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SUMMARY

RNA interference (RNAI) is a highly conservead@sess of gene silencing in which
Argonaute family proteins are guided by small RNAlacules to complementary targets.
In the fission yeas$chizosaccharomyces pomiBiNAI is required for heterochromatin
formation at centromeres. Although it seems coumtigtive, pericentromeric
heterochromatin in fission yeast is transcribede Tianscripts are processed by RNAI
machinery, which is in turn guided back to the @amtromeric repeats by sequence
complementarity of the Argonaute-bound small irgenfy RNA (siRNA) and the nascent
transcript. This generates a positive-feedback loopiRNA amplification that recruits
factors required for the assembly of heterochramdreviously, it was suggested that a
fission yeast class of Dicer-independent small RN&edled primal small RNAs
(priRNAS) initiates the positive-feedback loop dREA generation and heterochromatin
assembly. However, the biogenesis of priRNAs ad a&lof Dicer-independent small
RNAs from other organisms was not well understood.

The results presented here identify Triman, &ehd®’-5’ exonuclease that is
involved in the final step of biogenesis of bothRNAs and siRNAs in fission yeast. It
was observed that Argonaute binds longer priRNA siRiNA precursors from the total
RNA fraction. This is followed by the recruitment d@riman to trim 3’ ends of
Argonaute-bound small RNAs to the mature size. fihal trimming of priRNAs and
SiRNAs is required forde novoheterochromatin formation at centromeres and the
mating-type locus as well as for the maintenanctaailtative heterochromatin islands.
Furthermore, it was shown that in cells lacking &r@ nuclease subunit of the exosome,
RNAI targets various genes across the yeast genbinie demonstrated that the exosome
protects the genome against aberrant RNAI. SpurRiMAi targeting inrrp6A cells at
majority of loci occurs via accumulation of antisertranscripts that are processed into
priRNAs in a Triman-dependent manner. These resaliggest that Argonaute
association with cellular degradation products Wwhace processed into priRNAs might
serve as a surveillance mechanism to guard thengenagainst invading genomic

elements (Marasovic et al. 2013).
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1 Introduction

1 INTRODUCTION

The observation by Fire and Mello that @aenorhabditis eleganslouble-stranded RNA
(dsRNA) triggers specific mechanism of gene silegciRNA interference (RNAI) (Fire et al.
1998), has dramatically changed the understandiggre regulation. To date, RNAI has turned
out to be a widely utilized mechanism of gene sileg on the both transcriptional and
posttranscriptional level, as well as of maintemaié genome stability and defense against

foreign genetic elements (reviewed in Ghildiyal &#dore 2009; Hannon 2002).

In all small RNA silencing pathways, small RNAs [$&s) of 20-30 nucleotides in length
interact with Argonaute (Ago) family of proteindet central players of small RNA silencing
pathways. Small RNAs guide Argonaute RNA-inducelénsing complex (RISC) or RNA-
induced transcriptional silencing (RITS) complextanget RNAs by sequence complementarity
(reviewed in Ghildiyal & Zamore 2009).

In Schizosaccharomyces poml@ants, Tetrahymenaand Drosophila, RNAI is required for
heterochromatin formation or DNA methylation (Voleeal. 2002; Mochizuki; Brennecke et al.
2008; Gu et al. 2012). In fission yeast heteroclatomis found at the pericentromeric,
subtelomeric and mating-typen& regions (Volpe et al. 2002; Noma et al. 2004; Gatnal.
2005). First seemingly counterintuitive, heterachatic region was found to be transcriptionally
active (Djupedal et al. 2005). Moreover, resultipgricentromeric transcripts are targeted by
RNAI machinery that in turn triggers heterochromaformation in a self-reinforcing feed

forward mechanism.

1.1 Classes of small RNAs

Small RNAs can be generally divided into three melesses according to the molecules that
trigger their production, mechanism of biogenesid protein partners: small interfering RNAs
(siRNAs), microRNAs (miRNAs) and Piwi-interactingnall RNAs (piRNAs) (reviewed in
Ghildiyal & Zamore 2009).
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1.1.1 miRNAs

MiRNAs are 20-24 nt-long SRNAs present in variotgaaisms: flies, worms, plants, mammals,
where they regulate diverse cellular pathways at gbst-transcriptional level (reviewed in
Ghildiyal & Zamore 2009). They are encoded in tea@ne and originate as primary miRNAs
(pri-miRNAS) that generally fold back on themselvedorm hairpins. The biogenesis involves
subsequent action of two RNase lll endonucleasiest, fprimary miRNA is processed in the
nucleus by the Drosha and its double-stranded RMAHIy domain (dSRBD) protein (DGCR8
in mammals, Pasha iDrosophilg. The resulting 60-70 nt-long precursor-miRNAs efpr

mMiRNAS) are exported into the cytoplasm. There;miBNAs are processed by Dicer, which
acts with its dsRBD partner protein Lod3r@sophild or TRBP (mammals), to form mature
miRNAs. Mature miRNAs are loaded onto Argonaute @RI8omplex and regulate gene

expression by inhibiting translation or inducingytidation of mRNA.

1.1.2 piRNA

Piwi-interacting RNAs (piRNAs) are 21-30 nt-long ¥Rs that can be found mainly in the
germline of various animals, fro@rosophila mouse to humans (reviewed in Ghildiyal &
Zamore 2009). They have a general function in s=po@ of mobile genetic elements by post-
transcriptional silencing. Recently, piRNAs haveeealso found to have a nuclear role in
transposon silencing by promoting methylation otétme H3 on lysine 9 (H3K9me) in
Drosophila (Wang & Elgin 2011; Sienski et al. 2012) and DN#ethylation in mice (Aravin et
al. 2008; Carmell et al. 2007).

Biogenesis of piRNAs is first elucidated Dbrosophila where a mode of amplification known as
the ping-pong cycle is discovered (Brennecke e2@07; Gunawardane et al. 2007). piRNAs
originate from single-stranded precursors in a Biedependent manner and their biogenesis
involves primary processing and a secondary aroptibn pathway (the ping-pong
amplification). piRNAs inDrosophila bind to three Piwi-family members: Piwi, Aubergine
(Aub), and Ago3. Primary piRNAs originate from tsaniption of piRNA clusters which lie in

heterochromatin region of the genome, or are mallgrdeposited. These long single-stranded

2



1 Introduction

precursors are loaded onto Piwi family proteinsjciwhare involved in the ping-pong mode of
amplification. Piwi and Aub have bias to antisep#eNAs which begin with 5" uridine (5'U),
while Ago3 binds sense piRNAs which have bias tenamk at position ten. Piwi/Aub loaded
with antisense primary piRNAs targets complementagse mRNA transcript of transposons
and cleaves it between the phosphates 10 and ddgthiits slicer activity. In this way, a new 5’
end of the future sense piRNA is generated. Newlyegated sense piRNA is then loaded onto
Ago3, the complex is guided to a complementarysanse transposon transcript, and the Ago3-
directed cleavage generates 5 end of a new asgs@iRNA. The cycle continues as new
antisense piRNA is able to create additional sgnB&NAs. The ping-pong model originally
proposed that the tenth adenine bias of Ago3-bqilRdIAS is a consequence of base pairing of
the 5’ uridine of Aub/Piwi-bound guide piRNA to itarget. However, it was reported that the fly
protein Aub, as well as its silkkworm and mouse hlog® Siwi and Mili, show intrinsic property
for the tenth adenine of their targets, regardédgie identity of the nucleotide at the 5’ end of
the guide RNA (Wang et al. 2014).

The ping-pong amplification mechanism of piRNAs asalogous to RNA-dependent RNA
polymerase (RDRP) amplification of secondary siRNi#ssworms, plants ands. pombe
However, many aspects of the piRNA pathway remaiknawn, for example how 3’end of
piRNAs is generated. It was found that the 3’endghaped by the trimming activity of 3’-5’
exonuclease, but the identity of the protein isnown (Kawaoka et al. 2011).

1.1.3 siRNAs

siRNAs in general originate from long double-stratddRNAS, which are then processes by Dicer
into 21-nt long siRNAs. siRNAs are then loaded oAtgonaute protein which is guided by

siRNA to perfectly base-paired target RNA to inditsedestruction. siRNAs can be classified
according to their origin into exogenous-siRNAsqexRNAs) and endogenous-siRNAs (endo-
siRNASs) (reviewed in Ghildiyal & Zamore 2009).

Exo-siRNA pathway iDrosophilg plants andC. eleganserves as a defense mechanism against
viruses and foreign sequences. Orosophilg long double-stranded trigger of siRNA-response

derive from intermediates of viral infection. Besatplants an€. elegangossess genes coding
3
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for RNA-dependent RNA polymerases, the responseatsm be triggered by single-stranded
RNA molecules. Endo-siRNAs are found in plar@s,elegansflies and mammals (reviewed in
Ghildiyal & Zamore 2009). The pathway guards thenatic genome against transposons. In
plants andC. elegans endo-siRNAs are produced by RDRP-activity, whilemammals and
Drosophila they originate from transposon sequences, repetisequences, convergent

transcripts, structured loci that form hairpinsv/{esved in Ghildiyal & Zamore 2009).

Besides its role in direct destruction of completagn sequences, siRNA-pathways in fungi,
plants andC. eleganscan repress target genes by directing chromatidifioations. The
principles of siRNA-guided heterochromatin modifioa were first deciphered is. pombe
(discussed in further chapters). In plants, sRNikeactide novoDNA methylation and H3K9me
(reviewed in Matzke et.al, 2014). Exo-siRNAs in stim cells ofC. elegandead to a production
of secondary siRNA. These in turn have a role enrthcleus, where they induce H3K9me (Gu et
al. 2012; Guang et al. 2008; Burkhart et al. 2011 the germ line oC. elegansinheritance of
exo-siRNA triggered H3K9me involves piRNAs (21U-Rb)Aand Piwi family protein PRG1
(Batista et al. 2008).

1.2 Eukaryotic chromatin comes in two flavors

In order to ensure proper cell division, genomicANM eukaryotes is organized in a structure
with histone and non-histone proteins called chtom&he classical division of chromatin into
hetrochromatin and euchromatin is based on diffeechromosomal staining in interphase
cells, aldough to date it has become clear thatmhtin adopts more states (rewieved in (van
Steensel 2011))Generally, euchromatin includes regions that aosdty packaged, gene-rich
and associated with transcription, while heteroctatin is condensed during interphase,
composed mainly of repetitive sequences and wasqusly considered transcriptionally inert.
Chromatin condensation is mainly achieved througdifitations of amino-terminal histone
tails, which represent specific histone code. Iocheomatic region characteristic modification
mark is histone H3 and H4 acetylation and di-mettigh of histone H3 lysine 4, while in
heterochromatic region histones are hypoacetilatedmain heterochromatin mark is histone H3
methylated on lysine 9 (H3K9me). H3K9me represémsbinding site for for the HP1 family of
4
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chromodomain proteins (Lachner et al. 2001). Hetemmmatin can be further divided into

facultative and constitutive. Facultative heterachatin usually forms over genes that are silent
upon development, while constitutive heterochremigtformed over centromeres, subtelomeres
and regulatory regions. Constitutive hetrochromainmportant for maintanance of genome
stability by ensuring proper centromere functionyclear organisation and repression of

repetative sequences.

Studies in many organisms ranging from yeast to mals, uncovered that RNAi mechanisms
play an important role in epigenetic inheritancesetiochromatin structure and the associated
proteins are conserved froBi pombeto metazoans, and the studies in fission yeastiged
basic mechanistic principles.

1.3 Heterochromatin formation in S. pombe

Proper heterochromatin formation is essential faimenance of genome stability and proper
centromere function. Vast portions of the eukaryggnomes contain repetitive sequences and
transposons embedded into pericentromeric hetevowtin domains. Thus, major function of
heterochromatin is to inhibit their transcriptidh.was shown that heterochromatin and RNAI
machinery are necessary to establish Cenp-A chiorattentromeres (Folco et al. 2008), a site
upon which kinetochore assembles. Moreover, pdrgereric heterochromatin is required for
recruitment of cohesin which mediates cohesion eetwsister chromatids (Bernard et al. 2001).

Therefore, heterochromatin is required for ensupraper cell division.

In fission yeastSchizosaccharomyces pomigeterochromatin is preferentially localized at
pericentromeric region, the silent mating-typeaf locus, and the subtelomeres (Cam et al.
2005). In addition to major constitutive heterarhatin domains, heterochromatin is also found
at around 30 additional locations in euchromatgiae of the genome (Zofall et al. 2012; Hiriart

et al. 2012). The main characteristic of heteroctatin is di- and trimethylated H3K9

nucleosomes that are bound by HP1 family of prsteiP1 proteins are highly conserved and
fundamental for heterochromatin packaging in alnadseukaryotes: yeast, nematode, insects,

chicken, frog and mammals (Eissenberg & Elgin 2000y are characterized by an N-terminal

5
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chromodomain, which binds H3K9me nucleosomes a@dterminal ‘chromo shadow’ domain.
In fission yeast two HP1 homologs, Swi6 and Chpal, vo chromodomain containing proteins,
Chpl and ClIr4, bind to H3K9me nucleosomes and egeired for heterochromatin silencing
(Partridge et al. 2002; Halverson et al. 2000; T&ovierhein-Hansen 2000).

Heterochromatin formation involves establishment, greading and maintenance

The process of heterochromatin formation in fissygast can be divided in three main steps:
establishment, spreading and maintenance of hétenoatin (Buscaino et al. 2013).
Establishment of heterochromatin is an RNAi-base@chmanism at all three major
heterochromatic regions (centromeric, subtelomeamd mat locus). In addition to RNAI-

dependent mechanism, at mating-type locus and |suidees, DNA-based mechanisms also

function in parallel to recruit heterochromatinttars (discussed in the following chapters).

RNAi-dependent establishment of heterochromatiruscat specific nucleation sites which are
defined by the production of siRNAs. These sitesfaund abtr region of centromeres and are
designated adg anddh repeats (Figure 1.3.1.1). Elements homologowdgtanddh repeats are
also present at silent mating-type regioanHelement) and subtelomerelt was shown thadg
anddh repeats and their homologous sequences are titzetstry RNA polymerase Il (RNAPII).
The transcripts are processed by RNAiI machinery &fRNAs, which leads to establishment of
heterochromatin. After the establishment at numeatoci, heterochromatin mark H3K9me
spreads to the surrounding regions which are nogetad by RNAi and forms large
heterochromatic domains. It was demonstrated tistbrie deacetylase (HDAC) Sir2, CIr3 and
Swi6 are required to initiate the formation of metdromatin at nucleation (SiRNA producing)
loci, but then are also necessary for the spreadlifigeterochromatin from the nucleation loci to
the surrounding chromatin to create large hetemohtic domains (Buscaino et al. 2013). These

processes are discussed in detail in the followhapters.

The established state of heterochromatin is stabdyntained through mitotic and meiotic
division. During the DNA replication, parental ldaes are randomly distributed into daughter
DNA, preexisting H3K9me mark is recognized and neweposited histones are modified

(Ragunathan et al. 2014). The process of maintenahbeterochromatin mark does not require

6
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nucleation DNA sequences (siRNA producing locistéad, it is dependent on the coordinate
action of H3K9 methylation by Cir4, demethylatiofi H3K9 mark by Epel and random
distribution of parental histones (Ragunathan .€2@14; Audergon et al. 2015).

