)yhese GR repeats are foundfie G
termini of SmB/B”", SmD1, SmD3, but also in other proteins suieh@m4, fibrillarin or
hnRNPand are able to interact with SMN protegjBRAHMS et al., 2001; Paushkin et al.,
2002) Deletion of GR repeats congély abolishes the binding of SMN complex (Fig.
13) (Friesen and Dreyfuss, 2000)
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Figure 13: Schematic representation of arginin@and glycinerich domains of the SMN complex
substrates. R@ch domains are typed in yellow with black backgro@Reushkin et al., 2002)

For the interaction with GR repeats is necessary thee@ninus of SMN protein,
spanning exon 6 and 7, and its deletion completely disrupts binding of SMN to all of its
known substrates and also its ability to oligomer{&ellizzoni et al., 1999) It also
contains QNQKE motif serving as a nuclear localization giQagkl et al., 2006)The
Gterminus of SMN is highly conserved and over 96% of SMA patients show homozygous
absence of eitheEMN1in exons 7 and 8 or exon 7 alone, showing that this domain is
important for physiological function dhe SMN protein(Brunhilde, 2000)

TheN-terminus of SMN appears to be specific to mammalsaibbrs binding sites for
several critical interacting partnerSMN mutant lacking 27 -dérminal amino acids,

displays a dominant negative effect on various SMN functions, including splicing, ShnRNP
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1.1.9.

reorganization, telomerase activity and hyper methylatipnTGS1 activifMouaikel et

al., 2003; Pellizzoni et al., 1998)

As | mentioned before, the main function of SMN complex is in sSnRNP assembly, but it
undertakes more functions in the cell. It plays role in teloase and snoRNA biogenesis
(Bachand et al., 2002)n 3"end processing of histone mRN/Rdlai et al., 2003)in
translation(Sanchez et al., 201@nd also in DNA damage and repdiakizawa et al.,
2010) Here, | just mention only some important Gemins (Gemin2, Gemin3 and Gemin5),

which have a significant role in the snRNP core assembly.

Gemin 2/SIP1

The @min2 is 3RDa protein and together with the SMN protein, is the most
conserved component of the SMN complex. It forms GeriNBN heterodimerin the
past, attention has been paid primarily to the SMN protein, which was thought to be
responsible for formig the Sm ring around the snRNA. It was big surprise when several
studies showed that SMprotein is not primary architect of the snRNP core assembly.
Two crystallographic studies demonstrated that Gemin2 binds directly five Sm proteins
(D1, D2, E, F and &)d holds them in proper orientation for subsequent snRNA binding
and closing the Sm ring (Fig(Bhang et al., 2011Tonsistent with this, the ubiquitously
expressed Gemin2 is essentiat foability of all eulryotic organisms. Gemin2 gene
deletion in the mouse causes embryonic lethality, at even earlier stage than in case of
SMN gene deletio@ablonka et al., 2002; Paushkin et al., 2000)

1.1.10. Gemin3/Ddx20/DP103

Geming is 99 kDprotein and containDEAD boxwhich is found in a family of RNA
helicases and it is therefore assumed that Gemin 3 is RNA helicages shown that
Geming3interacts directly with SMN, Gemin2, Gemin4 and with several Srteips

(B/B", D2 and D3 vivoandin vitro (Charroux et al., 1999; Chatrx et al., 2000)The
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interaction withthe SMN protein is mediateldy the Gterminus of Gemin3 (Fid4). The
Gemin3 was originally isolated as a cellular factor that associates with EBsteimirus
nuclear proteins EBNA2 and EBNA3C, which play anrtile transcriptional regulation
of latent viral and cellular geng&mundhoff et al., 1999)Because of its role in the
transcription the later studies showed its ability to interact with and modulate the
activity of various transcription factors including steroidogenic factor 1jSEarly
growth response protein 2 (EQrdr forkhead transcription factor (FOX{@ilian and
Svaren, 2004; Lee et al., Z)@u et al., 2001; Yan et al., 2008)addition to interaction
with transcription factors, Gemin3also forms SMNindependent complex with
Argonaute 2 protein (Ago2) andumerous microRNAs (miRN@Agpurelatos et al.,
2002) The role of Gemin3 in the snRNP assembly is not clear.

The disruption of Gemin3 gene leads to lethality loth vertebrates and
invertebrates.Thegemin3null mice die at embryonic stage, but heterozygous mice are
viable and fertile. It suggests that small amount of Gemin3 is sufficient for its function
(Mouillet et al., 2008) It was also analyzed iDrosophila melanogasteand
Caenorhabdis eleganswhere the loss of Gemin3 results in defects in several aspects

of development(Cauchi et al., 2008; Minasaki et al., 2009)

| la nmom vV Vi
1 824

J AkscraiT |ptrekiava |vgsrgr |iDEAD [sAT JivF[|sRGia mHriGRagRfG | |

Helicase motifs SMN interaction

Figure 14 Gemin3 encodes a DEAD box containing RNA helicaSthaAmatic representation of the
modular structure of Gemin3. The seven helicase motifs (I, la, II, 1, IV, V, and VI) are represented by boxes
with conserved amino acids in white. Upper cases are for the highly conserved residues, lower cases for
the less conserved ones. The helicase motifs are boxed in black. The SMN interacting domain (amino acids
456¢547) is boxed in gray\dapted from(Charroux et al., 2000)

1.1.11. Gemin5

The Gemin5 is 170 kDa tryptophaspartic acid (WD) repeat protein that binds to
SMNin vivoandin vitro. Like the other components of the SMN complé&Xemin5is

found inthe cytgolasm and in gem&ubitz et al., 200215emin5functionsas the snRNA
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binding protein of the SMN complex, which allows to distinguish snRNAs from other
cellular RNAgBattle et al., 2006a)Recentrystallographic studies showed that Gemin5
interacts directly with MGpppG cap and the Sm stteough its Nterminal WD motifs
(Tang et al., 2018¥ahl and Fischer, 2018n addition to the fact that Gemin5 plays one

of the key role in the snRNP biogenesis, it has been shown that Gemin5 can bind viral
internal ribosome entry site (IRES) elemerfikisinteractionis mediated via thestem

loop placel at the 3’end It results in downregulating ofranslation (Fernandez
Chamorro et al., 2014; Pacheco et al., 200)rther possible role of Gemirgin quality
control of snRNP assembly in the cytoplasm. Last studies shinae@emin5is ableto

bind m’GpppG but not tdrimethylated cap.It could indicate a new role of Gemiird

the transport of incomplete snRNB the cytoplasmic structures calldtlbodies, where

the defective snRNPs are sequestefksthikawa et al., 2014; Xu et al., 2016)
Nuclear phase and Cajal bodies

Upon nuclear reentry, snRNBppearesn the nuclear structures called Cajal bodies
(CBs)CBs are on-membrane nuclear structurediscovered in 203 by Ramén y Cajal in
neurons(Fig. 1%. In 1990 was discovered its scaffold protein called coilin (Raska et al.,
1990). Coilin is 80kDa protein, which consists frotiemhinal selfinteracting domain,
the central part containing NLS signals andei@inal part containing Tudor like
structure (Figl16). It was shown that Tudor domaiirs other proteinsbind methylated
amino acids such as a metHysine or methyarginine, which we can find in the Sm
proteins. The experiments with dmi’'s Tudor domain di not show any binding
properties to these amino acids (Shanbhag et al., 2010). However -tiven®al part
was shown to interact with Sm fold of Sm proteins, but the molecular mechanism of

coilinrSm proteins binding is still unclear (Xu et al., 2005).
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Figure 15 Cajal bodies in HelLa cell: coilin, markeCé&fs labeled
by Alexa488 (areen, U2 snRNA (red), DNA stained by DAPI (t

Coilin has been analyzed iMus musculus, Danio reiro, Arabidopsis thalicarad
Drosophila melanogastein all cases, coilin depletion causes CB disappearance but in
plants and flies coilin knockout does not affect viability and fertjf@gllier et al., 2006;

Liu et al., 2009By contrast coilin depletion is lethal within 24 houo$ development in
zebrafish embryo and coilit mice are significantly less fertilinasak et al., 2009;
Strzelecka et al., 2010; Tucker et al., 2001; Walker et al., 2009)

CBs are placef@everal snRNP specific proteins binding with the snRN@sic et al.,
2004) Moreover, CBsplay also role in de novoformation of U4/U6 disnRNP and
U4/U6 US5tri-snRNRas well @ their postsplicing recyclingNovotny etal., 2011; Stanek

et al., 2003) The mathematical modeling and measurement of snRNPs kinetic in CBs
revealed that he higher concentration of snRNiRsCBsncreases the snRNPs assembly
rate by factorof 10 (Klingauf et al., 20Q6Novotny et al., 2011)

In the CBs we caalsofind scaRNAs whicare responsible for pseudourithtion and
2’-O-methylation of snRNPs. This modifications are confined to snRNA regions involved
in formation of RNARNA or RNArotein interactions thatare crucial for spliceosome
function, suggesting that they have beneficial effects on the efficacy or fidelity of

pre-mRNA splicingJady et al., 2003)
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Despite the important role of CBs in final maturation of SnRNPs, it igrgtiliown, how

are the snRNPs navigated to the CBs.

PML body Gem
association formation
A A
\J \J
1 PIASY SMN 576
Self-interaction b RG
A NLSa NLSb snRNPs T
\J
CB formation CB number

Figure 16 Schematic summary of coilin and its role in nuclear organization. fieenthhus contain Self

interaction domain(black box), @erminus contain Glycindrginine rich domain (R@rey box), NL:S

nuclear localization signal. Adapted fr¢®un et al., 2005)

Quiality control of snRNP assembly

The snRNPs play an essentiagiiolthe splicing of prenRNAFor the cells and whole
organisms is necessary to have the spliceosome correctly assembled. Otherwise, the
cells have problems with protein composition and their functions which can lead to the
cell death.ThussnRNP assembhas to be under preogscontrol. The frst check point is
in the nucleus immediately after prenRNA transcriptianThis checkpoint controls
assemblyof the export complex comprising of CBC, PHAX, CRM1 anGRarorthe
5"endof preesnRNAFornerod et al., 1997; Izaurralde et al., 1995; Ohno et al., 2000b)
the export complex assembly fails defective snRN&asretained in CB§Suzuki et al.,
2010) After this first control the presnRNA is exported into the cytoplasnheve is
second check point involving the Sm ring assendniRNAs that do not acquire the Sm
ring fail toreimport back to the nucleu@-ischer et al., 1993The previous studies have
shown that immature snRNPs lacking Sm ring are targeted into the P sbadig
degraded (Ishikawa et al., 2014; Ishikawa et al., 2018; Shukla and Parker,.2014)
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However, the mechanism how the cells recognize the immature snRNPs is still unknown.
Third quality control checkpoint, which oasuin the CBs, has been identified in our
laboratory. snRNPs that do not form mature functional particles are sequestered in the
CBs. However, the mechanism, which holds the immature snRNPs in the CBs has to be

solved.