1.3.1 Heterochromatin formation at pericentromericregion

At pericentromeric region, heterochromatin is natde in an RNAi-dependent mannEission
yeast has been shown to be an excellent model ismgaior the study of RNAI for several
reasons; unlike higher eukaryotes, it contains lsimgene copy of Argonauteagol’), Dicer
(dcr1’), and RNA-dependent RNA polymerasdgl’), but it still shares great similarity of the
heterochromatin structure with metazoans. Studmesthe RNAi-dependent heterochromatin

formation have been mainly focused on the periceméric region.

Centromeres irs. pombeén are between 35-110 kb and have two distinctalos(Volpe et al.

2002; Folco et al. 2008) (Figure 1.3.1.1). Ceritraétochore domain is composed of central core
(cnt/co) that is flanked by innermost repeaitsir). This domain is flanked by outermost region
(otr), which contains copies alg and dh repeats from which siRNAs originate and direct
heterochromatin formation. At the central kinetaehdomain a histone H3 is replaced by a
CenpA and it is a site where kinetochore assemblesvalé shown that heterochromatin and

RNAI machinery are necessary to establish CenpfArmhtin at centromeres (Folco et al. 2008).

ent  im

= D OO =
(T o
ST Yo

7 repeats 2 repeats

Figure 1.3.1.1. Schematic representation of thre8. pombe centromeric regions.(Adapted from (Volpe et al.
2002)). Centromeres have two distinct domains:raékinetochore domain and outermost repeats dan@entral
kinetochore domain is composed wfique central cor¢cnt) of 4-7 kbflanked with innermost repeatsnf) which
contain transfer RNA (tRNA) genes (yellow boxesut€most regiondtr) is composed of tandem alternating

copies ofdg (green) andlh (orange) repeats.
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Although early observations described heterochtonae a transcriptionally inert structure, later
on a contra intuitive result was found - small lsvef transcription occur at pericentromeric
region (Djupedal et al. 2005). Moreover, the paricemeric transcription correlates with sSiRNA
generation (Figure 1.3.1.2) and is absolutely neguifor proper heterochromatin formation
(Reinhart & Bartel 2002; Volpe et al. 2002).

chromosome 1
3760 kb 3770 kb 3780 kb 3790 kb

500
wild type J_%_M LNL

' JMM”WMMM%MMWW“W"E
WWMH’\I'WWWM'|n|w“' il N‘W‘W by E

dh dg imriL cnt1 /mr1R dg dh

250

)]
o
o

wild type

signal intesity

AI\JO N A _';NOI\J-&
(log2 normalized)

Figure 1.3.1.2. small RNAs generation correlates i the transcription from centromeric repeats. (Adapted
from (Halic & Moazed 2010)). Upper panel: small RMé&ads from wild-type cells were plotted over centeric
region on chromosome 1. Small RNAs originating freense (+) strand are depicted in blue. Small RNAs
originating from antisense (-) strand are depidteded. Scale bars on the right denote small RE&drnumbers
normalized per one million reads. Lower panel: $iption over centromeric region on chromosom&ednse (+)

transcripts are depicted in blue, antisense (Astapts are depicted in red.

Early studies for factors required for heterochroméormation inS. pombaeutilized a simple
method where a reporter ge(ale6) was inserted in the pericentromeric region. Theigdies
have shown that transgenes integrated in centronaeee silenced, demonstrating that
heterochromatin is able to spread to the surrogndenes (Allshire et al. 1994). Thus, a simple
screening method by plating the cells which contajmorter genes on corresponding selective
plates enabled quick testing for the factors rexggliior the silencingDeletion of RNAI factors
agoT’, dcrl” or rdpl’ resulted in accumulation of pericentromeric traipgs originating from
heterochromatin region and decrease in the le¥distone H3 lysine 9 methylation (Volpe et al.
2002; Provost et al. 2002), a main mark for hetermatin. This demonstrated that RNAI is

required for centromeric silencing and suggestedat thranscripts originating from
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1 Introduction

heterochromatin region are processed by RNAIi, whitlves heterochromatin formation.
Furthermore, finding that small RNAs are matchirgigentromeric region (Reinhart & Bartel

2002) confirmed the connection between RNAI an@toehromatin formation i§. pombe

1.3.1.1 The 'nascent transcript’ model for RNAi-depndent heterochromatin

formation

It was demonstrated thattr region of S. pombeis transcribed in both sense and antisense
direction by RNA polymerase Il (RNAPII) (Kato et &005) (Figure 1.3.1.1.1). The transcripts
are processed by Dicer, ribonuclease lll-like nasée into 21-25 nt-long double-stranded
SsiRNAs, which as a result of Dicer-processing confzhosphate groups on 5' ends and 2-nt
overhangs on 3' ends (Bernstein et al. 2001; Kn§gl@ass 2001; Provost et al. 2002). These
double-stranded siRNAs are then loaded onto ArgiensilRNA chaperone (ARC) complex that,
in addition to Argonaute, contains Arb1l and Arbatpms. It was shown that ARC binds dsRNA
Dicer-products and mediates their loading onto Agoidtaining RNA-induced transcription
silencing (RITS) complex (Buker et al. 2007; Hol&Moazed 2015).

Besides Agol, RITS complex contains Tas3, a coeseglycine and tryptophan (GW) motif-
containing protein, and Chpl, a chromodomain cairtgi protein (Verdel et al. 2004). In the
RITS complex, the strand with less thermodynamabitity of the 5' end of siRNA duplex is
selected as a guide, while the other, the passestged, is sliced by Argonaut's endonucleolitic
slicer activity and subsequently removed. This te®anature RITS complex that is targeted to
pericentromeric transcripts by sequence complemgntaf small RNA with the nascent
transcript (Verdel et al. 2004).

At the pericentromeric region, RITS is involved riecruitment of complexes necessary for
SiRNA amplification and heterochromatin formati@ne complex recruited by RITS is RNA-
dependent RNA polymerase complex (RDRC). RDRC mpmsed of Rdpl, RNA helicase Hrrl,
and the non-canonical poly(A) polymerase Cid12 @oedi et al. 2004; Sugiyama et al. 2005)
(discussed in the chapter 1.3.1.3). RDRC exhiblig\Rlependent RNA-polymerase activity on
the nascent transcript. Thus, it generates douldeded RNA precursors which act as a

substrate for Dicer to generate SiRNAs.



1 Introduction

The other multisubunit complex that is recruitedCis4-Rik1-Cul4 (CLRC) complex (Hong et
al.; Zhang et al. 2008). The central component bRC complex is Clr4, highly conserved
protein which methylates surrounding nucleosometherhistone H3 lysine-9, which is the main
heterochromatic mark. H3K9me is a main recruitingrknfor chromodomain containing
proteins: Swi6 and Chp2 (HP1 family proteins), Chgoid Clr4. All of these proteins have

variable heterochromatin roles.

Clr4 binds the H3K9me nucleosomes with its N-temhichromodomain, which makes Clir4 a
protein with a dual 'write and read' function (Zgaet al. 2008). This binding is important for
stabile association of CLRC to heterochromatic Ibeit is crucial for the further spreading of
heterochromatin from initial nucleation sites to rreunding chromatin, as well as
heterochromatin maintenance (Ragunathan et al.)202T#4 is a highly conserved protein from
yeast to human; it shares similarity to mammaliav3®h (Rea et al. 2000; Motamedi et al.
2004; Nakayama et al. 2001). Other protein membe@LRC complex: Cul4, Pipl, Rikl, Rafl
(delocalization of Swi6 (Dos1)/CIr8) and Raf2 (D#SR7), are components of an E3 ubiquitin
ligase, whose activity is essential for heterochattimassembly. Cul4 is a member of cullin
family of proteins, which serve as a scaffold floe issembly of ubiquitin ligases. Rik1 contains
WD repeats and shares similarity to several nu@eid binding proteins. Rafl also has several
WD repeats; however Raf2 shares no obvious sinyilaith other proteins. Rikl associates with
both RDRC and the RITS complex, and is targetedranscribed centromeric repeats in an
RNAi-dependent way (Zhang, 2008). Stcl, a smaltgonothat is peripherally associated with
CLRC complex, provides a link between CLRC and RblSnteracting with Agol (Bayne et al.
2010). It was shown that Stcl is critical for retnent of CLRC complex in a process of
establishment of H3K9me via RNAI.

Fission yeast HP1 homologs, Swi6 and Chp2, bind #8& marks and provide platform for
factors necessary for heterochromatic gene silgn@totamedi et al. 2008; Nakayama et al.
2001). When bound to H3K9me nucleosomes, Swi6 ptesnadditional recruitment of RDRC
complex in an interaction that is mediated by sieg factor Ersl (Motamedi et al. 2008;
Sugiyama et al. 2007; Moazed 2011). Additionallyyits interacts with a large number of
proteins, including chromatin-remodeling complexasl DNA-binding and DNA replication

proteins (Motamedi et al. 2008). Swi6 associateth WIDAC CIr6. Clr6 can be found in two
10
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distinct complexes and is required for deacetyfatid histones, particularly lysines on histone
H3 and H4 (Wirén et al. 2005; Nicolas et al. 200vpreover, it was found that Swi6 also
recruits histone chaperone complex HIRA/Asfl, whatts synergistically with Clr6 in the

deacetylation of chromatin and nucleosomal occupamud positioning at heterochromatin
(Yamane et al. 2011).

Swi6 and mainly Chp2 are required for the recruittngf Snf2-histone deacetylase repressor
complex (SHREC) (Sugiyama et al. 2008HHREC complex contains quartet of Clrl, ClIr2, CIr3,
and Mitl (the Snf2 family chromatin-remodeling @io)). SHREC is required for deacetylation
of H3K14 (via the activity of histone deacetylasdr3]; nucleosome positioning at
heterochromatin, and promotes transcriptional gatencing by limiting RNA polymerase |l
(Pol 1) access to heterochromatin (Motamedi et26l08; Sugiyama et al. 2007). Another
deacetylase found to be important in heterochramsilencing is Sir2, which preferentially
deacetylate histone H3K9 (Wirén et al. 2005).

H3K9me mark is also binding point for the Chpl,cponent of RITS complex. This binding
further localizes RITS to chromatin and promotes ititeraction of RITS with RDRC and Dcrl
(Motamedi et al. 2004; Colmenares et al. 2007).

Besides RNAi-based processing, pericentromericstidpis are also degraded via RNAI-
independent pathways which involve Trf4-Air2-Mtrélpadenylation (TRAMP) complex and
exosome (Buhler et al. 2007; Reyes-Turcu et al1p01
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SRNA ARC

Y RITS @@

~~
TRAMP and
exosome

Centromeric
repeats

Figure 1.3.1.1.1. Positive feedback loop of siRNAegeration and heterochromatin formation at fissionyeast
pericentromeric region. (Adapted from (Holoch & Moazed 2015)). Centromeggigences are transcribed by RNA
Polymerase 1l (Pol IlI) and targeted by RNA-indu¢eshscriptional silencing (RITS) complex via siRNéaded
Agol. RITS recruits two complexes: RNA-dependentARddlymerase complex (RDRC, composed of Rdpl, Hrrl
and Cid12) and Clr4-Rik1-Cul4 (CLRC) complex. RDR@plifies the signal by synthesizing new long detbl
stranded precursors using pericentromeric transaspemplate. Double-stranded precursors are gsedeby Dicer
into ds siRNAs, which are further loaded onto RMi& Agol-containing chaperon complex, ARC. The eyd
repeated by RITS targeting of centromeric transcrvip sequence complementarity between Agol-loaiadll
RNA and the pericentromeric transcript. Second dempecruited by RITS is CLRC complex. The recrwgtrh
occurs via Rik1 and Stcl proteins. CLRC methylaiiesleosomes on histone H3 lysine 9 (H3K9me). Tédsl$ to
recruitment of fission yeast homologs of HP1 prdeiSwi6 and Chp2, and heterochromatin formatiol.SR
complex is further stabilized on chromatin by bimgliof Chpl. Swi6 further promotes localization dVRC via
Ersl. Swi6 and mainly Chp2 recruit Snf2-histonecgdase repressor complex (SHREC), which restisiA
polymerase Il (Pol II) access. Trf4-Air2-Mtr4 pobenylation (TRAMP) complex and exosome act in perab

RNAi-mechanism to degrade pericentromeric transrip
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1.3.1.2 The nucleation of positive-feedback loop 0§iRNA generation and

heterochromatin formation at the pericentromeric repeats

The interdependence of RNAI and heterochromatimétion has been extensively studied. One
of the fundamental questions asked was how thigiyp®deedback loop is initiated in the first
place. The first model proposed that pericentromganscripts, which are transcribed in both
forward and reverse direction, could base-paioteifdsRNAs (Figure 1.3.1.2.1). These dsRNAs
could then serve as substrates for Dicer to ieitRNAI machinery (Halic & Moazed 2010). In
the second model, RDRC specifically recognizescpatromeric transcript and generates long
dsRNA precursors for Dicer, which then generates ttigger siRNAs. The third, alternative
model suggested that low levels of H3K9 methylagtwhich are found in RNAi mutants (Noma
et al. 2004; Sadaie et al. 2004), could recruit Ri&tors RITS and RDRC to trigger siRNA

generation and H3K9me loop.

dh ‘\ dﬁ
1* 2* 3 -

dsRNA

e f __sits

@ @ “

—— SiRNAs

Figure 1.3.1.2.1. Models explaining nucleation oiRNA generation and heterochromatin formation. (Adapted
from (Halic & Moazed 2010)). (1) Pericentromeri@rtscripts are bidirectionally transcribed and hzeie-to
generate dsRNAs, which are processed by DicerR@RC recognizes pericentromeric transcripts ancegeas
dsRNA precursors for Dicer. (3) Low-levels of H3K8mecruit RITS and RDRC to generate siRNAs.
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Splinted ligation assays and deep-sequencing ofG=l&&gonaute associated small RNAs have
enabled detection of small RNAs in mutants of RN&dtors and heterochromatin (Halic &
Moazed 2010). In cells lacking heterochromatin,Ns#R are dramatically reduced, but small
levels of siRNAs are still generated at the peticenericdg anddh repeats (Figure 1.3.1.2.2).
This argued against the third model saying tha¢roehromatin is necessary to induce siRNA
generation at these sites, and demonstrated tR&tAsigeneration precedes heterochromatin
formation. The levels of siRNAs generated frdgrepeats in the absence of heterochromatin are
higher than the ones generated frdmrepeats, and their generation was dependent od,Rdp
Dicer and Ago-slicer activity (Halic & Moazed 2010his indicates that SiRNA generationdat
repeats could be a nucleation site for siRNA gdimrain a heterochromatin independent

manner.
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Figure 1.3.1.2.2. Pericentromerialg siRNAs are generated independently of Clr4 and Chplindicating siRNA
generation precedes heterochromatin formation (Adapted from (Halic & Moazed 2010)). small RNMé&ads from
indicated strains were plotted over centromeri¢gae@n chromosome 1. Scale bars on the right desrotdl RNA

read numbers normalized per one million reads.

Next, the distinction between the first and theoseicmodel of siRNA induced heterochromatin
formation was elucidated from the levels of Argameaassociated small RNAs frordpl4 and
dcrla cells. The first model postulated that the trigg®NAs are generated by Dicer-processing
of double-stranded RNA precursors and that RDR@iicacts upstream to amplify the siRNA
pool. In that scenario, the levels of small RNAswdobe higher in cells lackingdpl in
comparison to the levels idcrla cells. However, deep sequencing of Agol-associatedll

RNAs revealed that siRNA levels idcrld and rdpla cells were similar (Figure 1.3.1.2.3)
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favoring the second model (Halic & Moazed 2010).r&bwver, Dicer- and Rdpl-independent

small RNAs were also generated in Ago-slicer indelgat manner.
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Figure 1.3.1.2.3. priRNAs are generated independdgtof Dcrl, Rdpl, and Argonaut’s slicer activity.(Adapted
from (Halic & Moazed 2010)). Small RNA reads fromdicated strains are plotted over centromeric regio
chromosome 1. Small RNAs originating from sensestrand are depicted in blue. Small RNAs origingtirom
antisense (-) strand are depicted in red. Scakedrathe right denote small RNA read numbers nbzed per one

million reads.

These small RNAs were called primal small RNASIRpIAS), and it was suggested they
represent triggers that guide Argonaute to centrimmiganscripts to initiate silencing and
heterochromatin formation (Halic & Moazed 2010)RiAs are degradation products of various
cellular transcripts (rRNA, tRNA, and mRNA), whicire able to randomly associate with
Argonaute according to their cellular abundancegofiaute loaded priRNA would initiate
silencing specifically at centromeric repeats bseathey are, unlike other genomic regions,
bidirectionally transcribed (Figure 1.3.1.2.3, Figul.3.1.2.4). In that way antisense priRNA
from centromeric region is able to find its sensemplement, and could initiate SIRNA
generation. Once heterochromatin independent siREémimulate fromdg repeats, RNAI
machinery will target centromeric transcripts amdtiate positive-feedback loop of siRNA
amplification and induce heterochromatin format{described in Figure 1.3.1.1.1). This work
also speculated that Argonaute associated priRNAgtnplay a role in RNAi-surveillance
against repetitive elements and retrotransposamesgtregions produce both sense and antisense
transcripts which may generate threshold levelntitense priRNAs. priRNAs could then guide

Argonaute to these loci and induce silencing.
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Figure 1.3.1.2.4. A model describing initiation ofsiRNA amplification and heterochromatin formation.

(Adapted from (Halic & Moazed 2010)). priRNAs aregdadation products originating from many genorigions
and associate with Agol. Because centromeric reggomidirectionally transcribed, antisense priRNfom

centromeric region loaded onto Agol is able to fitel sense complement. For that reason, heteroctiom
independent siRNA amplification is initiated spémfly on pericentromeric region. Once siRNAs acalate, they
initiate positive feedback loop of siRNA amplificat and heterochromatin formation (Described inuFég
1.3.1.1.1).

A recently published study reported a differencéhim levels of small RNAs idcrl4 andrdpla
cells obtained by deep-sequencing of Agol-assatERNAS (Yu et al. 2014). In this study, the
levels of Agol-associated sRNAsripl4 cells were higher than the onesdicrl4 cells, which
suggest an existence of Dicer-dependent and RajEpéndent small RNAs. This report favors

the aforementioned first model of heterochromatinmiation (Figure 1.3.1.2.1) and these small
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RNAs were called primary siRNAs. It was proposedt tbonvergent transcription and Dicer
availability define RNAI initiation sites (Yu et.a2014). Therefore, in fission yeast two distinct
classes of Dicer-dependent and Dicer-independeall #NAs can inducer siRNA amplification

and heterochromatin formation.
1.3.2 Heterochromatin formation at the silent matimg-type locus

Fission yeast mating-type region contamat2 andmat3silent donor loci withK-region, which
comprisescenH element, in between (Figure 1.3.2.1). It was shdkat 20-kbmat region is
subjected to heterochromatin-mediated silencindl (&teal. 2002). Similarly to pericentromeric
region, atmat loci RNAi-mechanism is required for establishmaerit heterochromatin. In
addition to RNAIi, DNA-based mechanism operatesarajiel to establish heterochromatin albeit
at low efficiency. However, once heterochromatiessablished, RNAi becomes dispensable for

the maintenance of existing heterochromatin staéd et al. 2002).

mat1 mat2P mai3M
IR-L cenH IR-R
s IR O = WA

Figure 1.3.2.1. Schematic representation of the fioon yeast mating-type region(adapted from (Jia et al. 2004)).
Heterochromatin forms over the entire 20-kb regaod is restricted by the IR-R and IR-L boundarynedats.

Shaded box representenH element which is an siRNA producing locus and eatibn site of RNAi-dependent
heterochromatin formationnat2 and mat3 loci are deciphered in white and grey box. Blackowas represent
binding site for Atf/Pcrl, which are operating iparallel way to RNAIi to maintain heterochromatimaat region.
Atf/Pcrl mechanism is also able to nucleate hetemnatin in an RNAi-independent manner, howevereay low

efficiency.

RNAI-directed heterochromatin establishment ocetir$.3-kb element df-region, cenH which
contains clusters of short repeats homologous ticgreromericdg and dh repeats. In an
analogous way to pericentromeric repeatnH element is an siRNA-producing locus, which
acts via RNAi-machinery to recruit CLRC complexwthylate nucleosomes on H3K9. This
leads to subsequent binding of Swi6 that is requice the spreading of heterochromatin from

nucleation site to the rest of the silent locusli(Etgal. 2002).
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In the region betweecenHandmat3loci, two heptamer sequences corresponding tditicing
site of the transcription factor Atfl/Pcrl have bdéeund (Jia et al. 2004) (Figure 1.3.2.1, black
arrows). Atfl protein shows homology to the aciivgttranscription factor (ATF), and Pcrl to
the cyclic AMP response element (CRE)-binding pro{€REB). ATF/CREB family proteins
are highly conserved and are activated by stred¢sgem-activated protein kinase (MAPK)
pathway. Atfl/Pcrl regulates gene expression dusmgial differentiation and environmental
stress.It was observed that, once bound to their bindiaguences amat region, Atfl/Pcrl
recruits histone deacetylase CIr6 and Swi6 (Kimakt 2004) and are able to nucleate
heterochromatin formation in an RNAi-independenywaut with low efficiency and at slow rate
(Jia et al. 2004). However, Atf1/Pcrl mechanismoasipletely capable of stabile maintenance of
pre-existing heterochromatin state in the absehé&NAi-machinery (Hall et al. 2002; Jia et al.
2004). It was demonstrated that in the Atfl/Pcricima@ism of heterochromatic silencing,
upstream conserved MAPK pathway, comprising fissyjeast Wisl and Sty/Spclkinases, is

required for the heterochromatic silencing (Kinaket2004).

1.3.3 Heterochromatin at subtelomeres

At fission yeast subtelomeres, two redundant paybveat to establish heterochromatin (Kanoh
et al. 2005). The RNAi-dependent mechanism actsafin analogous manner as in the
pericentromeric region and mating-type region: Ne#R are produced from a distal region of the
subtelomere (Cam et al. 2005) that is homologotis pericentromericdg anddh repeats, as well
as with thecenHelement present at the mating-type locus. Theskeatien elements are part of
the open reading frame that encodes a telomeredimielicasetlh). siRNA producing loci act

via the RNAI machinery to recruit Swi6 and estdbleterochromatin.

The redundant mechanism of heterochromatin eskmbéat at subtelomeric region involves

Tazl, a telomere binding protein of the TRF familyazl is a component of the shelterin

complex and is recruited to the telomere-associaggience (TAS). It was demonstrated that
Tazl establishes Swi6 heterochromatin independentlige RNAi-pathway at the subtelomeres
(Kanoh et al. 2005).

18



1 Introduction

Est1
@TEW
/_’—‘\ Trtt
Telomerase
complex

H3 K9me K9me K9me K9me

Swi6 Swi6 Swi6 Swi6 4/1

' Ccql

Subtelomere Telomere

Figure 1.3.3.1. Model representing heterochromatifiactors at fission yeast subtelomere¢Adapted from (Khair
et al. 2010)). RNAi-mediated nucleation of heterochatin formation occurs at subtelomere elementslwshare
homology to pericentromericlg and dh repeats. RNAi-factors recruit Clr4 and subsequeeterochromatin
formation. RNAi-independent nucleation involves Taa protein that is part of the sheltering compex binds to
telomeric repeats. Tazl promotes Clr4-dependent HBtethylation of surrounding nucleosomes and presiot

accumulation of Swi6. Proteins Tazl, Rapl, Pozz1TPotl, and Ccql are part of the shelterin coxaple

1.3.4 Islands of heterochromatin at euchromatic regn

Several groups have observed that H3K9 methylationaddition to major constitutive
heterochromatin domains involving pericentromesightelomeric and mating-type region $n
pombe,can be detected at around 30 additional locationgsa the genome (Zofall et al. 2012;
Hiriart et al. 2012; Tashiro et al. 2013). Theséitonal H3K9me containing loci, denoted as
heterochromatin islands, are found at both conwvérged non-convergent loci (Zofall et al.
2012) and comprise ncRNAs and meiotic mMRNAs that suppressed in vegetative growth
phase. It was suggested that heterochromatin islands regdreaanlogy to facultative
heterochromatin in higher eukaryotes (Zofall e28l12). However, it was reported that deletion

of heterochromatic factors at meiotic genes doéfhawe an influence on the expression levels of
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corresponding meiotic genes and it also does maftice Pol Il access, indicating that this

heterochromatin does not have a functional roleEg al. 2014)

Formation of H3K9me at islands comprising meiotianscripts involves Mmil-dependent
degradation mechanism, specifically proteins Mm#l &ed1. It was shown that in vegetative
cell phase, transcripts involved in sexual difféieion are transcribed, but are rapidly degraded.
This degradation of meiotic transcripts during wagee phase involves Mmil RNA elimination
pathway (Holm & Thon 2012). Mmil is an RNA-bindipgotein that recognizes determinant of
selective removal (DSR) sequences. DSR-contaireggences are found in meiotic transcripts,
including the master regulators of meiotic evet#13 and Mei4. | was shown that Mmil recruits
proteins Redl, Pab2 and Rrpé@hich are involved in targeting the transcripts fiegradation
(Sugiyama & Sugioka-Sugiyama 2011). It was demaistr that Red1l forms a nuclear RNA
silencing (NURS) complex containing helicase Mttinc finger proteins Red5 and Ars2, RNA
recognition motif (RRM)-containing protein Rmn1l alsd10 (Egan et al. 2014; Lee et al. 2013).

The complex provides a link between Mmil and thesexne-mediated RNA degradation.

Chromatin immunoprecipitation experiments detedted heterochromatin factors are localized
at heterochromatin islands - CLRC subunits Raf2j6Sswomponents of RITS and SHREC
complex (Zofall et al. 2012). At majority of isla;dheterochromatin present in vegetative cell
phase is established in an RNAi-independent maiffeer example atmcp? ssm4 meid).
However, heterochromatin was not establishedgolA cells at a subset of meiotic islands (for
example amcp5 ncRNA enol01(Zofall et al. 2012). Also, components of RITSmgaex have
been detected at some islandsei4d ssm4 and in RNAI mutants a slight increase in their

transcript levels was observed (Hiriart et al. 204&fall et al. 2012; Tashiro et al. 2013).

In the period wheriission yeast cells enter meiosis, which is indubgditrogen deprivation,
more than 200 genes involved in sexual differeiotiatire induced (Mata et al. 2002). Mmil is
sequestered into meiosis specific structure, Met(\@atanabe & Yamamoto 1994), resulting in
stabilization of DSRcontaining transcripts. It was demonstrated thatnupitrogen starvation,
which induces meiosis, H3K9me is reduced at theandd mei4 and ssm4 which is also

accompanied with the loss of the localization of Rkt these islands (Hiriart et al. 2012).
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1.5 Aim of the thesis

Previously, a class of Dicer-independent Argonassaciated small RNAs called priRNAs has
been identified in fission yeast (Halic & Moazed12) priRNAs are degradation products
originating from various genomic regions and it veaggested that they drive amplification of
SiRNAs. This process subsequently leads to hetevowhtin formation. priRNAs are produced
independently of Dicer, Rdpl and Argonaute-slicetivity, which raises the question of their
biogenesis. Because Argonaute-slicer activity ispeinsable for their generation, 5 end of

priRNA is likely generated by endo- or exoribonade activity (Figure 1.5.1).

—_—

priRNA precursors

5 5 3
‘ Nuclease 3 Mature
Nuclease 1 ‘ Nuclease 2 Agol:priRNA
complex

Figure 1.5.1. Schematic representation of predictedteps in biogenesis of priRNAs$n S. pombe. priRNAs are
generated independently of Dicer, Rdpl and Argamaliter activity (Halic & Moazed 2010). Thus, 51 of
priRNAs is possibly generated by one or more ermslainucleases. Then, priRNA precursor is loaded onto
Argonaute and 3’ end is defined by a nuclease iactipriRNAS are deciphered in red; hypotheticatleases 1 and

2 which generate 5’ end are deciphered in blacgpthetical nuclease generating 3’ end is deciphiergdeen.

Furthermore, it was suggested that the 3’ endsRMAs are shaped by the trimming activity of
an unknown nuclease. This notion came from deepeseing data of small RNAs associated
with slicer-defective Agol-D580A (Halic & Moazed RW). In Agol-D580A, the passenger
strain cannot be released and thus bound siRNAsirewgouble-stranded. The centromeric
Agol1-D580A-bound ds-siRNAs show a broader lengthtritiution (from 21-27-nt) when

compared to siRNAs bound to wild-type Argonaute,iclthare mainly 21-23-nt long. This

indicated that Argonaute is able to bind longeRM#A precursors, which are then trimmed to the

mature size after the release of the passengewdstréis is also consistent with the finding that
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Dicer inS. pombéacks a PAZ domain and thus generates produatarging sizes (Colmenares
et al. 2007).