Degradation pathways in the cytoplas

The RNA degradation is an important control point in the regulation of the gene
expression.Generally,RNAdegradation is initiated by deprotection of the transcript
ends In the case of MRNAh¢ ends are protected by 5°cap and 3" polyadenylated end.
snRNAs contain the 5”cap but 3"end protection has ot been identified. HowdfrerSm
ring is a strong snRNA stabilizer apibtects snRNAagainstexo- and endonucleases
(Fig. 17. When the transcriptloosethe protection the degradatiorproceeds vidhree

different ways described below.

' ’ Figurel?:. Three pathways of MRNA

degradation in the cytoplasm.
~ \[o Sm fing assembly Yywb!a Oy oS RS3INIRSR
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m,G Exosome exonuclease, which acts
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1.1.12. 5’-3"degradation pathway and P bodies

The two main 53" exoribonucleases are Xrnl and Xrn2. They differ in localization.
Xrn2 is mainly in the nucleus and is involved in ribosomal RNA maturation, in
transcription termiration and telomere maintenancgel Hage et al., 2008; Luke et al.,
2008; Wang and Pestov, 2011)

In thissection,| will focus only on Xrnl exoribonuclease, which isntgaiytoplasmic
and play a role in degradation of 5’'monophosphorylated RNA, sualiesapped or
cleaved RNASThis degradation pathway was best descdhbe case of mMRNAThe
lifetime of MRNA is mainly determined the length of poly(A) tail. The shomeng of
this tail is crucial for activation of both B"and 3°5" degradation pathways.
Deadenylated mRNAs are further processed by the decapping enzyihesbest
characterized decapping enzyrnsDcp2, which collaborates together with decapping
activata called Dcpl to remove-fhethylguanosin cap from 5’end by hydrolysis
(STEIGER et al., 200B)e interaction between mRNA and Dcp2 is enhanced by{1.Sm1l
7 ring formed around the shortened poly(A) t@lissan et al., 2010After decapping
the mRNA is prepared for degradation of XriXtnl canalsodegradesthe snRNAs,
which failedto acquire functional Sm ringhukla and Parker, 2014)

LSm27 ring

The LSm¥ ring is composed from seven Sike proteins.All Sm progins contain
the characteristicSmfold and form the doughnut shaped structureThe LSm¥
proteins are highly enriched in the cytoplasmic foci called P bdthegelfinger et al.,
2002) The main function of this LSm ring igle stabilizationof deccaping enzymes
(Dcpl and Dcp2) on mRN# geted fordegradation(Nissan et al., 2010The crystal
structure revealed thénighestbinding preferenceso the octaU oligonucleotiecand
with lower affinity to the octa A oligonucleotide athe 3" end of RNAZhou et al.,

2014b) The mutational analysislso showed the direct interaction betweethe
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extended @erminus of LSm1 and RN8howdhury et al., 2016The LSmY ringacts
together withthe Patl protein, which is the mamctivator of the decapping enzyme
and is essential for the normal rateErmaRNA decappinip vivo(Totaro et al., 2011 )t
also significatly enhances the RNA binding activity of LShring(Chowdhury et al.,
2014)

P bodies

Thesecytoplasmic bodies were discovered more than ten years ago and over the
past few years, the numbers of proteins detected in P bodies has increased
exponentially. In addition to proteins involved in RNA degtan, P body components
include proteins with roles in RNA surveillance, RNA interference and translation
repression (reviewed ikulalio et al., 2007)

Because the P bodies contamanyfactors important for mMRNA decay, it arised the
guestion, whether they serve as a place of RNA degradation or as a storage of these
enzymes. Several lines of evidence indicate that RNA is degraded in these Biosties.

the inhibition of transcription with actinomycin D, or the exposure of cells to
ribonuclease A, leads to-Bbdy loss, which indicates that-liddy assembly is
dependent on RNACougot et al., 2004; Teixeira et al., 2006n the other hand,
blocking mRNA decay in later stagsults in an increase of P body numbers and size
(Sheth and Parker, 2003The P bodies are highly dynamic structures and their number
and sizechangein differentphysiologicatonditions and also during the cell cy(¥am

et al., 2004)
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Figure 19The image shows-Bodies (yellow) in HeLa cell
expressing green fluorescent protein (GFP) fused to D(
Cells were stained with antibodies cragscting with EDCA4
and a human nuclear antigen (red). Adapted fr¢Rnitschler
et al., 2010)

1.1.13.3"-5" degradation pathwayg exosome and Dis3L2

In the cytoplasm we can find two independent &~ degradation pathwas One
is the cytoplasmic exosome complex which degrades mRNA with shortened poly(A) tail

and second is Dis3L2 whiprefers oligouridylated RNAs.

Exosome

The eukaryotic exosome is composed from eleven subunits. Two subunits (Rrp6
and Dis3) are nucleasasd the rest of the proteins heilpg to navigate the substrate
to the active sitegVincent and Deutsar, 2009) It appearsthat the exosome rarely
engages its substrates directly and that its actiintyivois suppressed by depriving it
of eligible substratesDifferent classesof exosomesubstrates are recognized by
specialized adapters and broughtttte exosome. The exosome itself is rarely involved
in the decision process that commits a molecule for degradation and in most cases it
can be viewed as a commonffector of the many pathways ofRNA

processing/degradation/surveillance (revieweddhlebowski et al., 2018)

Dis3L2
The secondgoly(U) tail 3-5’exonuclese in the cytoplasm is [BIS2 which acts

independently on the exosome. Mutations in thesBlL2 gene were found in patients
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with Perlman’s syndrome.These mutations were suggested to inhibihe
exonucleolytic activity obIS3L2 YR £ SI R (2 RSNB3IdAesuling2zy 2 F
in faster cell growthi{Astuti et al., 2012)The discovery of the 882 exonuclease also

showed that uridylatior? ¥ o cnledd/tdRRNA degradatioin mammalian cellsvo

roles of the Wtailing were described. Bt isthe biogenesis of pret7 miRNAHeo et

al., 2008; Heo et al., 2009; Heo et al., 2028) second is in thelegradation of

NBLI AOIF A2y NMRSLISYRSYlG KA&al2yS Wwledaad Ay GK
Marzluff, 2008 Schmidt et al., 2011However the uridyation need not always lead

to the RNAdegradation. The monouridylation of preiRNAs facilitates the DICER
processing(Heo et al., 2012and oligouridylation of U6 snRNA is a key part of its
biogenesigLund and Dahlberg, 1992; Tazi et al., 1993)

In the mammalian cells at least four uridyltransferases (TAIT$)1/4/7 and GLRare

known, which can add the netemplated UMPs tdhe 3"termini (Scott and Norbury,

2013) Recent studies suggested a broader spectrum of DIS3L2 targets. Upon viral
infection, TUTast YR 5L{o[H FINB Ay@2ft @SR Ay GSYLX I {
(TDMD)Haas et al., 201&)nd in the decay of improperly processed ncREkwahl

et al., 2015) Using the calytic nonactive muant of DISL2 D391N thé vivotargets

of DISL2 were identified by crosslinking and immunoprecipitation followed by
sequencing (CLigseq). The targetsmcluding RNAs includRNAs, rRNAS, tRNzwd

long norrcoding RNAs (IncRNAB)stianenko et al., 2016Another study also showed

snRNAs as a DIS3L2 targets suggesting thaL Dt&n béhe exonucleaseesponsible

for 3’end trimmingduringsnRNA biogenes{tabno et al., 2016)
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Quiality control of snRNP assembly in the nucleus

After the Sm ring is formedhe mono-methyl capis trimethylated and transported
into the nuckus. It is directly navigatetb the Cajal bodies, wherthe final snRNP
maturation occur Interestingly, inhibition of proteins involved in the U4/U6-U5 tri
snRNP formation or snRNP specific proteins lead tnBRINP or incomplete snRNP
accumulationNovotny et al., 2015; Schaffert et al., 2004; Tanackovic and Kramer, 2005)
Thus, it seems that role of CBs is not dolyncreasethe efficiency of ShnRNP assembly,
but also in precise control of final steps of SnRNP maturattwwever, the molecular

mechanism of this final quality control are missing.
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2. Materials and methods

2.1. Cell culture

HeLa cells were provided by Karla Neugebd¥ate University, USA)eLa cells
$SNBE OdzZ G§dzZNBR Ay 5dzf 6 S002Qa ¥iegRSEFguboRe/ 91 It S
L (Sigma) supplemented with 10% fetal bovine serum (FBS), 1% penicillin and
streptomycin (Gibco)}eLa cells were incubated in 37 °C and with 5% CO

2.2. Antibodies

For indirect immunostaining we usdallowing antibodies:
1 anti-coilin (5PD) antibody, kindly provided by M. CarAr@nsecalfstitute of
Molecular Medicine, Lisboghlimeida et al., 1998)
1 anti-DDX6 atibody (Promega)
Secondary amtimouse antibodies conjugated with Alegd7 (Invitrogen) were used.
For immunoprecipitation we usefdllowing antibodies:
1 goat anti-GFP antibodies obtained from David Drechsel (MIBG Dresden,
Germany)
For Western blotting w used the following antibodies:
1 mouse antdGFP (Sant&ruz),
1 mouse ant! H .(Fkdgen),
1 rabbit anttSmD1 (Abcam),
1 rabbit anttSmG (Abcam),
1 rabbit anttSF3a60/SF3A3 (Abcam),
1 mouse antiSF3b49 (Abcam),
1 rabbit anttPRPF31 (Abcam),
1 mouse aniGAPDH (Abcam),
 rabbitanti | OQUAY 6! 60l YOX
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1 mouse aniSMN (Sigma),
1 rabbit antiFlag (Sigma),
1 mouse antitubulin, kindly provided by P. Draber (Insté of Molecular

Genetics, CAS)

1 anti-Sm antibody (Y12) was produced from a hybridoma cell line (a gift from Karla

Neugebaer, Yale University, New Haven, USA) at the Antibody facility (Institute

of Molecular Genetics, CAS).
Secondary goat anthouse or antrrabbit antibodies conjugated with horseradish

peroxidase (Jackson ImmunoResearch Laboratories) were used.

2.3. Plasmids

The U4MS2 RNA construct, wherthe U4 snRNAis under the control of
endogenous U4 promoter elements and a single MS2 ismserted into U4 stem loop
II, was obtained from Edouard Bertrand (IGMM, CNRS, MontBizarro et al., 201%)

The U2 snRA full length which includes the promoter sequence (bp 563 nt upstream

of the U2 transcription start site), was amplified from HeLa genomic DNA using specific

primers
F: 5’AGTCGGATCCGGCAGAGGAACTCCARGCCCCT
R: 5- ATAGGAATTCCAAGCCGCCCCGCAGGTGCaAlCAoned into the pcDNA3

vector without CMV promoter using EcoRI/BamHI restriction sites. The U2 snRNA

sequence is identical to the transcript IENST00000616345The MS2 loopd p Q
TAACATGAGGATCACCCATET s inserted into the stem loop IIb by siéected
mutagenesis using the primers

F: 52AGGAGAACAAATCCGAGGACAATATATFIAZGRIT

R: 52 TTATAGACTATGCAGGAGATACARBEG

The deletion constructIcA y3 A G SY f 2 2 SU&llaliMSR)aril latking So
AA0S o' up{ YL ¢ SikBeddiRyenéstRng dhe folldavwing Srimers:

| H3LI+I1a,iMS2:
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http://www.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000275616;r=17:43239921-43240111;t=ENST00000616345

(F5-TAACATGAGGATCACCCATG P -XGCECTCGCCTTCGCGUIR@A 0 Q 0 YR

I H3M E: 5-=CCATTTAATATATTGTCCTCGG BEABCAGGGAGATGGAATAD

The! n 1-64-MS2 deletion construcb R2y' S 06 & Y f waNkreatéd frovtBed 2 @t 0
U4MS2 wt plasmid by sitdirected mutagenesis using primersd: 5°-
AAAACTTTTCCCAATAIEES, R: 5GGAAAGGCTTTATTCGEXG@E plasmids were
cotransfected with AIMS2YFP(Brody and ShaVal, 2011) with MS2 coat protein
containing the NES/NLS shuttling signaing Lpofectamine3000 (Invitrogen) according

to the manufacturer’s protocol. Transfected HeLa a@lB NB  Odzf (G dzZNBR T2 NJ H
{ Y. ®FRAnd SmBGFP plasmid&Sleeman and Lamond, 1998¢re provided by A.

Lamond University of Dundee, United Kingdpr®mD3GFP plasmid was prepared from

the total RNA of HeLa celly RTiollowed by PCR using specific priméiable 1)

and cloned into the GFR1 vector (Clontech) using EcoRI/BamHI restriction sites.
Deletion constructs (SmB/ G F At > {YS5op/ GFrAfXZ {Y5mMpmMKknNE
{ Y 5 @R) were created by PCR using primers listetable S1. D3AGFP, BAI&FP

and D1AlaGFP constructs were created by silieected mutagenesisising specific

primers (Table land verified by DNA sequencing.

Lsm2GFP construct was prepared from the total RNA of HelLa cells by RT followed by
PCR usg specific primey (Table 1and cloned into the GFR2 vector (Clontech) using
EcoRI/BamHI restriction sites. SMIRP plasmid was provided by M. Dundr (Rosalind
Franklin University, USA).

U2snRNA more stable, U2 snRNA U bulge and U2 snRNA no hairpiootengere

prepared from U2 snRNA wt by site directed mutagenesis U3B1g specific primers

(Tablel) and verified by DNA seqguencing.
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Primers:

List of primers:
T7promoter |pQ¢! ! ¢! /D! / ¢/ ! /¢! ¢! DDD 0Q
Uowt F: 5 TAATACGACTCACTATAGGG/ATCGCTTCTTIGERCT
R: 5 TGGTGCACCGTTCCTGGAGGT3’
wn{[L |F 5 TAATACGACTCACTATAGGG/TGTAGTATCTGTTCATCAGS
R: 5 TGGTGCACCGTTCCTGGAGGT3
wn{[Le |© 5TAATACGACTCACTATAGGGIATCGCTTCTCGGCCTTTTGGY
R: 5 GGAGTGGACGGAGCAAGCTC3
| nn G F: 5 GAGCAGGGAGATGGAATAG3
R: 5’ CCATTTAATATATTGTCCTCGG3’
UaltsLl F: 5 TAATACGACTCACTATAGGG/ATCGCTTCTCGGCCTTTTGGS
R: 5’ CGATTGCGTGGAGTATCTCCCTGCTCCAAAAATCCATTTAAT
wn{[Lz{ 5 TAATACGACTCACTATAGGG/ATATTAAATGGATTTTTGGAAC
R: 5 TGGTGCACCGTTCCTGGAGGT3’
UaU1Sm F: 5 GAGCAGGGAGATGGAATAGS’
R:5" CACAAATATTTAATATATTGTCCT3’
CY pQ ¢! ! ¢! /D' / ¢/ !/ ¢! ¢! DDDk! ¢! /
Ulwt -
wY p®/ ! DDDD!! ! D/ D/ D!!/D/! DoW
! F:5 TAGTGGGGGACTGCGTTCGCGS
R: 5 ATGCAGTCGAGTTTCCCACAT3
it F: 5 TAATACGACTCACTATAGGG/AGCTTTGCGCAGTGGCAGTA]
R: 5 CAGTCTCCGTAGRIGTCAS’
A F: 5 TAATACGACTCACTATAGGG/AGCTTTGCGCAGTGGCAGTA’
W Y -CAGTCTCCGTAGAGACTGTGGCCGGCCGCCAATGCCGAC
Ut F: 5 TAATACGACTCACTATAGGG/ATACTCTGGCTTCTCTTCAGA
R: 5 AGTGCTGGATTAGCCTTGCCAA3’
, F: 5 CACAAACGTGCCTTGCCTTGG3’
pnly R: 5 GGGTAAGACTCAGAGTTGTTCCTS’
ekwisTr | F:5 TAATACGACTCACTATAGGG/GGATGTGAGGGCGATCTGGC
R: 5 AGAAAGGCAGACTGCCACATGC3’
7SKSm R: 5
AGAAAGGCAGACTGCCACATGCAGCGCCTCATTTGGATGTGCAA
7SKSMN R: 5 TGGTACCGGTCATCATATTTACACCCAGTACCTAC3’
7SKSm+SMN | R: 5 TGGTACCGGTCATCATATTTACACCCAGTAGBTAGAAZ
Al i s 77 F:5 TAATACGACTCACTATAGGG/CTCCCGCAACGCTACTCTCGT:
R: 5AGTAGAGACGGGGTTTCACCATGTT3'
AlU + Sm R: 5TACCTACAAAAATTGGTCAGCATGGGGGCCCTGCCAGCTACAT 3'
Alu + Sm + SMN| R: 5TGGTACCGGTCATCATATTTACAGTTABCAAAAATTGGTCAGCAS'
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F: 5TAATACGACTCACTATAGGG/CTCCCGCAACGCTACTCTCGT

SRP wt + T7

R: 5TGGGGGCCCTGCCAGCTACAT 3
SRP+Sm R: 5' TACCTACAAAAATTGGTCAGCATGGGGGCCCTGCCAGCTACAT 3'
SRP+Sm+SMN | R: 5 TGGTACCGGTCATCATATTTACACCCAG TACCTACAAAAATTGGT!

RTqPCR primers

U1 wi CY pQ !t¢tr/¢c¢c!// ¢DD/!"'DDDD! D 0Q
wY pQ /!'DDDD!!' ! D/ D/ D!'!/ D/I'' 0Q
U2 w CY pQ / ¢/ DD/ / ¢¢cc¢cceDD/ ¢! D¢ 0Q
wY pQ /D¢c¢// ¢cDD! DD¢! / ¢D/ ! o Q
U4 wi cyepp/ ! D¢l ¢/ Dec! D/ /11T ¢D o0Q
wY/ pQ¢/ 1111 ¢¢D//!'DeD/ o0Q
U5 wt CY pQ !t/ ¢/ ¢DD/ ¢c¢c/ ¢/ ¢cc¢c/ ! D! ¢/ ! o Q
wY pQ D//1¢c¢c/ ¢!/ ¢DD/ ! ¢D!D 0Q
Sm proteins
n Dw CY p4 ' D/ DV'1 ¢c¢/ ¢D! ¢
R: 5' GCGGGATCCTTCCTGCAACAGCTTCCCTTTTCTTAS'
SmD1 nNmMmknDw CY pyy ' b/ D1 ¢c¢/ ¢D!'¢D! /
R: 5" ATAGGATCC T TCTTCCTCTGCCACGGCCACGT
n RGR F: 5 AGCGAATTCTGATGACCCTGAAGAACAGAGAACCT3!
R: 5’ATAGGATCC T GTCCTCTTCCTCTTCCTCTTCCTC3
wt F: 5" AGCGAATTCTGATGAGCCTCCTCAACAAGCCCAZ
R: 5' GCGGGATCCTCTTGCCGGCGATGAGCGGGTTS3!
nKSt AE CYy pUYd 'TOATOAAB ¢ ¢/ ¢ D!
SmD2 R: 5 GCGGGATCCTCTTGCCGGCGATGAGCGGGTTI!
n x4 F: 5 AGCGAATTCTGATGAACACCGGTCCACTCTCTGTGC3'
R: 5' GCGGGATCCTCTTGCCGGCGATGAGCGGGTTI!
n mMiB F: 5 AGCGAATTCTGATGAGCCTCCTCAACAAGCCCAZ
R: 5'GCGGGATCCTCCGCAGGACCACGATGACTG3
wit F: 5’AGCGAATTCATGTCTATTGGTGTGCCGATT3'
R: 5'GCGGGATCCGTTCTTCGCTTTTGAAAGATG3'
SmD3 nl ar At CY pd! D/ D1 ¢¢/ ! ¢DC¢/
R: 5GCGGGATCCGTTCAAGGCCCAAGTGGCCGCAZ
Ala F: 5 GCAATGGCAGCGGCAAACATGTTTCAAAACCGAAGA3]
R: 5" TGCTGCTGCTGCTGCTGCGGCCACTTGGGCCTTGAGAATA]
SMB/B' nlar At CYy pd! D/ D! ¢¢/ ¢D! ¢

R: 5’GCGGGATCCTCAGGTGGGTACTGGGTTGGAG3'

MS2 constructs

MS2 loop

pQe¢! !t /1t ¢DI DD ¢/ V' /[ /1 ¢D¢¢¢ce¢e o0Q

U2 wt FL

F: 5AGTCGGATCCGGCAGAGGAACTCCRE:CCC
R: 5’ ATAGGAATTCCAAGCCGCCCCGCAGGTGCTACCT
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F:5 AGGAGAACAAATCCGAGGACAATATATTAAAT 3’

R: 5 TTATAGACTATGCAGGAGATACAAGGGTAA3

' Wp{[ELbLCY p¢! ! /1 ¢D!'DD!' ¢/ ! // /! ¢D¢oQ

MS2 WY pQD/ D/ ¢/ D//¢¢/D/DJ///D//D¢/! o
F: 5 AAAACTTTTCBTACCCCGC3’

R: 5’ GGAAAGGCTTTATTCGCGCC3

U2 wt FL MS2

' N p6KEMS?2

NSS mutatnts:

U2 stableNSS F: 5CCTCTATCCGAGGACAATATATTAAATGGAT 3
R: 5’ACGTATCAGATATTAATTTTTAGGAACAGATACT 3
U2NnoNSS F: 5GGAAAAGGGAGATGGAATAGGAGCTTGCTCCGT 3
R: 5"AAAAATTCATTTAATATATTGTCCTCGGATA 3
U2stableNSS F: 5CCTCTATCCTAACATGAGGATCACCCATGT 3
MS2 R: 5’ACGTATCAGATATTAATTTTTAGGAACAGATACT 3
U2 noNSSVS2 F: 5GGAAAAGGGAGATGGAATAGGAGCTTGCTCCGT 3
R: 5’AAAAATTCATTTAATATATTGTCCTCAAACATGGG 3
LSm1
LSmi F: 5GCGGAATTCTGATGAACTATATGCCTGGCAC 3

R 5 GCGGGATCCTGTACTCATCAAGAGTATCTGCT 3
Table 1:List of primers

2.4. Heterokaryon preparation

Hela cells were cultured on 3 cm Petri dish to 90% confluency, washed with 1x PBS
and treated with 50% Polyethylen Glycol 8000 (Sigma Aldrich) for 5 min at room
temperature. Then cells were washed 3 times with 1x PBS, cell culture medium was

added and cells were incubated at 37°C for 2h before injection.