The main focus of this work was the identificatioinfactors involved in biogenesis of priRNAs
(Figure 1.5.1) and siRNAs. To do that, combinatarsplinted ligation assays as a screening
method and sequencing of Argonaute-associated dRiN#s was employed. To validate the
results and elucidate the mechanism of small RNAegation, biochemical characterization by a
combination ofin vitro assays was performed. Neixt,vivo assays were employed to show the
effects on cell phenotype. Also, the requiremernds éstablishment and maintenance of
heterochromatin at pericentromeric region, hetenmolatin islands and in a perturbed system
were explored. Parts of this thesis have been ghaddi (Marasovic et al. 2013).
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2 RESULTS

2.1 SPBC29A10.09c and Rrp6 are involved in biogesis of priRNAs and
SsiRNAs

In order to gain insight in factors involved in th@genesis of Dicer-independent priRNAs,
several strains with genomic deletion of potentehdidate genes were created previously in the
laboratory by PCR-based gene targeting methodicA strain. Endogenously tagged FLAG-
Argonaute was purified from the created strains Anglonaute-associated small RNAs were
phenol-chloroform extracted and ethanol-precipdatdhe levels of Argonaute-associated
centromericdg repeats were then assessed by the splinted ligassay using five different
centromeric small RNAs mapping tlg transcript (Maroney et al. 2008; Halic & MoazedL@))
Splinted ligation is around 50-times more sensithv@n Northern blotting, so it was possible to
detect very low levels of small RNAs that are pntsa dcrlA background (Halic & Moazed
2010). The deletion of two nucleases resulted énsignificant change in the levelsad repeats:
Rrp6 and SPBC29A10.09c (Figure 2.1.1). WhilelanlArrp6A cells a 10-fold increase in tllg
priRNA levels was observed (Figure 2.1.1 D)dorIASPBC29A10.09c cellsdg priRNAs were
not detectable at all (Figure 2.1.1 A, Figure 2R)1 GeneSPBC29A10.09was also deleted in
wild-type (wt) cells where a 2-fold reduction irettevels of Agol-associatelly anddh siRNAs
was observed by splinted ligation (Figure 2.1.1 C).
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Figure 2.1.1. SPBC29A10.09¢ and Rrp6 are involved ithe biogenesis of priRNAs and siRNAS(A) Splinted
ligation detection of Argonaute-associatgl priRNAs in indicated mutant cells. Five differesgntromeric small
RNAs mapping tadg transcripts were tested. One-third and one-nifitArgonaute-associated small RNAs from
dcrlA cells were assayed. (B) Splinted ligation detectddnArgonaute-associatedg priRNAs in dcrlA and
dcrlIASPBC29A10.09¢c cells. Argonaute-associated small RNAs from inidamutant cells were purified in
triplicate and duplicate. *marks nonspecific ba(@) Splinted ligation detection of Agol-associatigl and dh
priRNAs in wild-type (wt) andSPBC29A10.0%c cells. Five different centromeric small RNAs mappto dg and
dh transcripts were tested. *marks nonspecific bgBg. Splinted ligation detection of Argonaute-assted dg

priRNAs indcrlA anddcrlArrp6A cells.
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Because SPBC29A10.09c is a previously uncharaeterpmrotein and splinted ligation assay
indicated that it has a significant effect on teeels on both priRNAs and siRNAs, the study was
focused on the further characterization of thiggiro To find out whether SPBC29A10.09c has
an effect on the levels of other, noncentromeri®kldAs and siRNAs, endogenously tagged
FLAG-Agol was purified from wild-typeSPBC29A10.09¢ dcrlA anddcrlIASPBC29A10.09%¢
cells using anti-FLAG-M2 agarose beads. Argonasssaiated small RNAs were phenol-
chloroform extracted, ethanol-precipitated and hadesphorylated using CIP (NEB). After
resuspending precipitated small RNAs in RNase-fvater, they weré?P labeled on 5' end and
separated on polyacrylamide-urea gel (Figure 2.1r2)dcrlASPBC29A10.02c cells Agol-
associated priRNAs were around 10-fold reduced wdwenpared talcrlA cells. The effect of
SPBC29A10.09deletion on the levels of siRNAs was more modesedaction of around 2-fold
was observed iBPBC29A10.09ccells when compared to wells (Figure 2.1.2).

Also, the levels of FLAG-Agol from immunoprecipgdt fraction (IP) and total cell lysate
(Input) were detected by western blot and quatifleigure 2.1.1, lower panel). It was observed
that Argonaute was reduced in both Input and IRldriA and dcrlASPBC29A10.09c cells.
This is consistent with the findings in various anggms that empty Argonaute is not very stable
when RNAI machinery and siRNA production are compised and is targeted for degradation
(Frohn et al. 2012; Gibbings et al. 2012).
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Figure 2.1.2. Gel showing Argonaute-associated RNApurified from wild-type, SPBC29A10.09cA, dcr1A and
dcr1ASPBC29A10.09¢cA cells. RNAs were 5°°P labeled, separated on polyacrylamide-urea getfamthands were

visualized by phosphor imaging. The assay was peadd in five independent replicates which were ufmsd

guantification. Lower panels show western bloiedgon of FLAG-Argonaute in immunoprecipitated fiaa (1P)

and total cell lysate (Input) in indicated cellsiblilin was used as a loading control.
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2.2 Cafl does not have an effect on the levels ofgAnaute-associated small
RNAs

SPBC29A10.09c is a CAF1 family exonuclease. Doesmigal Cafl has a similar effect on the
levels of Argonaute-associated small RNAs as SPBXQ®MIc? To answer this question,
endogenously tagged FLAG-Agol was purified froaflA cells and wild-type and Argonaute-
associated small RNAs were phenol-chloroform ex#c Ethanol-precipitated small RNAs
were resuspended in formamide and analyzed on gelganide-urea gel. The bands were
detected by staining with SybrGold. It was obsered the levels of Argonaute-associated small

RNAs did not significantly change oaflA cells.

30 nt

| Ago1 associated

22 nt
: | small RNAs

Figure 2.2.1. SybrGold stained denaturing urea-polgcrylamide gel showing Argonaute-associated RNAs

purified from wilt type and cafl1A cells.
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2.3 In SPBC29A10.09cA cells both priRNAs and siRNAs are longer

Further analysis of the impact of SPBC29A10.08cthe length and distribution of Argonaute-
associated small RNAs was done by deep sequentiuggonaute-associated small RNAs using
lllumina G2 analyzer. FLAG-Argonaute was purifiedrh wild-type,SPBC29A10.09¢ dcrlA

and dcrlASPBC29A10.09%c cells and Agol-associated small RNAs were phenlairaform
extracted and ethanol-precipitated. Small RNAs veeqgarated on polyacrylamide-urea gels and
bands in the size range from 20-27 nt were excisleited and used for preparation of small RNA

libraries (described in the chapter 4.2.2.7).

In the sequencing libraries of all strains, smalA® had strong preference for 5' uracil which
validated their association with the Argonaute (Fegg2.3.1 A). The predominant length of Ago1-
associated priRNAs idcrlA cells and siRNAs in wild-type cells was 22-23 Riglre 2.3.1 B,
Figure 2.3.1 C). However, it was observed thatSPBC29A10.09%c cells, both the length
distribution of priRNAs and siRNAs were severelteeg¢d: priRNAs were 23-27 nt long (Figure
2.3.1 B), while siRNAs were 20-27 nt long (Figure.2 C). The finding that priRNAs and
SiRNAs are longer iIsPBC29A10.09ccells indicated that the length of small RNAs isdified

by SPBC29A10.09c.

Moreover, the length distribution of centromeri®NiAs that are purified from the total RNA
fraction from wild-type cells was compared to teadth distribution of centromeric Argonaute-
associated siRNAs fro8PBC29A10.02c cells (Figure 2.3.1 D). It was observed that these
length distributions strongly correlate. This sugigd that in the course of small RNA biogenesis,
Argonaute first binds longer small RNAs from theatofraction, which are then subjected to

trimming activity, performed by the newly identidigorotein.
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Figure 2.3.1. High-throughput sequencing of Argonate-associated small RNAs from indicated cells.
(A) 5' nucleotide preference of Argonaute-assodiat@all RNAs from indicated cells. 5' uracil prefece validates
that small RNAs are associated with the Argona(B®, (C) Length distribution of Argonaute-associhtemall

RNAs from indicated cells. Both priRNAs and siRN&® longer irSPBC29A10.09ccells. (D) Length distribution
of centromeric siRNAs associated with the Argonant&8PBC29A10.09c cells (blue) or in wild-type cells (red),

and centromeric siRNAs from the total fraction iitdatype cells (yellow).
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2.4 SPBC29A10.09c is a M§-dependent 3'-5' exonuclease named Triman

The geneSPBC29A10.09codes for a 40.01 kDa protein that has a catalytimain which
belongs to the CAF1 family of 3'-5' exonucleaselsove described findings suggested that it is
involved in the generation and final trimming ofghnaute-associated small RNAsSn pombe

and therefore we named this previously uncharaeémendriman (tril).
2.4.1 Purification of FLAG-Triman and FLAG-TrimanD2 8A

To gain further insight in the mechanism of Trinmraediated generation of priRNAs and
siRNAs, it was necessary to express and purifyptiséein and reconstitute the activity vitro.
Also, to confirm that the observed activity is dfiecto Triman nuclease activity, an activity
mutant was generated. D28A point mutation in thevacsite of Triman was designed based on
the homology to the catalytic domain of canonicaflC PREP1 plasmids bearing FLAG-Triman
and FLAG-TrimanD28A activity mutant were created PgR-based method, and the proteins
were overexpressed and purified frdfa pombecells using anti-FLAG-M2 agarose beads.
Purified proteins were analyzed on SDS polyacryteergel and the bands were visualized by
staining with SimplyBlue (Figure 2.4.1.1).
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Figure 2.4.1.1. SDS polyacrylamide gel showing piigcation of FLAG-Triman and FLAG-TrimanD28A

activity mutant that were overexpressed irs. pombe cells.
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2.4.2 Reconstitution of Triman activityin vitro

Because CAF1 family nucleases are primarily deadseg, Triman activity was examined on
non-polyadenylated and polyadenylated RNA templatd30 ng of purified Triman was
incubated with a 100 fmol of 8?P labeled dgRNA100 or dgRNA100+30A in a 10 pl rieact
containing MgCJ buffer (25 mM Hepes 7.5, 2 mM MgCR mM DTT, 0.02 % NP40) or EDTA
buffer (25 mM Hepes 7.5, 2 mM EDTA, 2 mM DTT, 0.02 NP40) for 10 min on 32 °C.
Reactions were mixed with formamide, analyzed ord®olyacrylamide-urea gel and RNAs
were visualized by phosphor imaging (Figure 2.4&)1In reactions containing Mggbuffer,
Triman was capable of degrading both poly(A) RNApate and non-poly(A) RNA template.
However, this nuclease activity was abolished ia tkactions that contained EDTA. This

demonstrated that Triman is a fMglependent exonuclease.

In order to confirm that the observed degradatsogpecific to the nuclease activity, 100 fmol of
130-nt-long RNA Ura4RNA100+30A was incubated wit®01lng of purified Triman or
TrimanD28A activity mutant for 10 min and 60 min 88 °C in reactions that contained MgCl
buffer (Figure 2.4.2.1 B). It was observed that BZ®int mutation in the active site abolished
the nuclease activity. Numerous intermediate degiail products indicated that Triman is a 3'-5'
exonuclease which removes only few nucleotides reefmobable dissociation from the RNA

template.

Next, reactions containing 100 fmol dgRNA100 or 8R.00+30A and Triman in MgGlbuffer
were incubated on 32 °C for 10 min, 100 min and BGure 2.4.2.1 C). It was observed that

longer incubation time resulted in shorter proddictg were eventually completely degraded.

In the above-mentioned assays, 100-nt and 130AgtHRNA templates were used to test Triman
activity (Figure 2.4.2.1 A-C). To explore if theayme's activity depends on the length of RNA
templates, also siRNAs were used as Triman substréitiman was incubated with various small
5' 3P labeled RNA templates: RNA69, RNA172, RNA71 fdr rhin and 100 min. Reactions

were analyzed on polyacrylamide-urea gels and ichéyephosphor imaging (Figure 2.4.2.1 D).
This assay showed that Triman was also competertegade short RNA temples (22-30

nucleotides).
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Figure 2.4.2.1. Reconstitution of Triman activityon 5°°P labeled single-stranded RNA templates initro.
Reactions were separated on polyacrilamide-urea geland imaged by phosphor imaging(A) Gel showing
Triman activity on dgRNA100 or dgRNA100+30A in aften containing either Mg or EDTA. (B) Gel showing
Triman and TrimanD28A activity on Ura4RNA100+30Artelates. D28A mutation abolished the nuclease iactiv
(C) Gel showing Triman activity on dgRNA100 or dgRN)0+30A for 10min, 100 min and ON. Longer incubaiti
time resulted in more RNA degradation. (D) Gel simgwTriman activity on small RNAs RNA69, RNA172,
RNA71. Triman activity is not dependent on the kangf RNA template.
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In the reconstitution assays of Triman activityedfic intermediate degradation products were
often observed (Figure 2.4.2.1 B, Figure 2.4.2.1Th)s suggested that RNA secondary structure
might inhibit nuclease activity of Triman. TheredpiTriman activity was probed on 100-nt-long
double-stranded RNA template (dsUraRNA100) and 2mg double-stranded RNA template
(dsRNA71). 100 fmol of 5*P labeled dsUraRNA100 (Figure 2.4.2.2 A) or dsRNAFigure
2.4.2.2 B) was incubated with Triman in Mg@Iuffer at 32 °C for 10 min and 100 min. It was
observed that Triman was not able to degrade nelid@-nt-long dsRNA templates nor 22-nt-

long double-stranded siRNAs.

A &, Tri1 B
& 10 100 Q\g\Tm
400
100nt
ynd
dsRNA71
dsUraRNA100

Figure 2.4.2.2. Reconstitution of Triman activity m 5°?P labeled double-stranded RNA templates initro.
Reactions were separated on polyacrilamide-urea geland imaged by phosphor imaging(A) Gel showing
Triman activity on 100nt long double-stranded RM#nplatedsURaRNA100Incubation time is indicated. (B) Gel
showing Triman activity on 22 —nt-long double-sttad RNA templatelsSRNA71

The above-described assays demonstrated that Trisnan Md¢*-dependent nuclease which
degrades only single-stranded RNA templates (Figu#e2.1, Figure 2.4.2.2). The ‘ladder’
shaped degradation pattern of Triman activity (Fégd.4.2.1 B) and the conservation of the
active site with CAF1 family proteins, suggestedttfiriman is an exonuclease. To validate that
Triman is an exonuclease and not an endonucleasearT activity was tested on RNA templates

that do not contain free 2' hydroxyl (OH) grouptba 3' end.
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To obtain the 3" modified RNA-template, R-elimirmati reaction was performed. 20 pmol of
RNA72 was subjected to oxidation and R3-eliminatieaction. Triman activity was reconstituted
by incubating 1 pmol of 22-nt-long RNA72 or 3-elimted RNA72 with 24 of Triman in a 10
ul reaction containing MgGbuffer for 100 min at 32 °C. Reactions were mixdthiormamide,
analyzed on polyacrylamide-urea gel and visualizgdtaining with SybrGold (Figure 2.4.2.3
A). Nuclease activity was not observed on oxidizedl 3-eliminated RNA72 which had 3’

monophosphate.

Similarly, Triman was incubated with 1 pmol of RNA@nd with RNA templates that contained

2-O-methyl-groups (2’0Ome) on each nucleotide: RN@nZ1 or RNA_20me2, in Mggbuffer

for 100 min at 32 °C (Figure 2.4.2.3 B). While RNA#hat has free 2' OH group was degraded,
2-O-methyl containing RNAs were not degraded. Threselts confirmed that Triman is indeed

3'-5' exonuclease.

22nt

Figure 2.4.2.3. Triman requires free 2'OH group fo the activity which confirms it is a 3'-5’' exonuckase.(A)
SybrGold stained polyacrylamide-urea gel showingn@n activity on single-stranded RNA72 and R3-eliabéd
RNA72. (B) SybrGold stained polyacrylamide-ureasgghowing Triman activity on RNA72 and RNA tempiate
which have 2'0Ome modification on each nucleotiddlf/R2Omel and RNA_20me2).
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2.5 Argonaute acts as a ruler for the final lengtlof small RNA

Trimanin vitro reconstitution assays showed that Triman doegj@otrate RNAs of a defined
length; longer incubation time of Triman and RNAngates resulted in more degradation
products (Chapter 2.4.2). Thus, the specificitytfa final length is determined by another factor.
Previously it was shown that in Ago1-D580A sliceutant, Agol-associated sRNAs remain
double-stranded (Buker et al. 2007; Halic & Moa2€d0). Moreover, this Ago1-D580A-bound
ds-siRNAs had a broader length distribution tha@ dmes bound to the slicer-competent wt
Argonaute (Halic & Moazed 2010). This and the abmentioned assays suggested that Agol
binds longer Dicer-generated small RNA duplexegeAthe release of the passenger strand,

longer Agol-bound small RNA guide undergoes trimgnmi@action of the 3’end by Triman.