2.5. RNAI

For RNA interference experiments,-30% confluent cells were transfecteding
these siRNAs (life technolegi, SMNSigma Aldrich)

SiRNA Sequence Catalogue | Working | Incub.
number conc. time
SmB/B” | 5-UCUACUGUCAUUGAGACEAga Silencer 20nM 48h
select
s13219
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SmD1

5-UUAGGUUCAACAUCCACRAgt

Silencer
select
s13230

20nM

72h

SmG

5"UACUAUUUCCUCGUAUUACCca3’

Silencer
select
s13243

20nM

48h

Xrnl

5-GAGAGUAUAUUGACUAUGALt

Silencer
select
s29015

20nM

72h

LSm1l

5 GAAGGACACUUAUAGGCUULt 3

Silencer
select
s26063

20nM

48h

Gemin3

5" GCAUACAUAUGGUAUAGCALt 3

Silencer
select
s22143

20nM

72h

SMN

5 CCAGAGCGATGATTCTGACATTTG
3

EHU
148811

35 nM

72h

Geminb

5" GAAAUACGGCAACACGAAALt 3

Silencer
select
s24773

20 nM

48 h

Gemin2

5 AUAUCUGAGUAAUUGGUUULt3’

Silecer
select
s16119

20nM

48h

NG

Silencer
select
am4642

20nM

Table 2 List of siRNAs

siRNAs were transfected withOligofectamine (Invitrogen)

manufacturer's protocol.

2.6. RTgPCR analysis

RNAwasisolated from immunoprecipitatioby phenol/chloroform extraction and
was analyzed by RJPCR. Reverse transcription vgesformed using the&superScriptlll

(Invitrogen) and random hexamers (Eastport). Ryathesisvas performed as follows:
p YAY

G cp e/ p YAY |
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cDnawas analyzed bgPCR using a Roche Light Cycler 480 standard protocol (45 ccycles,
606/ Yy Sl t Ay DORFGQPCR pfilndirsSsiaGailabléiid Table 1.

2.7. Invitro transcription

All DNA templates foin vitro transcription were prepared by PCR using Phusion
polymerasgBiolab). The primers are listed in Table 1. All forward primangamed the
T7 promoter sequencgs@ ! ! ¢! / D! / ¢/ ! /).q$nt diteDdDdD U2withU1Sm
mutants were created by sitdirected mutagenesis usitaSm and U2withU1Sm primers
(Table 1). Plasmids containing fie¢hgth U1, U2, U4 and U5 snRNAs (a gift from Karla
Neugebauer, Yale U., New Haven, USA) were used as temd&i€sRNA and Alu
cytoplasmic RNA were cloned from total HeLa RNA isolated by TRIZOL reagent
(Invitrogen) according to the manufacturer’s protocol and cDNA was synthesized using
specific primer:
7SK-R:5- AGAAAGGCAGACTGCCACAIGC
Alu-R:5'¢ AGTAGAGACGGGGTTTCACCABGTT
by SuperScriptlll (Invitrogen). SRP RNA was isolated from Hetdderichia colas
previously describe@Hnilicova et al., 20149nd cDNA was synthesized using specific
primer R:5'- TGGGGGCCCTGCCAGCTALAY SuperScriptlll (Invitrogen). WTs and
Sm+SMN mutants (7SK, Alu and SRP) were prepared by PCR using Phusion polymerase
(Biolab). Primers are listed Table 1.
Fluorescetly labelled RNAs were prepared in vitro transcription using
Megashortscriptlll kit (Invitrogenusing the manufacture protocol. The mixture
containedadditionalUTRAlexa 488 (Invitrogenin ration 1:4 (UTfAlexa488 : UTRNd
trimethylated cap analog (83%'G(5 )ppp(5°)G (Jena Bioscienicefatio 1:4 (cap analog
:GTP)L Ay Odzo | 4GSR (KS Y AAftérdgntBesidy RNAavas iseldted Byd S NJ y
phenol/chloroform extraction, precipitated and dissolved in nucleaise water. RNA
was diluted in soluton containing dextrafTRITC 7@Da (Sigma&ldrich) to final

concentration 200ng/pl.
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2.8. Prediction of sShRNA secondary structure

Secondary structure of all U2 snRNA mutants was analyzed by mathematical
modeling). Structure analysis was carried out using tleend RNA packadeorenz et
al., 2011) Minimum free energy RNA secondary structures were used, generated by
both constrained and unconstined prediction. For the first, RNAfold was used. The
latter was accomplished using constrained RNAfold (RNAf©)d Struaires were

plotted using RNAplot (done by Josef Pandicrobiliogy Institute ASCR, Prayjue

2.9. Microinjection

HeLa cells were grownnoglass coverslips for 24h and RNA was microinjected
using InjectMan coupled with FemtoJet (Eppenddrfje injection pressure {jpvas 150
hPa and compensation pressure)(was 50 hPaCells were then rinsed twice in PBS and

and processed for indirect imunofluorescence.

2.10. Indirect immunofluorescence and image acquisition

HelLa cells grown on coverslips were fixed in 4% paraformaldehyde in piperazine
b X -bisi2ethanesulfonic acid) (PIPES) for 15 minutes. Cells were permeabilized with
0.2% Triton XL.00 (Sigha Aldrich) for 5 minutes and blocked with 5% normal goat serum
in PBS (Jackson Immunoresearch) for 10 minutes. Then cells were incubated with
primary and secondary antibodies each for 1 hAfter washing steps theoverslips
were mounted to microscopelidesusingFluoromount G containing 4@amidino-2-
phenylindole (DAPI) (Southern Biotech) for DNA stainintages were acquired using
the DeltaVision microscopic system (Applied Precision) coupled to an Olympus IX70
microscope equipped with an oil immson 63x objective/1.42 NA, Photometrics
CoolSNAP HQ2 camera (Princeton Insturments) and acquisition software SoftWorx
(Applied Precision). Stacks of 2@extions with 200 nm z steps were collected per

sample and subjected to mathematical deconvolutiosing SoftWorxsoftware
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Maximal projections of deconvolved pictures were generated by SoftWorx and are
presented. For highcontent microscopy, samples were scanned using automated
acquisition driven by the Acquisition Scan”R program using Scan”R systenp(é)
equipped withan oitimmersion objective (60%.35 NA). A total of 225 images were
taken per sample. Several hundreds of cells were collected per sample. Each image was
reconstructed from stacks of ten optical sections with 300 nm z step and auiatigt
restored using a measured point spread function implemented in the Analysis Scan”R
software (Olympus). Cellular compartments were automatically identified based on
fluorescence intensity combined with compartment edge detection. Cell nuclei were
visualized using 40 ;8iamidino-2-phenylindole (DAPI) staining, and aotilin antibody
was used to visualize CBs. Total intensities, areas, and counts for each cellular object
were obtained using the Analysis Scan”R software. The ratio of fluorescen@sin C
versus the nucleoplasm was calculated according to:
Bo ¢ 0@
Boi Qw
0 ¢ 0@ Bo ¢ @@
ol QW Boi Qw

where the mean of CB intensities per nucleus was calculated and then divided by the
mean fluorescence of the rest of the nucleus. The mean and SEM of three biological
experiments were calculated and plotteBor highcontent microscopy, samples were
scanned adescribed previously (Novotny et al. 2015). Mean and SEM of three biological
experiments were calculated and plotted. Statistical significance was analyzed by the
Student TFest.

4% paraformaldehyde (PFA) in PIPE

4% (w/v) PFA (Sigma Aldrich)

0.1M PIPEBH 6.9 (Sigma Aldrich)

2 mM MgCl (Sigma Aldrich)

1mM EGTA pH 8 (Sigma Aldrich)
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2.11. Fluorescencen situ hybridization ¢ FISH

FITC labeled DNA prob€Eable S2jvere used against U1, U2 and U4 snRNAs
Forty-eight hours after sSiRNA transfection cells er@ fixed in 4%
paraformaldehyde/PIPESigmaYor 15 min, permeabilized with 0.5% Tritor200 for
5 min, and incubated with anibDX6antibodies as a marker &® bodiesfollowed by
incubation with secondary antibody conjugated wilexa647(LifeTechndogieg. Cells
were again fixed in 4% paraformaldehyde/PIPES for 5 min, quenched for 5 min in 0.1 M
glycine/0.2 M Tris, pH 7.4, and incubated WiiT GabeledU1, U2 or Ufrobesin 2x
SSC/50% formamide/10% dextran sulfate/1% BSA for 60 min at 37°Cwadt@ng in
2x SSC®6 formamide, 2x SSC and 1x.$B8erslips were mountedo microscope
slidesusingFluoromaint G containind@ AP(Southern Biotecjfor DNA stainingmages

were collected using a DeltaVision microscope sysssnalescribed above

Trisbuffer: 20xSSC (saline sodium citrate) buffer

Trizma base (Sigma Aldrich) 3M NaCl (Sigma Aldrich)

pH 7.4 adjusted with HCI (Penta)] 300mM sodium citrate (Sigma Aldrich)
pH 7 adjusted with HCI (Penta)

DNA | sequences
probes
Ul 5 Cy3CCTTCGTGATCATGGTBCCTTGCCAGGTAAGTAT 3

U2 5"Cy3GAACAGATACTACACTTGATCTTAGCCAAAAGGCCGAGAAG
U4 5" Cy3TCACGGCGGGGTATTGGGAAAAGTTTTCAATTAGCAATAAT(

Table3: DNA probes sequences for FISH

2.12. snRNP precipitabn

HeLacellswere grown orl0 cm Petri diskwvere placed on ice, washed three times

with ice cold MgPBS and harvested into NEDuffer supplemented with a complete
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mix of protease inhibitors (Roche) and with the RNAsin (Proiné@deencells were
pulsesonicated for 50 s on ice. Cell extracts were centatugt 20000g and the
supernatant incubated with Proteis Agarose beads (Santa Cruz) edatith goat anti

GFP antibodjor 4 h at 4°C. Captured complexes were extracted by bead incubation in
2x protein sample buffer for 5 min at 95°C and the precipitgisateins were detected

by Western blotting. RNA wasgsolated by phenol/chloroform extraction and
precipitatedfor 1h at -1 /Canith 100% ethanol arahalyzedoy RTQPCR oresolved on

7M urea denaturing polyacrylamide gel and silver stained (all used chenfiiom Sigma

Aldrich

NET2 buffer 2x Sample buffer

50mM TrisHCL pH..5 4% SDS (sodium dodecyl sulphate, Sigma Al

150 mM NacCl (Sigma Aldrich)

0.05% Nonidet P40 (Sigma Aldrid | 20% 9lycerol (Lechner)
d0 0.004% bromphenol blue (Sigma Aldrich)

125 mM TrisHCL pH 6.8
dHO

10% 2mercaptoethanol (Sigma Aldrich)

2.13. SDSPAGE and Western blot (WB)

Cells were harvested from ARell plates into 100 pl 2x Sample buffer and
denaturated at 95 °C for 5 min. Samples from liPeepared as previoustiescribed.
Protein samples in the form of either cell lysates or samples from IP were separated by
polyacrylamide gel electrophoresis in SDS running buffe-PNEE). For testing SiRNA
efficiency were prepared cell lysates. The Western blot was dones described
previously(Huranova et al., 2009)

The memlpane stain by Poncaeu S solution (0.1% w/v in 5% acetic acid, Sigma
Aldrich) for 10 min. After staining the membrane was cut into smaller pieces and
blocked with 10% (w/v) lovfat milk in PBST for 30 min. After blocking the membrane
was incubated with primry antibody diluted in 1% (w/v) lovat milk in PBST
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supplemented with 0.1% sodium azid8igma Aldrich) for 60 min. Then the membrane
was washed 3x 10min in PBST and incubated for 60 min witlmanise or antrabbit
secondary antibdy conjugated with arseradishperowidase (HRP) diluted 1:10000 in
1% (w/v) lowfat milk in PBST. After washing (3x10min in PBIST SuperSign&'West
Femto or Pico Maximum Sensitivity Substrate (Life technologies) was poured over the

membrane and chemiluminiscenees deteted by LAS3000 Imager (Fuijifilm).

2.14. CoresnRNHnN vitro reconstitution

(done by Cyrille Girard, Max Planck Institute for Biophysical Chemistry, Germany)
snRNP reconstitution were carried out as describedMalatesta et al., 1999;
Segault et al., 1995; Sumpter et al., 199Pypically, 15 pmol ah vitro transcribed
SnRNA were assembled with 20 pg of native snRNP proteins (TP's) in 30ul of
reconstitution buffer 20mM HEPHESDH pH 7.9, 50mM NacCl, 5mM MgRleconstuted

SNRNPs were microinjected without further purification

2.15. Preparation of U2 snRNPs, SF3a and SF3b

(done by Cyrille Girard, Max Planck Institute for Biophysical Chemistry, Germany)
Human SF3a and SF3b complexes were affmitified from HeLa nucleaxtract

(Dignam et al., 1983n G buffer (20 mM Hepes, pH 7.9, 1.5 mM Mdl@% (w/v)
glycerol, 0.5 mM DTE, 0.5 mM PMSF) containing 250 mM NacCl, that was first passed
over an antm3G immunoaffinity column. The NaCl concentration waseased to 600

mM to ensure the complete dissociation of SF3a and SF3b from U2 snRNPs, and the
extract was applied to affinity columns with covalently bound -mefptide antibodies
against human SF3B1 (amino acids128) or SF3A2 (amino acids 4488). Bound
complexes were eluted with an excess of the cognate peptide in G buffer containing 600
mM NacCl, further purified by gel filtration on a Superose 6 column (SF3b) or on a

Superdex 200 column (SF3a), and then concentrated by ultracentrifugation.|di iso
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12S U2 snRNPs, a mixture of an8G affinity purified spliceosomal snRNPs were first
separated by 1€80% (v/v) glycerol gradient centrifugation in G buffer containing 150

mM NaCl. The 12S peak (containing both 12S Ul and U2 snRNPs) was subsequently
applied to a HiTrap Heparin HP column (GE Healthcare) and the bound snRNPs were
eluted with a linear salt gradient (50 to 1000 mM NacCl in buffer containing 20 mM Tris,
pH 7.9, 1.5 mM Mggll mM DTT). The eluted 12S U2 snRNPs were subsequently
concentratedby ultracentifugation. 15S U2 snRNPs were generated by combining equal
molar amounts of purified 12S U2 and SF3b, whereas 17S U2 snRNPs were generated by
combining equal molar amounts of purified 12S U2, SF3b and SF3a, and then incubating
for 1h on ice. Gadient centrifugation confirmed that the vast majority of the 12S U2
snRNPs were converted to 15S or 17S complexes, under these conditions (data not

shown).
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3. Results

This setton is composed of our published and unpublished data dividexthree
projects. If not stated otherwise in the Materials and methods section, | performed the

described experiments myself.

1 1. Project Molecular mechanism of the quality control of #NPs biogenesis in
Cajal bodies
We focus on the targeting of snRNnto the Cajal bodies and their role in the
quality control of snRNP biogenesis.
Figures done by me: 21, 22, 23, 24,(2RNA gel, IP1), 27, 28, 29, (30B, D),
31
CA3IdzNB& R2YyS o0& (WPRIBNHMC YEAYSO2Q3tY Hc |
Figures done by Josef Panek (IMCRSPrague): 20
Figures done by Cyrillgirard (MPIBPC, Germany): 30, 32
Figure done by Ivan NovotniMG, Prague): 33

Two articles were published:

0SART3lependent Accumulation of Incomplete Spliceosomal snRNPs in Cajal
bodies

Novotny I., Malinova A.,iISS2&a 1 I ft 23t 9 dX a Raitkoa&A, 5 ¢ Y
~@SRI wywSal ft N1 %oxr {GlFyS| -8 ouHnmpO /[ Sf

This first article was published in the Cell reports journal (IF 2016/2017: 8.282) in
2015. | was a cauthor and | contributed to te experiments showing
accumulation of incomplete snRNP in the Cajal bodies, namely the

microinjection of WT and mutated U4 snRNA (88).
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GThe Srcore mediates the retention of partialyassembled spliceosomal

snRNPs in Cajal bodies until their full ihadzNJ G A 2 y ¢
RoithovA A.Yf A YSO2 @t Yoz ttyS] Wos 2Aff /[ dZ
(2018) Nucleic Acid Res., 46(7), 3B790

The second articlpublishedin The Nucleic Acid Research (IF622Q017: 10.162)

in 2018. | was thérst author of this article and | performeall the microinjection
experiments and prepa&d all in vitro transcribed constructs for microinjection
and all U2MS2, SmB/B", SmD3 and SmD1 constructs for Western blot. | did WB
with SmB/B’, SmD3 constructs and with-M32 constructs. | also prepared the

figures for this article and | participated in the manuscript writing.

fHd t Ne2SOGY GLRSyiGAFeAyd NEfS 2F DSYAY
We focuson the roleof Gemin3 protein (a component of SMN complex) in the
Sm ring formation in the cytoplasm. This prajeas not been published yet. |
performed all the experiments except the prediction of the secondary structures

of sSnRNAs (done by Josef Panek, Mimiogy Institute ASCR, Prague).

 3.Projectd ¢ KS NBO23AyAlA2Y 2F RSTSOUtRePS aywbh
02RAS&EE
This project has not been published yet.

| performed all experimentand figuregpresented here.
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3.1 The Smcore mediates the retention of partialhbassembled spliceosomal

snRNPs in Cajal bodies until their full maturation

The Cajbabodies are a place the final shRNP maturafidasic et al., 2004; Stanek et
al., 2003) However, the signal, which navigates the snRNP into the Cajal bodies has
remained unknown. In my thesis, | characterized Sm ring as a Cajal body targeting

signal and proposed its role in the quality control.

Sm and SMN binding sites are necessary for targethmicroinjected U2

snRNA to Cajal bodies

To determine snRNA sequences that are necessary for the targdtsrgRINAS to
Cajal bodies, we utilized the U2 snRNA as a model RNA mol&elg@repared several
deletion mutants. The effects of mutations on snRNA structure were estimated by
mathematical modeling (Fig. 20)transcribed mutated snRNAs vitroin the presence
of UTPAlexa488 and the trimethyl cam vitrotranscribed snRNAs were microinjected
into HelLa cells (into the nucleus or the cytoplasm) together with FTRbBRRd dextran
70kDa that does not cross the nuclear membrane and serves as a markecl®ar or
cytoplasmic injection (Fi@l). Cells were incubated for 60 min following injection, fixed
and, a marker of CBs, coilin was detectad indirect immunofluorescence. W2
snRNA accumulated in CBs after both cytoplasmic and nuclear inject@r21B).
Nuclear localization of cytoplasmatically injected RNAs showed that WT U2 snRNAs
acquired the Snaning and were imported into the nucleus.

Then we mapped the importance of different sSnRNA domains for CB targeting. We
first deleted stemloop | (U SLI1), which is important for binding of the SF3A3 (SF3a60)
protein from the SF3a compldBrosi et al., 1993)We observed that the U2 snRNA
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without the stemloop | was highly accumulated in CBs (El#). Deletion of the stem

loop IV (URSLIV), which contains a part of the U2 SMN binding motif and interacts with
the U2specific dimer, SNRNPA1 (U2A)/ SNRPB2 ((B®1ens et al., 1991; Pellizzoni

et al.,, 2002) decreased CB localization comparison to WT (Fi®1A). Next, we
removed both 3' end stem loops Il and IV (S2I111+1V), which together form the binding
platform for the SMN complekyong et al., 2002b) The deletion of both stem loops
completely inhibited CB targeting (FiglD). The URASLIII+IV RNA remained in the
cytoplasm after cytoplasmic injection, indicating that the Sm ring was not formed and
that snRNA without the Sm ring was not able to cross the nuclear membrane. In native
snRNAs, the Sm site is found between the two stem Ipepgch is a spatial organization
missing in the URSLIII+IV RNA. Therefore, we replaced stem loops Il and IV with a
shortened sterdoop Il (U2altSLIII) that lacked 18 central nucleotides;12Q which

were previously shown to bind the SMN comp(Battle etal., 2006b) After cytoplasmic
injection, the U2altSLIII RNA wamartially retained in the cytoplasm while CB
accumulation was significantly reduced. The U2altSLIII RNA injected into the nucleus
failed to accumulate in CBs (F24.5.

These data suggeshat the SMN complex is, directly or indirectly, via-fmy
assembly required for CB localization of the U2 snRNA. To further analyze CB targeting,
we prepared U2 snRNA lacking the Sm siten({2Zgite) (Fig21F). Consistent with the
lack of the Sm ringhe Uz { ¥ite RNA injected into the cytoplasm was not imported
into the nucleus. The Y2{ ¥ite RNA that was injected into the nucleus mimicked the
behavior of RNAs that lacked the SMN binding siten@L211+1V); the deletion of the Sm
site completely abashed CB localization. These data collectively demonstrate that Sm
and SMN binding sites are together necessary for U2 snRNA targeting to CBs.

To test whether Sm and SMN binding sites are also sufficient in the targeting of the
U2 snRNA to CBs, we deletibe first 94 nt of U2 snRNA containing stem loops | and
lla,b and leaving only the Sm and SMN siteqn8U2+1la,b). This RNA was localized to
CBs similarly to WT U2 snRNA (Elgs). The sterdoop IV binds U2B" and U2A, which
might still target U2 snRNA to CBs. Therefore, we further deleted -kiem IV
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Ol Hp{ [ LbLLFIZOBbLzUV D ¢ K lotidesywayldcaitefl to theoB, bAtT
CB accumulation was lower than in case of WT giSlI2+lla,b RNAs. The reduced CB
accumulation was more pronounced in the case of nuclear microinjectior2 {Fyg.