To reconstitute this final trimming step intro, an assay was performed where resin-bound
Argonaute, loaded with RNAs of various lengths, wasibated with Triman. By using resin-
bound Argonaute, it was possible to wash away RMNfss were not loaded onto Argonaute.
First, 10 pmol of RNA72(22ntRNA, RNA172 BOntRNA and RNA184 2Z6ntRNA were
radioactively labelled on the 5" end by PNK for ®n at 37 °C. All following steps were

performed by incubating the reactions at 32 °Charmomixer.

Labeled small RNA molecules were loaded onto résnd Agol; around 2 pl of the resin-
bound Argonaute (50-200 ng) was incubated with dfif'*P labeled RNAs (50 fmol) in a 10
pl reaction containing Mgglbuffer and 1 pl RNase inhibitor for 2 h. After thag, unbound
small RNAs were washed away by adding 1 ml of wlashing buffer (25 mM Hepes 7.5, 2 mM
MgCl,, 2 mM DTT, 0.02 % NP40, 100 mM NaOAc), pipettifgetreactions 4 times up and
down, centrifugation for 2 min at 1 4000 g and reimg the supernatant from the resin-bound
Argonaute. The washing step was repeated 2 tinte=n, 2 pl of Triman, or alternatively 2 pl of
RNase-free water (control reaction), was addedhearésin-bound Argonaute that is loaded with
SRNAs and incubated for 90 min. Also, the reactioostaining only RNAs and Triman were
mixed and incubated. As a control for non-spedfitding of small RNAs to the resin, reactions

containing resin alone and RNAs were mixed. smallAR were extracted by adding phenol-
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chloroform, ethanol-precipitated and analyzed on %8polyacrylamide-urea gel. Phosphor
imaging was used to detect RNAs (Figure 2.5.1 gufé 2.5.1 B).

It was observed that incubation of the resin-bodAngonaute that was loaded with 30-nt-long

sSRNA with Triman resulted in generation of a sgegiroduct migrating around 22 nt (Figure

2.5.1 A). Incubation of free 30-nt-long sSRNA withiifian, as expected, resulted in a complete
degradation of small RNA. Unspecific binding of $hiRNAs to the resin was not observed. In

contrast to the reaction containing 30-nt-long sRN#cubation of the resin-bound Argonaute
loaded with 22-nt-long RNA with Triman did not clggnthe length of small RNA — it remained

22-nt-long (Figure 2.5.1 A).

Similar result was observed when resin-bound Argtmavas incubated with 26-nt-long RNA
and Triman (Figure 2.5.1 B). In this reaction agsspecific product of the size of 22-nt was
observed. These observations were in an agreemiéimtthe sequencing data of Argonaute-
associated sRNAs and indicated that Argonaute thdets as a protective factor and determines
the final length of small RNA which is 22 nucleagd
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Figure 2.5.1. Argonaute acts as a ruler for the fial length of small RNAs. Triman activity on Argonaute-
associated single-stranded RNA templates thatAy&8@- and 22-nt-long and (B) 26-nt-long. Small R&were 5'

%P |abeled, loaded onto resin-bound Argonaute abdwmd fraction was washed away. Argonaute-assacstell
RNAs were incubated with Triman. Reactions wereasged on polyacrilamide-urea gels and imagedhwmgphor
imaging. Incubation of Argonaute-associated smallAR that are longer that 22 nt with Triman resulisa

generation of a matuer 22-nt-long small RNAs.

36



2 Results

To determine whether Triman is able to process imrg Agol-bound RNA molecules, an assay
employing 63-nt-long RNARNA63 was performed. 100 fmol of 8%P labeledRNA63was
mixed with FLAG-Ago1l to enable loading of RNA omdgol for 1 h at 32 °CAfter incubation,

Triman was added and reaction was incubated fadditional 1 h at 32 °C.

A product of a mature size around 22-23 nt was &nm a reaction containinBNA63
Argonaute and Triman (Figure 2.5.2, lane 5). Intast, in a control reaction which contained
Agol andRNAG63no signal was observed (Figure 2.5.2, lane 4).edeer, wherRNA63and
Triman were mixed without Argonaute, signal of pecific size was not observed (Figure 2.5.2,
lane 3). This assay showed that Triman is also tablem longer RNA molecules that are bound
to Argonaute. The observed signal of trimmed Asgde associated SRNA was very weak due

to inefficient binding of long RNA onto Argonaute.

63nt

* Ago1-bound
priRNAs
D

30nt

22nt

RNAG3

Figure 2.5.2. Triman activity on Argonaute-associatd 5' *?P labeled 63-nt-long RNA templateReactions were
separated on polyacrilamide-urea gels and imaggzhbsphor imaging. Only in the presence of Arg@eguoduct

of the mature size of 22-23 nt was generated.
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2.6 Triman processes longer priRNA precursors puried from dcrlAtrilA

cells

In the next assay, we reconstituted Triman actigitylonger priRNA precursors that are bound
onto Argonaute irdcrlAtrilA cells. Therefore, Argonaute with copurifying RNAsisvpurified
from dcrlAtrilA cells and incubated witb0-200 ng of Triman fo®0 min on 32 °C. Agol-
copurifying  RNAs were recovered by phenol-chlorafior ethanol-precipitated, and
dephosphorylated using CIP (NEB). Subsequentlyhdsphorylated RNAs were 8°P labeled

and analyzed on 18 % polyacrylamide-urea gel.

It was previously shown that agarose beads, whiehuaed for protein purification, bind also
some RNAs from the cell lysate (Halic & Moazed 2P010hese nonspecifically copurifying
RNAs that are not bound by Argonaute were thus als®rved on the polyacrylamide-urea gel
and were marked by black arrows (Figure 2.6.1 Ajvds observed that Triman was trimming
longer priRNA precursors that were associated Witiponaute indcrlAtrilA cells to the mature
size of 22-nt (Figure 2.6.1 A, red box). Othemsypecifically copurifying RNAs that are binding
to the resin and are not bound by Argonaute (H&alMoazed 2010) were not degraded (Figure
2.6.1 A, black arrows). This assay illustrates thaiman is specifically degrading Argonaute-

associated sRNAs and indicates that Triman is tectby Argonaute.
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Figure 2.6.1. Triman processes longer Argonaute-assiated RNA precursors purified from der1AtrilA cells.
Argonaute-copurifying RNAs were incubated with Taim 5°?P labeled, separated on polyacrilamide-urea gels an
imaged by phosphor imaging. Triman activity wasc#ijeto Argonaute-associated small RNAs (red-boxl aed
arrow) (Halic & Moazed 2010). Black arrows denotaspecific-copurifying RNAs that are binding to ttesin, but
are not associated with the Argonaute (Halic & Mmh2010). Five different replicates were used fortifjication.

2.7 Triman overexpression generates more small RNAs vivo

Next, we asked whether Triman overexpression (TEL@ould result in generation of more
priRNAs in vivo. To do that, we overexpressed Triman from thengtrontl promotor indcrlA
cells dcria+TrilOE). FLAG-Agol was purified from wild-typegcrlA, derla+TrilOE, and
dcriAtrilA cells using anti-FLAG-M2 agarose beads. Argonagtseiated small RNAs were
phenol-chloroform extracted and dephosphorylatethgusCIP (NEB). After resuspending
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precipitated small RNAs in RNase-free water, theyet’P labeled on 5' end and separated on
polyacrylamide-urea gel (Figure 2.7.1 A). It waselved that TrilOE resulted in production of
several-fold more Argonaute-associated priRNAsjcathg that trimming represents limiting

step in the course of priRNA biogenesis. Furtheemsequencing of Argonaute-associated small

RNAs showed that when Triman is overexpressed, poRRNAs and siRNAs are 1 nucleotide

shorter (Figure 2.7.1 B).

A \50 B PriRNAS
&§\V 50
QO
\% , 40
<
£ 30 m decrlA
s 20 B dcrlA
S + TrilOE
S 10
ml | A
20 21 22 23 24 25 26 27
length (nt)
SiRNAs
30 nt Ago1-bound 50
small RNAs 20
22 nt ’ s < "
S 30 m wild type
04 .
B 20 B wild type
longer S + TrilOE
exposure X 10
dbiBbl.__
relative 555 16 1 20 21 22 23 24 25 26 27
quantification length (nt)

Figure 2.7.1. Triman overexpression generates mosamall RNAs (A) Triman overexpression (TrilOE) results in
generation of several-fold more Argonaute —assedigiriRNAs. Polyacrilamide-urea gel showing®® labeled
Argonaute-associated RNAs purified from wild-tymigrlA, derlA+TrilOE, anddcrlAtrilA cells. Bands were
visualized by phosphor imaging. Lower panel showgér exposure of Argonaute-associated small RNASOE

denotes Triman overexpression. The assay was petbin two independent replicates which were used f
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quantification. (B) Length distribution of Argonauéaissociated small RNAs from indicated strainshBiRNAs and

priRNAs are longer in cells with overexpressionrafman.
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2.8 Argonaute and Triman cooperate to generate snaRNAsS

To test the interaction between Argonaute and Tminma vitro co-immunoprecipitation assay
was performed (see Chapter 4.2.3.3). It was obddehat FLAG-Agol interacts with HA-Triman
that was bound to HA-resin (Figure 2.8.1, laneWnspecific binding of FLAG-Agol to HA-
resin was not observed (Figure 2.8.1, lane 2). Tridgated that Argonaute recruits Triman to

process Agol-bound small RNAs.
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Figure 2.8.1.In vitro co-immunoprecipitation assay showing that Argonawg directly interacts with Triman.
FLAG-Argonaute was incubated with the resin-bourdd Himan (HA-Tril resin IP) and with the HA-resihoae as
a control for unspecific binding (HA resin IP). Rdans were separated on polyacrilamide gel andt&edlott

was performed. FLAG-Agol was only binding to theimebound HA-Triman, but not to the resin alone.

To further explore the interaction of Argonaute dmdnan, a mass spectrometry (MS) analysis
of FLAG-Argonaute purifications was employed. FLAXg01 was purified utilizing low salt
lysis buffer (50 mM Hepes pH 7.6, 150mM M NaOAcm®1 Mg(OAc), 1 mM EGTA, 1 mM
EDTA, 0.1% (v/v) NP-40, Protease inhibitor cockttiblets) and coffee grinder. MS analysis
showed that Triman is one of the proteins whiclpuadfies with Argonaute (Table 5.1). Overall,
these data indicated that Triman is recruited tgofiaute in order to process Agol-associated
SRNAs to the final length.
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2.9 Trimming is important for the stability of Ago1:sSRNA complex

Next we asked if the trimming activity is importafor the stability of Agol:sSRNA complex.
Therefore, the stability of binding of RNAs of vauis lengths onto Argonaute was tested. 22- and
30-nt-long single-stranded small RNAs were®® labeled. First, 50 fmol of radioactively
labeled small RNAs were loaded onto resin-bound Gt&gonaute (50-200 ng) in a 10 pl
reactions containing Mggbuffer and 1 pl RNase inhibitor for 30 min at 32. After loading,
unbound small RNAs were washed away 2 times byngddiml of washing buffer, pipetting the
reactions 4 times up and down, centrifugation fami@ at 1 4000 g and removing the supernatant
from the resin-bound Argonaute. Argonaute-assotisieall RNAs were incubated at 32 °C. The
stability of the complex was assayed in the intisred 40 minutes — small RNAs that dissociated
from the resin-bound Argonaute were washed awayye#6@ min by addition of 100 pl of
washing buffer and centrifugation for 2 min at D@@ to remove the supernatant from the resin-
bound Argonaute. Washing step was done two timesveashes were collected and ethanol-
precipitated. All fractions were analyzed on thdyporylamide-urea gel and the bands were
visualized by phosphor imaging (Figure 2.9.1). WI#2-nt-long small RNAs remained stably

bound to Argonaute, 30-nt-long and longer small Ri&cursors dissociated very fast.
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Figure 2.9.1. Argonaute does not associate stablytiv 30-nt-long small RNAs. Resin-bound FLAG-Argonaute
was loaded with 22- or 30-nt-long small RNAs, anth RNAs that dissociated from resin-bound Argdeawnere

washed away every 40 min. Reactions were sepavatedlyacrilamide-urea gel and imaged by phosjphaging.
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2 Results

2.10 Trimming is important for the Argonaute-slice activity

In order to investigate whether the length of sPtRMA is important for the slicing activity of
Argonaute, an Argonaute slicer assay was recotedito vitro (Figure 2.10.1 A). Argonaute was
loaded with small RNA guides of different lengthedancubated with the 5°P labeled target
RNA. While Argonaute loaded with 22-nt-long smallNR was efficiently slicing the
complementary target, Argonaute loaded with 24-26wht-long small RNAs showed 7-fold and
10-fold decreased slicing activity. In additione tetability of the interaction of 22-nt, 24-nt, 26-
nt, and 30-nt-long SRNAs with Argonaute was ingeed (Figure 2.10.1 B). It was observed
that Argonaute stably associated with RNAs of 222d4tnt and 26-nt, thus the observed defect in
slicing of the corresponding Agol:sRNA complexeswat a result of inefficient binding. 30-nt-
long RNA was not stably associated with Argonaute.