These results together suggest that the minimal segeenbich targets U2 snRNAs to
CBs comprised of Sm and SMN binding sites.
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Figure21. Sm and SMN binding sites are necessary to target the microinjected U2 snRNA into Cajal
bodies

(A-H)In vitrotranscribed WT U2 snRNA or deletion mutants tleéreere microinjected into the cytoplasm

or the nucleus of HelLa cells. U2 snRNA was labeled witkAlgkB488 (green), coilin, a marker of CBs,
was immunolabeled by Alex@d7 (red). DextrasTRITC 70kDa (yellow) was used to monitor nuclear or
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cytoplasmicmnjection, DNA was stained by DAPI (blue). Small red box in U2 snRNA scheme represents the
Sm site. The intensity of the RNA signal in CBs vs. the nucleoplasm was determined for each CB, and the
average and SEM are shown in graphs next to the micrographsbo@r of microinjected cells is indicated

in the bar). Number of CBs in microinjected cells was counted and plditddtted line shows a number

AAAAA

of CBsincontrolnch Yy 2SOG SR OStfad ¢KS a0l S o6 NI NBLINSaSyia

The Sm site is a general snRNA CB targeting sequence

Next we tested whether the Sm site is required for CB targeting of other shRNAs
(U1, U4, and U5). Wmaicroinjected WT snRNAs and snRNAs without the Sm site and
found that WT snRAs were targeted to CBs (Fig).28 all cases, snRNAs microinjected
into the nucleus exhibited weaker CB localization than snRNAs microinjected into the
cytoplasm. This effeavas most pronounced in the case of U5 snRNA. Surprisingly,
microinjected Ul snRNA also accumulated in CBs while it has been shown that
endogenous Ul snRNA does not accumulate in this nuclear compartment but rather
localized to gem§Stejskalova and Stanek, 2014)lone of the snRNAs which lacked the
Sm site were targeted to CBs. In the case of cytoplasmic microinjection, SmSNAS
were retained in the cytoplasm, which is consistent with the inhibition of Sm ring
formation and subsequent rlear import (Fischer et al., 1993)Fig.22). Following
nuclear injection, snRNAs lacking Sm sites did not accumulate in CBs but remained in the
nucleus, which indicates that snRNAs injected into the nucleus arexpairted to the
cytoplasm. To confirnthat RNAs injected into the nucleus do not cycle through the
cytoplasm, we injected WT U2 snRNA into the nucleus of a heterokarydfige23C)

After a 1h incubation period, we did not observe any RNA signal in the other nuclei
within the heterokaryon ck (Fig.23Q.

Previous work has shown that inhibition of the final U2 snRNP maturation by the
knockdown of SF3A3 resulted in the accumulation of U2 snRNA T @ickovic and
Kramer, 2005)To test whether CB localization of the U2 snRNA lacking the SF3A3
binding site (UASLI) also depends on the Sm site, we prepared RNA that lacked both
the SF3A3 and Sm binding sitesj{BRI+Sm) and injected this RNA into the nuckeus

well as the cytoplasm (Fig. 28ANe did not observe any CB accumulation, which
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demonstrates that the 18 site is indispensable for CB targeting of mutated snRNAs that

are unable to form the mature particle.
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Figure22. The Sm site is necessary for Cajal body targeting of U1, U4 and U5 snRNAs
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or the nucleus of HelLa cells (green). CBs are marked by coilin immunolabeling (red).

Small red boxes in snRNA schemes represent the canonical SPesitean TRITC 70kDa (yellow) was

used to monitor nuclear or cytoplasminjection, DNA was stained by DAPI (blue). The intensity of the

RNA signal in CBs vs. the nucleoplasm was determined for each CB, and the average and SEM are shown

in graphs next to the micrographs (number of microinjected cells is indicated in theNeamber of CBs

in microinjected cells was counted and plotted. A dotted line shows a number of CBs in control non
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A

The Ul snRNA Sm site differs from the canonical Sm site found in U2, U4, and U5
snRNAs. Teest whether the norcanonical U1 Sm site can act as a CB targeting signal
in the context of other snRNAs we replaced the U2 Sm site with the Ul Sm site
(U2withU1Sm). This chimeric snRNA localized to CBs only after cytoplasmic
microinjection. In the case afuclear microinjectionthe U2withU1Sm RNA did not
localize to CBs but was diffusely distried in the nucleoplasm (Fig. 288 his finding
suggests that the U1 Sm site cannot entirely replace the canonical Sm site, at least when
the U1 Sm site has kainserted into U2 snRNA.
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Figure23: Microinjection of U2 snRNA WT and mutants :

(AU2n { T Labd(B) UBnRNAwith Ul-like Sm sitavere injected into the nucleus and the cytoplasm of
Hela cells. The intensity of the RNA signal in CBs vs. the nadsoplas determined for each CB, and the
average and SEM are shown in graphs next to the micrographs (number of microinjected cells is indicated
in the bar). Number of CBs in microinjected cells was counted and plotted. A dotted line shows a number
of CBsn control noninjected cells. (QYicroinjection of U2 snRNA WT into one nucleus of a heterokaryon
cell. U2 snRNA was labeled with LAIBxa488 (right panel). DextrafRITC 70 kDa is a marker of injection
(vellow). DNA was stained with DAPI (blue). ThetsS o6 NJ NBLINBaASydGa wmn >Yo
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Sm and SMN sites are sufficient to target neoding RNAs into Cajal

bodies

To test whether Sm and SMN sites are sufficient to taedsd thenon-CB RNAs to
the CB, weaddedthe Sm andSMN sitego several norcoding RNAS, inatling human
7SK and Alu RNAs, and E. coli SRP RNA. First, we utilized the 7SK RisAanwicielar
non-coding RNAIt plays a role irthe regulation of RNA polymerase dhd under
physiological conditions does not accumulate in (\Batera and Ward, 1993; Peterlin
et al., 2012) We prepared three differentnutants of 7SK RNAg1) 7SK+Sm site RNA
containing the consensuSm sitd AUUUUUGINserted between two stertoops at the
3' end;(2) 7SK+SMNsite RNA where the 3' end skeop was replaced with a stetoop
from Herpes saimiri virudHSURLRNA, which binds the SMN comp(&olembe et al.,
2005) and (3 7SK+Sm+SMNsites RNA containing both Sm and SMN sites. All 7SK RNAs
were microinjected into the nucleus or theytoplasm of HelLa cells (Fig.A2@). We
found that neither WT nor chimeric RNAs that contained either the Snostiee SMN
site accumulated in CBs (Fig.A2@). However, the 7SK+Sm+SMNsites RNA which
possessed both Sm and SMN binding sequences, efficiently localized in CBs after both
nuclearor cytoplasmic injections (Fig. R4 To further confirm this finding, wagtached
Sm + SMN sequences to Alu RNA, a 120nt RNA component of the cytoplasmic Alu RNP,
which is involved in &inslation regulatiorfMaraia et al., 1993While WT Alu RNi& not
present normally in CBs (Fig.E24mutant Alu+Sm+SMN RNA was accumulateGBs
after nuclear ad cytoplasmic injections (Fig4F). Finally, we usetil4nt noncoding
SRP RNA from bactefacoli Microinjected WT SRP RMAs not accumulated in CBs
(Fig. 245), but theinsertionof Sm+SMN sites targeted this RNA to Bg. 241). This
experiment shows that SMN and Sm sites are tbhgesufficient to target various nen

coding RNAs to CBs.
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Figure 24 Sm and SMN sites are sufficient to target roading RNAs into Cajal bodies

(A-D)In vitrotranscribed 7SK RNAs (WT or chimeras containing Sm, SMN or both sites) were microinjected
into the nucleus or cytoplasm of HelLa cells. WT Alu or Alu+Sm+SMN sites RNAs were microinjected into
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the nucleus or cytoplasm of HelLa cells. WT E. coli SRP RNA or SRP+Sm+SMN sites RNA were microinjected
into the nucleus or cytoplasm of HelLa cells. Dex&iTC 70kDa (yellow) was used to monitor nuclear or
cytoplasmic injection, DNA was stained by DAPI (blue). The intensity of the RNA signal in CBs vs. the
nucleoplasm was determined for each CB, and the average and SEM are shown in graphs next to the
microgaphs (number of microinjected cells is indicated in the bar). Number of CBs in microinjected cells

was counted and plotted. A dotted line shows a number of CBsnitral noninjected cells. The scale bar
NELINSaSyida mn >Yo

Minimal ectopically expressed snRNAs containing Sm and SMN sites

accumulate in Cajal bodies

Our experimentsshowed the importance of Sm and SMN sites for CB
accumulation of microinjected RNAs. st whether these sequences are important
also for CB targeting of ectopically expressed snRNAsseda system devised by
Edouard Bertrand and colleagues in which the MS2 binding site was inserted to detect
ectopically expressed U4 snRNAllais € al., 2013b). The U4MS2 RNA under the
control of endogenous U4 promoter elements was obtained from Edouard Bertrand
(IGMM, CNRS, MontpelieiTo detect the ectopically expressed U2 snRNA we cloned the
MS2 site into the stem loop Ilb of U2 snRNA dribgrthe U2 promoter (U2MS2). To
prepare minimized U2 snRNA, we deleted the first 94 nucleotides from tHd S2RNA
leaving only the MS2 loop followed by the Sm site and the SMN site containing stem
loops Il and IV (YiBLUIla,bMS2). Similarly, the 8t 64 nucleotides were deleted from
U4-MS2 creating a minimized U4 RNA jf64-MS2p R2y S o6& YT thadl YT AY
contains the Sm site between stem loops Il and IV, which together serve as the SMN
binding site(Yong et al., 2004)

U2-MS2 and U4MS2 constructs were etransfected withplasmid containingS2
YFPprotein and after 24 h cells were subjected to immunoprecipitation using-GikiP
antibodies. Immunoprecipitation followed by RNA detectitrowed that the deletion
mutants were expressed at lels similar to WT snRNAs (FigAzind26). Western blot
analysis of proteins eprecipitating with MS2 snRNAs revealed the association ef U2
MS2 with Sm proteins, SNRPB2 (U2B"), SF3A3 and SF3B4 Y gH§R&8) and the U4
MS2 RNA with Sm proteins and Prpf31 @&8). Although, only a small subset of ShRNP
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specific proteins has been tested, these results suggest that the insertion of MS2
insertion does not block the association of sSnRNAs with srépiElfic proteins. This

data also confirrathat U2 snRNA lacking stem looparld Il does not interact with
neither SF3a nor SF3b complexes. Next, k488ed snRNAs were expressed together
with MS2YFP, fixed after 24h and coilin was detected byréwd immunofluorescence
(Fig.26). Both minimized U2 and U4 snRNAs localized to CBs in a similar manner as WT
snRNAs, which was consistently observed in our microinjection experiments, hence
showing that Sm + SMN sites are sufficient for targeting of SnRNASH#olt should be

noted that we canot test the role of Sm and SMN sites in CB targeting directly by their
depletion because ectopically expressed snRNA without these sequences would be

retained in the cytoplasm and would not reach the nucleus.
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Figure 25 Transientlyexpressed, truncated snRNAs containing Sm and SMN binding are able

to bind Sm and specific proteins

(A)mmunoprecipitation of Uz { H FYR GKS RSt SGA2WMS2 YRMAS yere | np{]
immunoprecipitated via MSXFP by aGFP antibodies andetected by silver staining. Gwecipitated
LINEGSAYya 6SNB Fylftel SR o0& 2S5&ai0SNYy oléngthiUeMS2RNA R2y S 6
we detected all tested proteins (SmB/B’, SF3A3, SNRPB2 and SF3B4), while only SmB/B” and-SNRPB2 co
precipital SR oA 0K G KMS2RMAD { [ LBLLF 20
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(B) Immunoprecipitation of UMS2 and the deletion mutant Yd-64-MS2. Legend as in (A). With the
full-length U4MS2 RNA we detected both tested proteins (SmB/B” and PRPF31), while only SmB/B” co
precipitated with Uf1-64a { H wb! O0R2yS o6& VYfiI NI YiAYSO20t0
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Figure 26 Transientlyexpressed, truncated snRNAs containing Sm and SMN binding sites
accumulate in Cajal bodies