These results indicated that longer RNA guides camfficiently guide Argonaute to slice

complementary targets.
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relative quantification: 1 0.150.1 0.08 22nt 24nt 26nt 30nt

Figure 2.10.1.In vitro reconstitution of Argonaute slicer activity. (A) FLAG-Agol was loaded with small RNA
guidesRNA22 RNA24 RNA26 and RNA30,following addition of 5P labeled-target RNA. The sliced product
migrates around 44-nt. (B) Argonaute stably assesiaith 22-, 24-, and 26-nt-long small RNAs, bat with the
30-nt-long sRNAs. 5P labeled RNAs of different lengths were loadedooRt AG-Agol that was bound to the
resin. After loading, unbound sRNAs were washedyasrad Agol-associated small RNAs were incubatedfor
After incubation, unbound RNAs were washed away andlyzed on the gel together with the sRNAs which

remained bound to Agol.
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2.11 Triman is a general factor involved in biogeesis of siRNAs and
priRNAs

In order to obtain deeper understanding on thelvevoent of Triman in small RNA generation,
deep-sequencing data of Argonaute-associated $RiN#ls was further analyzed. As already
described in Chapter 2.3, inl1A cells both Agol-associated priRNAs and siRNAs wenger
(Figure 2.3.1 B - C). This effect was observed dorall RNAs that were mapping to various
genomic regions — centromeric region, mRNAs, rRIRAg(re 2.11.1 A — D). This indicated that
Triman acts as a general factor and is requiredimgenesis of all sSiRNAs and piRNAs &

pombe

In analysis, sequencing reads were normalizedemtimber of reads and to the total quantity of
Argonaute-associated sRNAs (Figure 2.11.1 E). Tionese total quantity of Agol-associated
small RNAs, FLAG-Argonaute from witirilA, rrp6A, trilArrp6A, dcrlArrp6A, dcrlA and
dcrlAtrilA was purified. Copurifying RNAs were extracted>’B' labeled and analyzed on
polyacrilamide-urea gel. The total quantity of Agadsociated small RNAs were estimated based
on three biological replicates. It was observed thdrilA cells, Agol-associated small RNAs
were reduced around 2-fold (Figure 2.11.1 E)démlA cells, where only priRNAs are bound
onto Agol, they were around 10-fold reducedddnlAtrilA cells, where also priRNAs are not
produced, Agol-associated sRNAs were around 1@réduced. These observations indicated

that Triman is a general factor involved in biogaaef priRNAs and siRNAs.
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Figure 2.11.1. High-throughput sequencing of Agoassociated small RNAs from indicated cellgA) Pie charts
showing percentages for the individual RNA clagstative to the total number of reads in each stré8) Length
distribution of Agol-associated small RNAs from arntdtrilA cells mapping to centromeric region, mRNA and
rRNA. (C) Relative number of priRNAs mapping to mRIdnd centromeric repeats is more than 20-fold cedun
dcriatrilA cells. (D) Length distribution of priRNAs frondcrlA and dcrlAtrilA cells mapping to mRNAs and
centromeric repeats. lalcrlAtrilA cells priRNAs have broader length distribution whicorresponds their
distribution in total RNA fraction. (E) Polyacrilade-urea gel showing %P labeled RNAs copurifying with Agol
from indicated strains. Quantification is based3abiological replicates. Lower panels show westdaot detection

of FLAG-Agol in immunoprecipitated (IP) and tot&lldysate (Input). Tubulin was used as a loadiogtiol.
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2.12 Triman is not required for maintenance of cetiomeric heterochromatin

Is trimming required for maintenance of centromdraterochromatin? To investigate that, a
silencing assays on 5-fluoro-orotic acid (5-FOA)dathiabendazole (TBZ) plates were
performed. Our strains containeniad” reporter gene inserted in the centromeligrepeats
(otrlR::ura4). Silencing state of a reporter gene inserted entromeric region indicates
maintenance of heterochromatin. If reporter genexigressed, and cells are plated on media
containing FOA, toxic product is generated andscellow a growth defect. It was observed that
trilA cells were functional in maintenance of centromégterochromatin, as they did not show
growth defect on FOA plates (Figure 2.12.1 A). $amiesult was observed when silencing assay
was performed on plates containing TBZ (Figure A138B). TBZ is a microtubule
depolymerizing drug and mutants which have segm@gatefect also show growth defect on
media containing TBZ. Overall, silencing assaysidatkd that Triman is not required for

maintenance of centromeric heterochromatin.

otr1R::ura4 Figure 2.12.1. Silencing assay showindrilA
YES cells are functional in maintaining silencing of
wi 0 6% pericentromeric heterochromatin, but have a
mid | @ @ ® . - defect in establishment (Related to Chapter
WS s 2.13). (A) Log-phased wt anid1A strains were
tri1A(TSA) | @ 6 i . ten-fold serially diluted and spotted onto non-
YES + FOA selective plates (YES) or selective plates (YES
wt | @ @ containing 5-FOA) to estimate the expression of
ti1A | @ @ otrlR:ura4’. In an establishment assay, cells
wt(TSA) PR were grown on trichostatin (TSA) for 24 h,
tri1A(TSA) |@ * following 24 h recovery on rich media and
spotting on 5-FOA. (B) Log-phased wt and
B YES YES + TBZ trilA strains were five-fold serially diluted and
wt @e B # ® ®w spotted onto non-selective plates (YES) or
il | @@ 4 20 -9 & v selective plates containing TBZ.
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In the sequencing data of Argonaute-associated| SRS, a 1.5- and 2-fold reduction of
centromeriadganddh sRNAs was observed tnlA cells (Figure 2.12.2 A - B). This was also in

a correlation with the results obtained by splintgdtion assay (Figure 2.2.1 C).

In order to quantify the levels of H3K9me itrilA cells, an H3K9me chromatin
immunoprecipitation sequencing (ChiPseq) and CHIEfg was performed. It was observed that
in trilA cells, H3K9me levels at centromedg repeats were around 20 % reduced (Figure 2.12.2
C). Deep-sequencing data of Agol-associated sni{sRdemonstrated that the most sensitive
element intrilA cells waslRC3 element where small RNAs were almost completeblisihed
(Figure 2.12.2 D, upper panel). However, heteroclatin structure at this region was not
disrupted as H3K9me levels were only slightly rextu€Figure 2.12.2 D, lower panel). The
levels of H3K9me probably stay intact because betepmatin is able to spread from
neighboringdg repeats to the surrounding region. This data atdat that Triman is involved in
the final processing of small RNAs, however dughshigh amounts of SiRNAs generated at the

pericentromeric repeats, cells are still able tontaén centromeric heterochromatin.
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Figure 2.12.2. Triman is not required for maintenarte of centromeric heterochromatin.(A) Small RNA reads

(upper panel) and ChiPseq reads (lower panel) pleteed over centromeric region of chromosome hl&bars on

the right denote small RNA read numbers normaliped one million reads and to the total number obkg

associated small RNAs. (B) Quantification of centesic dg anddh siRNAs in wild-type andrilA cells. (C) ChIP

experiment showing H3K9me at centromedg repeats in indicated strains. Quantification isdeh on six

independent biological replicates. Error bars iatécstandard deviations. (D) Small RNA reads (upaerel) and

ChliPseq reads (lower panel) were plotted @geandIRC elements on chromosome 3. Scale bars on thedégidte

small RNA read numbers normalized per one millieads and to the total number of Agol-associated &ias.
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2.13 Triman is important for establishment of percentromeric

heterochromatin

In order to investigate the function of Triman stablishment of centromeric heterochromatin by
silencing assay, it was necessary to perturb egistieterochromatin. This was possible by
treating cells with the histone deacetylase (HDA@)ibitor trichostatin A (TCA). Histone
deacetylation is a perquisite for histone methgfatiThus, by interfering with the removal of
acetyl groups of histones, H3K9me and heterochronfatmation is also disabled (Ekwall et al.
1997). Cells in exponential growth phase were ¢ikatith TCA, recovered for 24 hours on rich
media, plated on 5-FOA plates and incubated onC3fbf 2-3 days (Figure 2.12.1 A). More than
a 10-fold defect in heterochromatin re-establishmeas observed itrilA cells in comparison to
wt cells, which were fully functional in re-estadiiment (Figure 2.12.1 A). This indicated that

Triman might have a role in initiation of heteroshratin formation at centromeric region.

To validate the result obtained by silencing assag-establishment experiment was performed.
For this assay, it was necessary to create mutim shat was completely abolished of siRNAs,
priRNAs and heterochromatin, after which subseduerstich deleted component was re-
introduced. Therefore, a strain that had deletib&lo4, the sole H3K9 methyltransferaseSn
pombe Dcrl that generates siRNAs, and Tril to abolisRIgAs as well, was created by mating.
Subsequentlyelrd®™ anddcrl™ genes were reintroduced on a plasmialidAdcriAtrilA strain
and in the controtlr4AdcrlA strain. The ability of cells to re-establish hetdgmmmatin was
investigated by silencing assay, relative levelsdgftranscripts measured by RT-gPCR and
H3K9me2 ChIP.

Silencing assay showed that reintroductiorclod” anddcrl® genes inclr4AdcrlAtrilA strain
could not re-establish silencing, as these cellswskd high sensitivity to microtubule-
destabilizing agent TBZ (Figure 2.13.1 A). In castr, reintroduction oflr4™ anddcrl” genes in
the controlclr4AdcrlA strain resulted in low sensitivity to TBZ and ingfied that these cells

were able to re-establish silencing (Figure 2.19.1
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Figure 2.13.1. Triman is required for establishmentof centromeric heterochromatin. (A) Silencing assay

showing that reintroduction @fr4” anddcrl” genes irclr4AdcriAtrilA strain could not re-establish silencing. Log-

phasedstrains were five-fold serially diluted and spottedto non-selective plates (YES ) or selective gdat

containing TBZ. (B) Quantification of centromedg transcripts in indicated strains by RT-qPCR4AdcrlAtrilA

cells could not re-establish silencingadg repeats after reintroduction ofr4™ anddcrl” genes. Error bars indicate

standard deviations. (C) ChIP experiment showiraj ti3K9me levels were not re-established at cergramulg

repeats andhatlocus inclrd4AdcriAtrilA cells after reintroduction otlr4™ anddcrl” genes. (D) ChIP experiment

showing that priRNAs can establish low levels ofK9fhe atdg repeats. Afterclr4® was reintroduced into

clrdAdcrlA cells, where only priRNAs are present, very lowels of H3K9me were established. (E) ChIP

experiment showing that Triman is not requireddstablishment of H3K9me atei4 Error bars indicate standard

deviations.
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To further explore if Triman is important for esfiabhment of centromeric heterochromatin,
levels of dg transcripts were measured by RT-gPCR. It was wbderthat in
clr4AdcriAtrilA/cird*derl’ cells centromeric repeats were not silenced anil teeels were
upregulated similar as ialr4A cells (Figure 2.13.1 B). However, wheir4® anddcrl’ genes
were reintroduced in the contrdr4AdcrlA cells, silencing was restored and thglevels were
reduced comparable to the levels in wt cells (FBgul3.1 B). Similar results were obtained by
H3K9me ChIP. In thelr4AdcriAtrilA/cird™derl” cells, H3K9me level at centromeriig repeat
was not restored, but inlr4AdcriA/clrd*derl” cells H3K9me was comparable to wt levels
(Figure 2.13.1 C). These results demonstrated Thaman is required for establishment of

silencing and heterochromatin formation at centnoomregion.

At S. pombemating-type iha region, RNAi-mechanism is not required for manaece of
heterochromatin, but is required for establishmdnt.the absence of RNAi-mechanism,
heterochromatin can be established by Atfl/Pcrlhaeiem, but very inefficiently and at slow
rate (Hall et al. 2002; Jia et al. 2004). In orteinvestigate whether Triman is also important
for establishment of silencing atatlocus, H3K9me levels ahatloci were also assayed. It was
observed that irclr4AdcriAtrilA/clr4™derl’ cells heterochromatin could not be established at
mat locus (Figure 2.13.1 C). In contrast, éii4AdcriA/clrd*derl’ cells H3K9me levels were
established at levels comparable to wt cells. Thesalts show that Triman is an important factor
in establishment of centromeric heterochromatin fagtérochromatin ahatlocus.

It was previously suggested that priRNAs play apanant role in initiation of heterochromatin
formation (Halic & Moazed 2010). To directly teshat, clr4® was reintroduced in
clr4AdcriAtrilA cells which lack siRNAs and priRNAs (Figure 2.18} It was observed that
H3K9me levels were not reestablished dindAdcriAtrilA/clrd™ cells, indicating that small
RNAs are required for initial heterochromatin fotina. Whenclr4® was reintroduced into
clr4AdcrlA cells, where only priRNAs are present, very lowels of H3K9me were observed to
be above background level (Figure 2.13.1 D). Thesnonstrated that antisense priRNAs
originating from centromeric repeats could nuclesif@NA generation and heterochromatin

formation.
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Previously, it was demonstrated that H3K9 methgtattan be detected at a subset of meiotic
genes, includingnei4 during vegetative phase of the cell cycle (Hiretral. 2012; Zofall et al.
2012). The observed H3K9me establishment and nmaintee at a subset of loci is not dependent
on RNAI, rather it occurs through recruitment of RIL via Mmil surveillance mechanism
(Zofall et al. 2012; Tashiro et al. 2013). Consisteith this, it was observed that priRNAs are
not important for establishment of heterochromatimei4 locus, as H3K9me was formed even
in clr4AdcriAtrilA/clr4+dcrl+ cells (Figure 2.13.1 E). Therefore, priRNAs andnTan are

dispensable for heterochromatin formation at thési$.

2.14 Triman is important for formation of heterochromatin islands

H3K9me mapping across the fission yeast genomealedearound 30 additional islands of
heterochromatin (Zofall et al. 2012; Hiriart et a@012; Tashiro et al. 2013). These
heterochromatin islands are found at the open mgafilames or 3' ends of meiotic genes and
NcRNAs (Zofall et al. 2012). At a subset of islanldsterochromatin is generated through Mmil
surveillance machinery, and it was establishednirRalAi-dependent mechanism (Zofall et al.
2012). To address if Triman and 3' end processingmportant for RNAi and H3K9me at
heterochromatin islands, deep sequencing data of/Agsociated small RNAs was additionally
analyzed. It was observed thattiriA cells, small RNAs were reduced at a subset of dslafor
example amcp5andSPAC8C9.04a 1.4- and 3-fold reduction was observed (Figuid.2 A -

B). Argonaute-associated small RNAstirLA cells were not only reduced at heterochromatin
islands, but also had broader length distributioaracteristic fotrilA cells, for example ahcp5
island (Figure 2.14.1 C).

Also, as determined by ChIP and ChIP-sequencingilin cells H3K9me levels were abolished
or reduced at several islands, for examplgp5 SPAC8C9.04cvps29 RNA.394 enol (Figure
2.14.1 D- E). In contrast, it was demonstrated tHaK9me is established independently of
RNAi-machinery atmei4island (Zofall et al. 2012; Hiriart et al. 2012ashiro et al. 2013). As
expected, at this island a defect in H3K9mdribhA cells was not observed (Figure 2.14.1 D,
right panel). These results demonstrate that trimgms important for SIRNA generation and

H3K9me at a subset of heterochromatin islandsssidn yeast.
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Figure 2.14.1. Triman is required for maintenance bfacultative heterochromatin. (A) Small RNA reads from

wt andtrilA cells were plotted ovamcp5and SPAC8C9.04¢oci. Scale bars on the right denote small RNAdrea

numbers normalized per one million reads and to tthal number of Argonaute-associated small RNA. (

Diagram showing number of Argonaute-associated IsRidAs at indicated loci in wild-type antilA strains. (C)

Length distribution of Argonaute-associated smallAR in wt andtrilA cells atmcp5locus. (D) H3K9me ChIP

sequencing experiment from indicated strai@hlPseq reads were plotted over genes where ftivelta

heterochromatin is formed in a Triman-dependentmeanAt mei4 H3K9me is not dependent on Triman. (E) ChIP

experiment from indicated strains showing H3K9madicated loci is generated in a Dicer- and Trird@pendent

way.
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2.15 Inrrp6A cells RNAI is nucleated at various clusters in arfiman/priRNA

dependent manner

In our screen where splinted ligation assay wasd ts@etect potential nucleases involved in the
biogenesis of priRNAs, it was observed that Argdeassociated centromeidg transcripts in
dcrlArrp6A cells accumulated almost 10-fold more thardanlA cells (Figure 2.1.1 D). This
indicated that Rrp6 subunit of exosome, which ined in degradation of antisense transcripts,
is involved in priRNA degradation. To elucidate fhaction of Rrp6 in the context of RNAIi and
to see if high levels of antisense RNAs that acdataun rrp6A cells could nucleate RNAI at
ectopic loci, high-throughput sequencing of Argaeaassociated small RNAs fromp6A,

trilArrp6A, rrp6AdcrlA cells was performed.