Hela cells were ctransfected with U2 or U4 snRNAs containing the MS2 loop (green stem loop) and MS2
YFP (green). Coilin was used as a marker of CBs (red). Small red box in ShRNA schemes represents the
canonical Sm site and blue boxes represent endogenous U2 or U4 promoters. DNA was stained by DAPI.
¢KS al0FrftS oFNJINBLNBaSyida mn >Y0
Sm proteins are essential for shRNA Cajal body targeting

Our experiments provide evidence that SMN and Sm sites are essential for sShRNA
targeting into CBs. These minimal sequences were previously shown to be sufficient for
SMN complex binding and Sm ring assen(@lylembe et al., 2005; Yong et al., 2004)

To test whether the snRNA sequenger seor the Sm ring is essential for targeting
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snRNAs to CBs, wepleted severalof the Sm proteins, SmB/BSmD1 or SmBy RNA
interference (Fig27A-C. When WT U2 snRNA was microinjected into the cytoplasm,
SmB/B, SmD1 and Smkihockdown completely inhibited its CB localization and the U2
SnRNA was retained in the oplasm, confirming the efficiency of the knockdown and
the inhibition of Sm ring assembly (Fig.)2&fter nuclear microinjection, WT U2 snRNA
remained in the nucleus but did not accumulate in CB8¥e did notobserve this
phenotypein the cells treated vih a negative control siRNA (Fig.@7 It should be
noted that depletion of Snproteins had a negative effect on CB integrity and in a
fraction of cells, coilin paially accumulated in nucleolHowever, CBs were still present

in a significant number o€ells treated for 48h with the anBmB/B' siRNA. These

experiments suggest that Sm proteins assembled around the Sm site are recognized as

a CB targeting signal.
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Figure 27 Sm proteins are essential for snRNdtdeting into Cajal bodies

(A B, ¢ Depletion of the SmB/B', SmD1 and SmG proteins disrupts targeting of microinjected snRNAs into
the Cajal body. Sm proteins were depleted by RNAi and Al@&alabeled WT U2 snRNA (green)
subsequently microinjected intbleLa cells. DextrahRITC 70 kDa was used as a marker of microinjection
(yellow).(D) Microinjection of U2 WT into HeLa cell after depletion of Negative cobthA was stained

by DAPI (blue). Test of siRNA efficiency. GAPDH was used as a loadingSmobttoprotein was stained

by anttSmD1 antibody and SmG protein was stained by-&miG antibody. DNA was stained with DAPI
60fdzS0® ¢KS aolOFtS o0FNJINBLNBaAaSyGa mn >Yo

Smproteins but not the SMN protein is essential fdCajal body targeting
of SnRNA

Both SMN and Sm binding sites are recoghlzgthe SMN complgiChari et al., 2008;
Xu et al., 2016)Therefore, we decided to test whether the SMN complex is also directly
required for snRNP targeting to CBs. We knocked down the SMN protein and two
components of SMN complexGemin2 and Gemin5. The depletion of SMigtein
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A

SMN siRNA

nuclear inj.

cytoplasmic inj.

resulted in CB disappearance, but depletion of Gemin2 or Gemin5 dicesgit in CB
dissolving (Fig. 38We microinjectedh vitrosynthesized U2 snRNA WT into the nucleus
and to the cytoplasm and measured the accumulation of shRNA in the CBs. Th
depletion of Gemin5 had almost no effect on U2 snRNA targeting into CB23Eign
contrast, depletion of Gemin2 significantly reduced U2 snRNA accumulation in CBs after
nuclear and cydplasmic microinjection (Fi@8B). From these results, we suggésat

SMN complex play an important role in snRNP targeting into CBs. However, the SMN
complex is involved in Sm ring assembly, which we showed above as a CB targeting
signal (Fig. 21E, D)o test whether the SMN complex is directly involved in sSnRNP
transport into the CB, we established a collaboration with Cyril Girard from Max Planck
Institute forBiophysical Chemistrifle depleted SMN protein by RNakid microinjecte
pre-assembled core U2 snRNREcroinjected U2 core into SMN depleted cebstored

CBs and injected snRNPs accumulated in CB29F{done by Girard CyrilThese data

show the essential role of Sm proteins in targeting U2 snRNA to CBs, and suggest that

the SMN complex is not directly involved in snRNP CB localization.
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Figure28: Sm proteinsbut not the SMN protein is essential for Cajal body targeting of SnRNA
(A, B Q SMN protein Gemin2, and Geminbere depleted by siRNA and either Ale488 labeled WT U2
snRNA. (B) core U2 snRNP was microinjected into HeLarbellmtensity of the RNA signal in CBs vs. the
nucleoplasm was determined for each CB, and the average and SEM are shown in graphs next to the
micrographs (number of microinjected cells is indicated in the bar). Number of CBs in microinjected cells
was ounted and plotted. Depletion of the SMN protein disrupts CBs, which can be rescued by cytoplasmic
microinjection of cordJ2 snRNP (red) (done by Cyril Girard). Coilin was used as a marker of CB (green).
¢tKS a0FftS oFNJINBLNBaSyia mn >Y0
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collin U2core

NC siRNA

SMN siRNA

Figure29: Microinjection of U2 core particle

SMN wasdepleted by siRNA. Depletion of the SMN protein disrupts CBs, which can beddscue
cytoplasmic microinjection of core U2 snRNP (red) (done by Cyril Girard). Coilin was used as a marker of
/. 603dINBSyod ¢KS aoOltS 61N NBLINSaSyia mn >YO

Gterminal GRyrich tails of SmB, SmD1 and SmD3 are important for Cajal

body localization

To specifySm protein motifs which are important for CB targeting, we deleted
several noARSm fold domains, namely the GR domain of SmD1 atetn@nal tails of
SmD3 and SmBvhich contain several GR dipeptidéBSig. 30, 3). We tagged the
proteins with GFRexpresedthemtransiently in HeLa cells and assayed their interaction
with snRNAs by immunoprecipitation and CB localization by fluorescence microscopy.
Cells were transfected with the same amount of DNA, but some construbibited
better expression tharothers likely due to better protein and/or mRNA stability.
Deletion of the @erminal tails from SmD3 (aa 11@26) and SmB (aa 1-ZB1) did not
prevent SmD3 and SmB interactions with snRNAs 8Bfy.and B) but significalyt
reduced CB localization (Fgl). To test whether GR repeats are important for CB
targeting, we substituted SmD3 amino acids -IPD containing several GR repeats

(GRGRGMGRGN) with a corresponding stretch of alanine residues (D3Ala) and two GR
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repeats (107108 and 111112) predicted to b methylated by PRMT5 (UniProt) in SmB
(BAla). The GR substitution exhibited the same phenotype as-thé @eletion. The
D3Ala mutant immunoprecipitated ShnRNA, albeit to a lesser extent than WT SmD3, while
its CB localization was strongly reduced (R3@#& and 31). Similarly, the BAla mutant
precipitated the same amount of sSnRNAs as wyjlie SmB (Fig31B) but accumulagd

less efficiently in CBs (FRBf). Finally, we deleted the GR domain from SmD1 (aa 97
119), which reduced interaction with shnRNAsda@B localization (FFg30 and 3)).
Therefore, we removed a half (aa 10I9) (Dh1/2GR) or a quarter (aa 113
119)(D1h1/4GR) of the GR domain. Partial deletion of GR repeats did not block
association with snRNAs (FRPO and only partial reduction inBClocalization was
observed in case of SmPpM K H D w ). &iGaly3we motated last&rminal 23 amino

acids (aa 92119) of SmD3, which mostly consists of GR repeats, into alanines (D3Ala).
This mutant associated with SnRNAs to a similar extent as Sin{P3g.31A), but its CB
targeting was significantly reduced (Fig4). These data demonstrate that GR repeats

in Gterminal domains of SmB, D1 and SmD3 are important for CB targeting of Sm

proteins and likely the whole snRNP.

76



A B
SmD32 SmB

WT = emmesr e o e W — smeor = o — (SN
DaACtsil mef S e Bactsil —{ame
D3Ala ——-—-—
S R R
qﬁ S5 I I

& F &
# @vﬁ‘”{f g@o@‘w* PO IO

2

14

cepets .
Ssew ue
GFF"l'—__ r—-—--rl-—-l

INPUT I

+—
_-_G
cc c cc
o

-»E*
hAs
55

GFP ! —— | -

GFP | |4——--_| INPUT P
—

INPUT IP

Figure30. Deletionmutants of SmB, SmD1 and SmD3 are able to bind ShRNA
Immunoprecipitation of (A) WT SmEZ-P and deletion mutants thereof, (B) SmBGFP
and the deletion mutan{ Y . n /GFP, ) SmB and SmD1 GR substitution

mutants and (D) SmBGFP and GR deletion mutants, was performed usingGiRE
antibodies. Precipitated proteins were detected by Western blotting using@RE
antibodies (bottom) and cprecipitated RNAs @re resolved on a polyacrylamide

gel and visualized by silver staining.
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Figure31. Gterminal tails of SmB, D1 and D3 are important for Cajal body localization

Cells were transfected with plasmids expressing SmB, D1 or D3 protein variants tagged wiloi@FRas used
gl a
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in CBs vs. the nucleoplasm was determined by-bmftent microscopy. Values normalized to the WT proteins
are shown in thedble next to the micrographs, and normalized values are shown in graphs. The average of

three experiments and SEM are shown. Statistical significance was assayed by-thddgvbtest and data with

a pvalue < 0.1 are marked by * and p < 0.001 by **
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Partially-assembled but not mature U1 and U2 snRNP are targeted to CBs

(experiments done by Cyril Girard)

Our previous experimentshow that the Sm ring is essential for targeting ShRNPs
to CBs andhat the snRNA containing only the Sm ring (core spRBiPform new CBs
when the snRNBiogenesis was inhibited.o test whethermlso themature sSnRNPs can
restore CB formation, we induce&ZB dissociatiohy siRNAnediated knockdown of the
TGS1 proteinThe TGS1 is the methyltransferasesponsible forypemethylation of
the 5' cap of snRNAs, and its depletleads tothe disintegration of canonical CBs and
redistribution of coilin into multiple small foci scattered throughout the nucleoplasm
and also coilin accumulation in nucle@ouaikel et al., 2003(Fig.32. To obtainfully-
and partiallyassembled U2 snRNPs, we purified endogenous 12S U2 snRNP and
reconstitutedin vitro partially-assembled 15S and mature 17S U2 snRNP particles with
either the SF3b complex (15S) or SF3a and SF3b complexes (17S). Analysis of their
protein composition by SDS PAGE after gradient centrifugation confirmed that the
reconstituted particles corresponded to 15S and 17S U2 snRNPs, respectiv88AJFig.
Next, the 12S, 15S and 17S U2 snRNPs were microinjected intald@&&d cells along
with FITGabelled DextranWe observed th@ewly assembled coilin positive fagicase
of 12S and 15S particl¢Big.32B). On the other handwe did not observe any coilin
positive foci upon 17S U2 snRNP microinjection, andistsibution showed the same
phenotype like in the nonmicroinjected cells, coilin remained dispersed in the
nucleoplasm and enriched in the nucleolus. Similar results were obtained with the Ul
snRNPs; microinjection of an vitro-reconstituted core Ul snRNP (Ul snRNA+Sm
proteins) resilted in the formation of CBs in TG8&pleted cells (Fig. 3Z), while
microinjection of an endogenous purified mature Ul snRNP didFigt 3D). Taken
together these data show that only partiafissembled snRNP can induce CB formation

and localize to Bs.
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Figure32. Partiallrassembled snRNP patrticles induce formation of CBs.