We and Yamanaka et al. (2013) have observed thap@a cells, SIRNAs are generated from

various genomic clusters that are usually not tachby RNAI (Figure 2.15.1 A - C). Genes that
nucleated RNAI inrrp6A cells were scattered over thr8e pombechromosomes (Figure 2.15.1

A). It was observed that RNAI was not nucleatedarmly at all genomic regions. Genes that
are surrounding pericentromeric region on the closmme 1 and 3 nucleated RNAiI more often
than the genes in other regions. The same washsetred for the pericentromeric region on the
chromosome 2. RNAI nucleation was also more frejuear the mating type region on the
chromosome 2. This indicated that genes locatédemproximity of constitutive heterochromatin

can nucleate RNAiI more frequently than on otheroreg However, many genes which trigger
RNAI are not localized near heterochromatic regiodgcating that RNAI can nucleate anywhere

in the genome.

At some genes, RNAI nucleation imp6A cells was Triman-dependent; for example at
SPBPB10D8.04apt6, SPBC23G7.06e6mall RNAs were abolished tnilArrp6A cells (Figure
2.15.1 B). The inability of sSiRNA generation in lselacking Triman indicated that priRNAs are
loaded onto and guide Argonaute to these clusteraitleate RNAi. However, at some loci,
deletion of Triman resulted only in a reductionsohall RNAs (med17 mug2l erg6) (Figure
2.15.1 C) or had no significant effect on small Riyénerationt{2, mypg (Figure 2.15.1 B — C.
right panels).
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million reads and to the total number of Argonaasseciated small RNAs.

Figure 2.15.1. Inrrp6A cells RNAI targets various genomic clusters across pombe genome.(A) Map showing
490 genes that nucleate RNAIrip6A cells (2-fold increase, >10 reads) (blue bars)tepad over thre&. pombe
chromosomes. Red bars depict centromeric heterowiio. (B), (C) High-throughput sequencing of Argate-
associated small RNAs from indicated cells. Sma&llhReads from indicated cells were plotted ovegeaed genes

(denoted by red lines below the peaks). Scale drathe right denote small RNA read numbers norradlizer one



2 Results

It was observed that imrp6A cells more than 10 % of Argonaute-associated sRkap to
MRNAs (Figure 2.15.2 A - B). In contrast, in wilghe cells 1 % of SRNAs map to protein
coding genes (Figure 2.11.1 A). The genes targeye®NAi in rrp6A cells included various
developmental genes, proteosomal subunit, as wethasposon Tf2 (Figure 2.15.1 B - C, Table
5.2).
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Figure 2.15.2. Rrp6 protects mRNAs from RNAi.High-throughput sequencing of Argonaute-associat@all
RNAs from indicated cells. (A) Pie charts showingrgentages of the indicated RNA classes relativiheototal
number of reads in each strain. (B) Relative nundfegmall RNAs mapping to protein coding genesnididated

cells. Small RNAs originating from mRNA transcrigtee highly increased imp6A background.
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In order to see whether siRNA generation rip6A cells establishes heterochromatin, an
H3K9me ChIP was performed. H3K9me was detecteduaters targeted by RNAI, for example
at genesSPBPB10D8.04¢apt6, SPBC23G7.06¢Figure 2.15.1 B, Figure 2.15.3 A).

Next, we asked whether Triman is necessary to ksftatbserved heterochromatin formation in
rrp6A cells. Studyingde novo establishment of pericentromeric heterochromatquired
deletion of genes from several pathways and thdaseqguent reintroduction (Chapter 2.12).
Here, using ectopic RNAI nucleation imp6A background, the investigation afe novo
establishment of H3K9me was possible without thedn® deplete preexisting heterochromatin
and RNAI factors.

It was observed that imilArrp6A cells,siRNA generation was abolished at majority of aust
for example atpt6, SPBPB10D8.04SPBC23G7.06¢Figure 2.15.1 B, Table 5.2). As expected,
H3K9me was also not established at these locienatbsence of Triman imp6A cells (Figure
2.15.3 A). As already stated, Triman deletion haty slight or no effect on siRNA levels at
some clusters. Although &2 and myp2 siRNAs were not affected by deletion of Triman in
rrp6A cells (<2-fold reduction) (Figure 2.15.1 B — @Qjhi panels), H3K9me was abolished. This
further supports the finding that longer small RN&ke not completely functional and that final

trimming is required for heterochromatin establigimt

These results indicated that accumulation of ansiseranscript can result in RNAI targeting.
Next, we wanted to explore if increase of antisemsetrans can nucleate RNAi and
heterochromatin formation. Thus, antisenserpgt® gene was cloned into pREP plasmid and
overexpressed in wild-typealcrlA, trilA, clrd4A cells. By ChIP it was observed that plasmid
based expression of antisensepi® established small levels of H3K9me in a Dicer- @nichan-

dependent way (Figure 2.15.3 C).
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Figure 2.15.3. H3K9me ChIP showing that inrrp6A cells heterochromatin is established in a Triman- rd
Dicer- dependent way at indicated genesix independent biological replicates were usedjfantification. Error
bars indicate standard deviation; p value was &led using Student’s test. (A) H3K9me was aboliska
SPBPB10D8.04apt6, SPBC23G7.06 trilArrp6A cells wherealso siRNAs were abolished. (B) H3K9me was
abolished amyp2andtf2 in trilArrp6A cells, although the levels of siRNAs were not affdc (C) ChIP assay
showing that plasmid based overexpression of arges¢orpté gene resulted in H3K9me in a Dicer- and Triman-

dependent way.
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In addition to protein coding genes and transpgsongp6A cells RNAI also targeted rDNA
(Figure 2.15.4 A). The observed siRNA generatiors waly slightly alleviated irtrilArrp6A
cells (Figure 2.15.4 B, upper panel), but H3K9me @&holished to a level observed in wild-type
cells (Figure 2.15.4 B, lower panel). This indichtbat inrrp6A cells, RNAI also targets rDNA
and induces heterochromatin in a Triman-dependagt w
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Figure 2.15.4. Inrrp6A cells RNAI targets rDNA. (A) High-throughput sequencing of Argonaute-assedamall
RNAs from indicated cellsSmall RNA reads were plotted over 25S rDNA locusal& bars on the right denote
small RNA read numbers normalized per one millieads and to the total number of Argonaute-assacitell
RNAs. (B) Upper panel shows relative number of ralired small RNA reads from indicated strains aNAD
locus. Lower panel shows H3K9me ChIP at rDNA lodasrp6A cells, heterochromatin was established at rDNA
in Triman- and Dicer-dependent way. Three indepentilogical replicates were used for quantifioati Error

bars indicate standard deviation; p value was Gatled using Student’s test.

Furthermore, we asked whether nucleation of RNAl establishment of H3K9me at ectopic loci
in rrp6A cells have functional role in silencing of targetghes. Therefore, the levels of sense
and antisense transcripts rpf6 and SPBC23G7.06genes were quantified using gPCR (Figure
2.15.5). These genes were chosen because theyataeclRNAI and H3K9me inrp6A cells in
priRNA/Triman dependent manner (Figure 2.15.1 BjuFe 2.15.3 A). It was observed that in
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strains with deletions of RNAI factors mp6A cells, where RNAI targeting and H3K9me is
abolished, significant upregulation of the transtsriwas not observed compared6A cells
(Figure 2.15.5).
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Figure 2.15.5. RNAI does not reduce RNA levels imp6A cells.Quantification of sense and antisense transcripts a
rpté andSPBC23G7.06by gPCR in indicated cells. mp6A cells RNAI targetspté andSPBC23G7.06genes and
induces establishment of H3K9me. However, the ésteddl heterochromatin is not sufficient to inddaactional
silencing of the transcripts, as in double mutaftRNAI factors and Rrp6 significant upregulatioitioe transcripts

is not observed.

Furthermore, it was shown that genes which areetadgby RNAI inrrp6A cells are also targeted
by RNAI in wild-type S. pombecells under varied growth conditions (Yamanakale2013).
This suggested th&. pombeuses RNAi as a mechanism of gene regulation a&sponse to
changing environmental conditions. To test thiseoation, as well as to determine whether
RNAI nucleation in changing environmental condigois dependent on Triman, cells were
grown in media containing low concentrations ofagen or glucose. The levels of H3K9me in

different mutant strains were then assessed by H2KGhIP experiment.

ChIP experiments under varied growth conditions Imgh variations between biological

replicates fotrilA sample. In low nitrogen, significant enrichmentH8K9me in wild-type cells
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was not observed 32 andmyp2(<2-fold enrichment ovetlr4A) (Figure 2.15.6 A). However,
in low nitrogen heterochromatin was established Dicer-dependent manner aipt6,
SPBC23G7.06cand lysl (Figure 2.15.6 B). Although high variations betwebiological
replicates fortriA sample were observed, H3K9me at these genes wagbobshed in cells
lacking Triman. MoreovettriA cells had elevated levels of H3K9me. This indisateat Triman

might have some unknown role at those genes.

In low glucose, H3K9me was detected in wild-typdlsce&at some genes, for example at
SPBC23G7.06andrpt6 (Figure 2.15.6 C). The observed heterochromatis amlished in both
dcrlA andtrilA cells, although higher variations were again ole@rfor trilA sample. This
indicated that RNAI might indeed have a role atsthdoci in wild-type cells cultured in low

glucose conditions.
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Figure 2.15.6 H3K9me ChIP in indicated strains grown under variedgrowth conditions. (A) In low nitrogen,
establishment of heterochromatin was not observd@i2zzandmyp2in indicated strains. Six independent biological
replicates were used for quantification. Error Hadicate standard deviation. (B) In low nitrogestablishment of
heterochromatin was observed in wild-type cellgtd, SPBC23G7.06andlysl H3K9me was dependent on Dicer
but not on Triman. Two independent biological replés were used for quantification. Error barsdatdi standard
deviation. (C) In low glucose, establishment ofehethromatin was observed in wild-type cellS®BC23G7.06¢
and rpté genes. Two independent biological replicates wesed for quantification. Error bars indicate stadda

deviation.
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3 DISCUSSION

3.1 Triman is required for the biogenesis of priRNA and mature siRNAs

Previously, a class of Argonaute-associated smdA$Rcalled priRNAs (Halic & Moazed 2010)
has been identified in fission yeast. These smidiARare generated independently of Dicer- and
RDRC-activity, and it was suggested that they fiomcin initiating the positive-feedback loop of
SiIRNA generation and heterochromatin formation (¢t1&8 Moazed 2010). However, little was
known about how they are generated. priRNAs areadiagion products originating from various
genomic regions. Because Argonaute slicer actigityot required for priRNA biogenesis, both

5" and 3’ ends are most probably generated by ¢heity of unknown nucleases.

Here, by employing splinted ligation as a screemmgghod, new players in the course of priRNA
biogenesis have been identified. dorlArrp6A cells, Argonaute-associateldy priRNAs were
more than 10-fold increased. This revealed the oblihe nuclear exosome Rrp6 in degradation
of priRNAs. In dcrIASPBC29A10.02c cells, Argonaute-associatedy priRNAs were not
detectable by splinted ligation. This immediateljgggested an important role of this previously
uncharacterized gene in the biogenesis of priRNBg. employing deep-sequencing of
Argonaute-associated small RNAs, it was observed ih SPBC29A10.09c cells not only
Argonaute-associated priRNAs were longer, but alsiRNAs. This indicated that
SPBC29A10.09c is involved in trimming of small RNAsfission yeast and thus it was named
Triman. Additionally, in cells lacking Triman bofiriRNAs and siRNAs were reduced. While
priRNA reduction was around 10-fold, siRNAs wereward 2-fold reduced (Figure 2.1.2).

Even previously published data indicated the eristeof a distinct mechanism for generation of
small RNAs of mature length in fission yeast. BeesB. pombeDicer lacks PAZ domain, the
produced double-stranded RNAs have a greater sizgerin comparison to PAZ-containing
Dicers (Colmenares et al. 2007). Also, deep-sequngndata of Argonaute-associated small
RNAs from slicer-defective Agol-D580ixdicated the existence of a trimming enzyme (H&lic

Moazed 2010). In this slicer defective Agol, smRMNAs remain double-stranded. It was
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observed that these centromeric dsAgol-D580A-aatamtismall RNAs also had a broader
length distribution, similarly as itrilA cells. Hence, the finding that Triman is resporesitalr
shaping the length of both Argonaute-associatddNbis and siRNAs was in an agreement with

the aforementioned data.

3.2 Triman is a CAF1 family 3'-5’ exonuclease

Triman belongs to the CAF1 family of proteins, whare mainly deadenylases. The active site is
highly conserved in higher eukaryotes (Table 5rj eonsists of four conserved residues, three
aspartates (D) and a glutamate (E), which adopEBDfold. These amino acids are important

for coordinating two magnesium ions that are inedln the catalysis.

Indeed, biochemical characterization has shown ff@man is a M§'-dependent 3'-5’
exonuclease (Figure 2.4.2.1, Figure 2.4.2.2). Tnimeas able to degrade both short and long
single-stranded RNA templates, and longer incubatiome generally resulted in more
degradation. Also, Triman was not able to degramébk-stranded small RNAs. To exclude the
possibility that Triman is an endonuclease, agtiwgs tested of-eliminated and 2’-O-methyl
modified RNA-templates. It was observed that foimen activity a free 2° OH group is needed
and 3’ modified RNAs were not degraded. This condéid that Triman is not an endonuclease but

3'-5’ exonuclease.

3.3 The final processing of 3' end is a conservedrgeess in small RNA

biogenesis

Because Triman belongs to the highly conserved CAdily of exonucleases, Triman
homologs might play a similar role in biogenesisofall RNAs in other organisms. Biogenesis
of Dicer-independent priRNAs shows great similatitythe biogenesis of Dicer-independent
piRNAs in the germline of animal cells (Aravin ét 2007; Ghildiyal & Zamore 2009). Steps of
piRNA biogenesis have been recapitulated in thaté/drom silkworm ovary-derived cell line

(Kawaoka et al. 2011). It was observed that follgyviloading onto Piwi protein, piRNA
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precursor undergoes trimming on 3’end. Althoughttiraming enzyme has not been identified,
it was observed it is a M§dependent exonuclease (Kawaoka et al. 2011). 30iRBIAs are
also subjected to the final 3' end processing.ds whown that maturation of Dicer-dependent
mMiRNA-like SRNA (milR-1) requires QIP, a 3'-5’ exoolease iMNeurospora(Lee et al. 2010;
Xue et al. 2012). Furthermore, Drosophilaa 3'-5' exoribonuclease Nibbler is responsible for
the 3' end trimming of more than one quarter miRNAan et al. 2011; Liu et al. 2011). In
addition, human homolog of Triman is poly(A)-spexifibonuclease (PARN). Recently it was
found that PARN is responsible for the final stépmaturation of miR-451, a highly conserved
erythropoietic miRNA in vertebrates (Yoda et al13)) Primary miR-451 has a hairpin structure
and it is processed by Drosha in the nucleus. @utke canonical miRNAs, further processing
bypasses Dicer (Cifuentes et al. 2010; Cheloufalet2010; Yang et al. 2010). Instead pre-
mMiRNA-451 is directly loaded onto Ago2 which slicés 3' arm. This generates 30-nt-long
intermediate which is immediately trimmed by PARNtbe 3’ end to generate mature miR-451
(Yoda et al. 2013). These examples demonstrate ttiraming of 3’'end is a conserved

mechanism in the course of biogenesis of diversdl SRNAS.