(done by Cyril Giraryd

(A) Purified 12S U2 snRNP amditro reconstituted 15S, and 17S U2 snRNPs were analyzed Hy/SES

and proteins visualized by Coomassie staining.

(B) 1GS1 was knocked down by siRNA and cells were microinjected into the cytoplasm with native 12S U2
SnRNP (top panelin vitro reconstituted 15S U2 snRNP (middle panel) or mature 17S U2 snRNP (bottom
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panel). FITO®extran served as microinjection marker (gmgeand coilin was visualized by immunostaining
(red). The dashed line indicates noicroinjected cell nucleus.

(C,D) TGS1 was knocked down by siRNA and cells were microinjected into the cytoplasm with digoxygenin
labeled in vitrereconstituted U1 snRNEJ or a native Cyardabelled mature U1 snRNP (D) and examined

by immunofluorescence 2h post microinjection using the -&otlin antibody (C, D) andhi-digoxigenin
antibodies(G { OFf{S oFNRAY mMn >Yo

Incomplete snRNPs are sequestered in Cajal bodies

(published in(Novotny et al., 2015)

Injection of various U2 particles indicates that cells discriminate between
complete and incomplete snRNPs and that only immaturéiglas are sequestered in
CBs. To test this hypothesis, we mutated U4 snRNA to prevent itspbhasey with U6
SnRNA and thus block the formation of the U4/U&dRNP
We prepared U4 snRNA WT and U4 snRNA lacking the U6 binding site (mutitu4) by
vitro transcription. Both RNAs were microinjected into the cytoplasm of HelLa cells, and
their accumulation was analyzed in CBs over time. We observed that after 30 min the
snRNAs (WT and mutant) were localized in the CBs to the same extent. However, after
longerincubation time the accumulation of mutU4 was significantly higher than U4 WT
(Fig.33). These data are consistent with the model that CB sequester preferentially in

incomplete or defective sSnRNP particles.
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8 ¢ ;: Tmut U4 snRNA  Figure33: (A)Accumulation of microinjected
28 i U4 snRNA in CBs. Fluorescently labeled
om
o §4— i - i I JwtussnRNA  U4snRNA (wildypeg wt or mutant lacking the
& S 3 - i3 U6-basepairing domain¢ mut; green) was
[ = .
%@f_ microinjected into the cytoplasm, cells
e 4 . B . : . incubated for a given time period, fixedand
3 80 75 90 105 120[min] the CB marker coilin visualized by
time after injection . .
immunodetecton (red). Nuclear contours are
YFEN]J SN 68  R2GUGSR fAySe® wSLINBaSyidldABdS /Théa I NB Y|

graphical depiction of the microinjection experimeritse average of 480 CBs (1825 cells) is shown
together with the SEMThe significance was assayed tigs$t against wiletype (WT) U4 snRNA; **p%0.01
and ***p%.0.001.
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3.2ldentifying role of Gemin3 in Sm ring assembly

During the mathematical modeling of U2 snRNA structures, we uncovered the
alternative snRIA structure, where the Sm site is surrounded by an extensive stem,
which we namedNear Sm site Stem (NSS) (Fij.3is structure is not observed in
snRNAcontaining Sm ringwhich can prevent the formation of the NSS. However, the
NSS might form on newtranscribed snRNAs before the Sm ring is assembled. The SMN
complex which is responsible for Sm ring formaticontains a putative DEADX RNA
helicase Gemin3. Its role in Sm ring assembly is still unknown
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Figure34: U2 WT secondary structure

The seondary structure was predicted with RNA fold (done by Josef Panek). Sm site is marked in red.
Near Sm site Stem (NSS) is marked with green lines. The stem loops of U2 snRNA are marked by SLI, SLlla,b,
SLIIl and SLIV.
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Depletion of Gemin 3 leads to decase snRNA accumulation in CBs

To test whether the Gemin3 plays an important role in sSnRNP assembly we depleted
this protein by RNA interference. Then we microinjedteditro transcribed U1, U4 or U2
WT snRNAs labeled by Alexa 488 into the cytoplasmeoifi3 depleted cells and
observed lower accumulation of sSnRNAs in the Cajal bodies. WT U1 and U2 snRNAs were
mainly localized in the cytoplasm, which suggests that Sm ring was not assembled
resulting in stalling anRNAs in the cytoplasm (Fig.A85). W' U4 snRNA was localized
in the cytoplasm and the nucleus, but it wag targeted into the CBs (Fig. 8. We did
not observe this phenotype in cells treated witkegative control siRNA (Fig. B5B and
C). It should be noted that depletion of Geming@l diot have substantial effect on the
Cajal body integrity, e.g. as apletion of Sm proteins (Fig. R&vhich indicates that the
biogenesis of snRNPs and their targeting into the CBs was not completely abolished (e.g.

as in the case afGS1 or SMN knockdas Figs28,29 and 32.
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Figure35: Depletion of Gemin 3 leads to decrease snRNA accumulation in CB

(A,B,C)n vitrotranscribed U1 WT (A), U2 WT (B) or U4 WT (C) were microinjected into the cytoplasm of
Gemin3 depleted Hela cells or HeLasce#lated by Negative control (NSIRNAUL, U2, and U4 snRNAs
were labeled with UTHRIlexa488 (green), coilin, a marker of CBs, was immunolabeled by-8#ké&ed).
DextranTRITC 70kDa (yellow) was used to monitor cytoplasmic microinjection, DNA imad iy DAPI
(blue) The arrows indicat€Bs that are enlarged in insef&he scale bar represents fufh.
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The changein the secondary structurdead to the snRNA targeting into

CBs in the Gemin3 depletion cells

Next, we decided to test, whether the strgths of the putative NSS has an affects on
snRNP biogenesis. We designed mutations in the U2 snRNA WT sequence, which
increased or decreased the stability of the NSS structure. Mutations U2 stableNSS
increase the stability of NSS extension of the stenodlgh the Sm site. In contrast,

mutations in U2noNSS destabilize the NSS tesg in open structure (Fig. 36

Figure 36 U2stableNS&nd U2noNSSsecondary structures

The secondary structures were predictedth the programRNA fold (done by Jos&anek). (A) U2
stableNS$nutant with more stable NSS. (B) b@NSSnutant with less stable NSS. Sm site is marked in
red. The green arrows mark the point mutatiofifie stem loops of U2 snRNA are marked by SLI, SLlla,b,
SLIIl and SLIV.

We microinjectedn vitro synthesized U2 stableNSS RNA labeled by Ali@&anto the

cytoplasm of the HelLa cells (FigAJ7We observed the same phenotype as in Gemin3
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depleted cells. U2 stableNSS snRNA mostly stayed in the cytophakits localization

into CBs was reded, which indicates the problem with Sm ring assembly. In contrast,
microinjected U2 noNSS snRNA into the cytoplasm reached the nucleus and CBs in
control cells as well as irls depleted of Gemin3 (Fig.B) These findings indicate that

the structure aound the Sm site is important for shRNP biogenesis and specifically for

the Sm ring assembly.

A Dextran+DAFPI U2 stableNSS-488 coilin-647 merge
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Figure 37 Microinjection of U2 Wbulge and U2 no hairpin mutants

A)n vitrotranscribed U2 U bulge snRNA was microinjected into the cytoplasm of Het.aBEGemin3
was depleted by siRNA airdvitrotranscribed U2 no hairpin snRNA was microinjected into the cytoplasm
of Gemin3 depleted HelLa cells or treated with Negative control (NC). snRNAs were labeled dg&lexa
(green) and coilin, a marker of @apody, was immunostained by Ale847 (red). DextrasTritc (70kDa)

was used as a marker for the localization of microinjection (yellow). The arrows indicate the position of
insets. The scale bar represents 10 um.
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Totest that the structure of snRNA important for the shnRNP maturation we prepared

WT U2 snRNA bipn vitro i N} YA ONR LIJGA2Y | YR RSyl (dzNI G§SR
microinjection into the cytoplasmf@emin3 depleted cells (Fig.A8B In contrasto non-

denatured snRNA (Fig. B8 denatured the U2 snRNA was targeted into the CBs even if

the Gemin3 was depletedThese experiments confirm that releasing the secondary
structure (either by mutations or heat denaturation) rescue the phenotype observed

after Gemin3 downregulation and suggest that Gemin3 is important to open the ShnRNA

secondary structure around the Ssite and allow Sm ring assembly.
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Figure 38 Microinjection of denaturated WT U2 snRNA

(A)In vitrotranscribed WT U2 snRNA was denaturated and microinjected into the cytoplasm of HelLa cells.
(B)Non-denaturedin vitrotranscribed WT U2snRNA was microatéal into the cytoplasm. WT U2 snRNA
was labeled by Alex488. The coilin, marker of CBs, was immunostained by AléXared). Dextran

Tritc (70kDa) was used as a marker of the localization of microinjection (yellow). The arrows indicate
position of theinsets. The scale bar represents the 10 um.

Theectopic expression o)2 stableNSS or U2 noN®&itants

Our experiments showed the importanceld?2 snRNAecondary structure in the
Sm ring assembly and sequiah targeting into the nucleus and to CB&itest whether
this effect is specific for microinjected snRNAs we analyzed ectopically expressed U2
snRNAs containing the M®Mhding site(see above Fig. 26n the cells cdransfected
with U2WT MS2 construct and MSZEP, the targeting into the CBs viess efficient in
the Gemin3 depleted cell, butoh completely abolished (Fig. 82 We did notobserve
these phenotype in the cells treated Withegative control (NC) (Fig. 89 where the
U2WT MS2 was targeted into the CBs without any accumulation icytoplasm.We
prepared the mutants (UZstableNS$1S2 and U2noNS8VIS2) by ge directed
mutagenesigand co-transfectedU2 noNS$31S2 or U2WAUS2)with plasnid containing
MS2YFP protein int@ontrol orthe Gemin3 depletedells.We cotransfected mutant
U2stableNS$1S2 with MS2YFP into nottreated cells24hafter transfectioncells were
fixed andcoilin was detected bymmunofluorescence (Fig@9 A, B, C)U2NoNSSMS2
construct was nicely targeted into théB€ bothGemin3 depleted cells anxklls treatel
with negative control (NC) (Fig2CO. We didnot observe any cytoplasmic accumulation.
In contrast, strenghthening the NSS in U2 stableNSS construct strongly reduced nuclear
and CB accumulation in nd@reated cells suggesting that strong bgsairing apund the
Sm site inhibits Sm ring formatiomhis constructocalizedmainly in the cytplasm (Fig.
39B).
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