3.4 Argonaute and Triman cooperate to generate priRAs and siRNAs

Because Triman would completely degrade RNAs #ftgger incubation time (Figure 2.4.2.1), it
became evident that also another factor is involmegeneration of small RNA of mature size.
Functional assays, mass spectrometry analysis gbrfaute purifications an¢h vitro co-
immunoprecipitation indicated that Argonaute andnBin cooperate to generate small RNAs of
mature length. In a course of small RNA biogeneAigionaute binds longer double-stranded
RNA precursors. After the removal of the passemsg@nd, Argonaute-associated guide strand is
trimmed to the mature length by Triman. In thisqa®ss, Argonaute acts as a ruler for the final

size of small RNA.

Furthermore, sequencing data of Argonaute-assacgt®ll RNAs showed that in cells lacking
Triman, all siRNAs and priRNAs are longer: centssic SRNAs, SRNAs mapping to mRNAS,
sRNAs mapping to rRNA. These data showed that Trindatermines the length of all
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Argonaute-associated small RNAs and acts as a @daetor involved in biogenesis of priRNAs
and siRNAs.

Moreover, overexpression of Triman resulted in peithn of several-fold more Argonaute-
associated priRNAs, indicating that trimming reprgs limiting step in the course of priRNA
biogenesis. Also, sequencing of Argonaute-assatiateall RNAs revealed that in Triman
overexpression, both priRNAs and siRNAs are 1 raiide shorter. This indicated that high
cellular levels of Triman would result in removdl additional nucleotide from Argonaute-

associated small RNAs.

3.5 Trimming is important for the stability of the complex between Agol and

small RNA and for the proper Argonaute-slicing actvity

In order to address if the length of small RNA guid important for the stability of the complex
Agol:small RNA, in vitro assay where Argonaute waaded with small RNAs of various
lengths was performed. While 22-nt, 24-nt, and 2&ng small RNAs were stably associated
with Argonaute, 30-nt long and longer small RNAgevdissociating at high rate. This indicates
that the final shaping of Argonaute-associated sSRAIAs is important for the formation of
stabile complex between Argonaute and its small RiNAde. Longer 3’ end of small RNA
probably does not accommodate very well in the Risfain of Argonaute, causing weaker

binding and rapid dissociation.

Argonaute slicing activity is important for siRNAegeration and heterochromatin formation in
fission yeast. Ouin vitro reconstitution of Argonaute slicer activity demwated that longer
small RNAs cannot efficiently guide Argonaute t@elcognate targets. Complex containing 22-
nt-long small RNA with Argonaute was efficient ilicgg of complementary target, but only 2 nt
longer sRNA showed around 7-fold less efficiencyherefore, the final 3" trimming of
Argonaute-associated small RNAs is important fairtfunction in efficient guiding Argonaute

to slice complementary targets.
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3.6 priRNA and siRNA trimming is required for de novo heterochromatin

assembly

What are the functional consequences of Trimartideléor S. pombeells? It was observed that
Agol-associated centromenilyg anddh small RNAs are 1.5 and 2-fold reducedtiiiA cells.
This indicated that 3’ end trimming is important faroper sSiRNA biogenesis. However1A
cells were able to maintain the levels of pericemeric heterochromatin as H3K9me levels were
only around 20 % reduced. In wild-type cells majoadf Agol-associated small RNAs (around
80 %) originate from pericentromeric region.tiiiA cells, around 20 % of centromeric SIRNAs
were still 22-nt-long (Figure 2.11.1 B). Since peritromeric SiRNAs are produced in vast
amount, even in deletion of Triman threshold legélmature size sRNAs that are able to

maintain heterochromatin were still produced.

Furthermore, siRNAs were almost completely abelishtiRC3 repeat element which flankig
anddh repeats on chromosome 3. BitA cells were able to maintain functional H3K9me lsve
at IRC3 which demonstrated that heterochromatin is ahle to spread frordg repeats to the

surrounding region.

Next, involvement of Triman on establishment ofenethromatin formation was explored. By
treating cells with TSA, inhibitor of histone deadases, it was possible to perturb existing
heterochromatin. While treated wild-type cells cbukestablish functional heterochromatin,
trilA cells showed a defect in reestablishment of cerdrmheterochromatin as determined by
growth assay. This indicated that Triman might fveolved in the initiation of silencing and

prompted us to validate these results and to prefeestablishment assay.

In the reestablishment assayr4” anddcrl” genes were reintroduced inttr4AdcriAtrilA cells,
where heterochromatin, siRNAs and priRNAs are abelil. As a controtlr4® anddcrl” were
also reintroduced intalr4AdcriA cells. It was observed thatr4AdcriAtrilA/clrd™derl” cells
were not able to establish functional pericentromdreterochromatin, in contrast to the
clr4AdcriA/clrd™derl” control cells. Also, inclr4AdcrlAtrilA/clrd™derl” cells pericentromeric

dgtranscripts were upregulated in contrast to cortedk. This indicated that Triman is required
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for establishment of SiRNA generation and heteroctatin formation at pericentromeric region

in S. pombe

Previously, it was suggested that priRNAs play ampdrtant role in initiating SIRNA
amplification and heterochromatin generation (Hafic Moazed 2010). Hereclrd™ was
reintroduced intaclr4AdcriAtrilA cells which lack heterochromatin, siRNAs and prA&iN It
was observed that H3K9me levels were not reeshadisat centromerialg repeats in
clr4AdcriAtrilAlclrd™ cells. This indicated that Clr4 cannot be recriite pericentromeric
region in the absence of small RNAs and that RNr&icpdes H3K9methylation. In contrast,
reintroduction ofclr4™ in clr4AdcrlA cells, where only priRNAs are present, establisheqy

low levels of H3K9me reestablishment at centromeégicepeats.

These experiments demonstrated that high levelsamtfisense priRNAs generated at
pericentromeric region can nucleate very low levalsH3K9me which could initiate SiRNA

generation and establishment of heterochromatily e¢peats.

3.7 Triman is important for H3K9me at heterochromatn islands

Several groups have observed that H3K9 methylateon be detected at loci outside of major
constitutive heterochromatin domains involving pentromeric, subtelomeric and mating type
region inS. pombgZofall et al. 2012; Hiriart et al. 2012; Tashirba. 2013). This additional
heterochromatin islands comprise meiotic mMRNAs racf@NAs that are suppressed in vegetative
growth phase. It was suggested that the islandgesept analogy to facultative heterochromatin
in higher eukaryotes (Zofall et al. 2012). Howeviéerwas observed that heterochromatin at
reported islands does not restrict Pol 1l accedsasran influence on the transcript levels of the
corresponding island, arguing against that compar{&gan et al. 2014). H3K9 methylation at a
subset of islands occurs in an Mmil-dependent nmesim Also, heterochromatin formation at
several islands has been reported to be also depead RNAI factors (Zofall et al. 2012). Here,
it was observed that itrilA cells, Argonaute-associated small RNAs are redwategeveral
heterochromatin islands that are dependent on Rhsghinery (Figure 2.14.1 A, B). Remaining
Agol-associated small RNAs irilA cells were also longer. In addition, by ChIP-seupirgg it
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was observed that H3K9 methylation was abolisheteduced irtrilA cells at several islands,
for examplemcpg SPAC8C9.04o/ps29(Figure 2.14.1 D,E). In contrast, deletiontol™ had no

effect on H3K9me on islands which are reportedegd®blAi-independent, such awi4

This indicated that Triman is required for hetermochatin formation at RNAi-dependent
heterochromatin islands in fission yeast. At thsknds, small RNAs are generated in an around
10.000-fold lower quantity compared to the pericemeeric region. Hence, a small defect in 3'
end processing results in a substantial defect igemeration of small RNAs and as a
consequence, in an inappropriate H3K9methylatidms ©ccurs most likely because of improper
slicing ability of Argonaute complex that is loadedth longer small RNA (Chapter 2.10).
Overall, these observations imply that a possibkchanism which regulates formation of
heterochromatin islands as a response to changmwgoament might involve the 3' end
processing of Argonaute-associated small RNAs. oistitutive heterochromatin domains, vast
production of small RNAs ensures that there is gfna sufficient fraction of SRNAs generated

of mature size, which are thus capable of ensiyioger heterochromatin maintenance.

3.8 Inrrp6A cells RNAI is nucleated at euchromatic loci in pRNA/Triman-

dependent manner

In eukaryotes, a multi-protein complex exosome rigolved in processing, turnover and
surveillance activities of various RNA targetsslsubstrates range from rRNAs, snRNAs and
MRNASs to cryptic unstable transcripts (CUTSs) (Guadiigt al. 2012). Fission yeast genome is, as
other eukaryotic genomes, widely transcribed witstvnumber of ncRNAs and antisense
transcripts being produced (Dutrow et al. 2008)isTiecessities the existence of mechanisms
which are responsible for RNA quality control ofugpus transcription, which mainly involve
the exosome.

Rrp6 is a 3’-5’ exonuclease associated with thesem® in fission yeast. It was shown to be
important for quality control of various RNA tramgits (Gudipati et al. 2012) and also
implicated to act with Clr4 to suppress antisemardcripts originating from euchromatic region

(Zhang et al. 2011). At pericentromeric region iegibn yeast, it acts in a parallel way to RNAI
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to silence pericentromeric transcripts (Murakamale2007; Buhler et al. 2007; Reyes-Turcu et
al. 2011; Zhang et al. 2011).

Here, in a screen for potential nucleases involndoiogenesis of priRNAs it was observed that
centromericdg transcripts accumulated dctrlArrp6A cells more that 10-fold (Figure 2.1.1 D).
This indicated that Rrp6 might have a role in ddgtemn of priRNAs and is consistent with the

finding that Rrp6 has a role in degradation of mantysense transcripts (Houseley et al. 2006).

To elucidate the function of Rrp6, high-throughgeguencing of Argonaute-associated small
RNAs fromrrp6A cells was performed. We and Yamanaka et al. (2048 observed that in
rrp6A cells, RNAI targets various loci across the gendfigure 2.15.1, Figure 2.15.2, Table
5.2). The genes that were targeted by RNAiI comgrisany developmental genes, proteasomal
subunit and NncRNAs (Yamanaka et al. 2013). Moreowdrserved sSiRNA production was
accompanied by H3K9me (Figure 2.15.3, Figure 2.B5.4

The observed ectopic RNAI nucleation rifp6A cells has enabled us a dissection for factors
required for RNAI establishment without the need'dmase’ preexisting heterochromatin and
RNAI. High-throughput sequencing of Argonaute-assed small RNAs revealed that in
rrp6AtrilA cells, at most loci small RNAs were not generated H3K9me was not established
(for example atrpt6, SPBPB10D8.04cSPBC23G7.06c This indicated that inrp6A cells,
Triman is required to generate priRNAs which guidgonaute to establish sSiRNA amplification
and heterochromatin formation at ectopic targetsthiermore, by overexpressing antisense to
rpté genein trans it was observed that small levels of H3K9me westablished in wild-type
cells in Dicer- and Triman-dependent manner (FigRrE5.3 C). These results indicate that
antisense RNAs can be processed into priRNAs tlaat ioitiate SIRNA production and
heterochromatin formation.

At some loci, small RNA generation mp6AtrilA cells was only alleviated or not affected. For
example attf2 and myp2 siRNAs were not affected by deletion of Triman rip6A cells.
Nevertheless, deletion of Triman abolished H3K9rs® at these loci. This indicated that at

these targets, RNAI is initiated by some otherRpiA-independent mechanism. However,
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Triman is still required to generate adequate artohsiRNAs of the mature size which are

capable of guiding Argonaute to establish hetemmciatin at these loci.

To find out whether nucleation of RNAi and estatient of H3K9me at ectopic loci mp6A
cells results in active silencing of targeted getles levels of sense and antisense transcripts of
two genes(rpté and SPBC23G7.06cthat nucleated RNAI inrp6A were quantified. It was
observed that by deleting RNAI factors or Clrdrip6A cells, which abolishes RNAI targeting
and H3K9me, the transcript levels were not sigaifity upregulated compared tgp6A cells
(Figure 2.15.5). This indicated that low levelsH8K9me which are established firp6A cells
are not sufficient to restrict RNA polymerase Ibdanduce functional silencing. However, in this
experiment only 2 genes were investigated. Alsorptd gene inrrp6AdcrlA cells a slight
increase of transcripts can be observed in congarie the single mutants. Therefore, the
possibility that very low fluctuations in transdsplevels could have a significant efféctvivo
cannot be excluded. In Yamanaka et al. (2013) # slaown that cells lacking RNAi factors or
Clr4 in a combination withirp6A showed upregulation of the transcripts when coegbdo the
single mutants. This observation was shown for sévgenes rugy mcp3 mekl and
SPCC1442.04cand indicated that inrp6A cells RNAI establishes functional silencing. Oatal

is not in an agreement with this observation aeddifferences might result because not the same
genes were investigated. However, the levels afbished H3K9me at ectopic loci mp6A
cells are much lower than those found at constitutieterochromatin at pericentromeric regions
(Figure 2.15.3, Figure 2.12.2 A), indicating thHagy might not result in functional silencing. This
would be also in an agreement with the finding thatheterochromatin islands comprising
meiotic genes, small levels of H3K9me do not resuftinctional silencing of the targeted genes
(Egan et al. 2014).

Furthermore, it was reported that loci targetedRBIAi in rrp6A cells could be targeted by RNAI
in wild-type cells under varied growth conditionkat cells experience in environment
(Yamanaka et al. 2013). This suggested thapombeuses RNAi as a mechanism of gene
regulation in response to changing conditions. im G@hIP experiments, in low nitrogen a
significant enrichment of H3K9me in wild-type celi&s not observed #2 andmyp2(<2-fold
enrichment oveclr4A) (Figure 2.15.6 A). However, at some genes sraa#ls of H3K9me were

established in Dicer-dependent mannmpt§, SPBC23G7.06dys]) (Figure 2.15.6 B). Although
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triA samples showed particularly high variations betwb@logical replicates, the observed
establishment seemed to be independent of Trimanedder, intriA cells H3K9me levels were
even higher. This indicated that Triman might hagme other, unknown role at those genes. In
low glucose, H3K9me was detected in wild-type cedls some genes, for example at
SPBC23G7.06andrpt6 (Figure 2.15.6 C). The observed heterochromatis amlished in both
dcrlA andtrilA cells, although higher variations were again olegrfor trilA sample. This
indicated that RNAI might indeed have a role atsthdoci in wild-type cells cultured in low
glucose conditions. It would be interesting to sdeether heterochromatin observed in cells
grown in carbon-limiting conditions has a functibm@le in silencing by assessing the

corresponding transcript levels and RNA polymeiasecupancy.

The ectopic RNAI targeting imrp6Acells indicates that exosome-mediated RNA qualiiytiol

is required for the protection of the genome frgmarious RNAI. If the exosome machinery is
disrupted, accumulation of antisense transcripts @RNAs lead to ectopic RNAI nucleation
and heterochromatin formation at a subset of pmeteding genes and ncRNAs. At some
regions, priRNAs are not able to induce RNAI anterehromatin establishment. This indicates
that other factors might be necessary in a prosesstablishment or on the possible presence of
antagonizing factors at these loci. Overall, theults presented here indicate that accumulated
antisense priRNAs can act with Argonaute as a dlanmee mechanism. This represents one
possible host cell pathway that can recognize itapetand foreign DNA elements. A similar
mechanism has been proposedCineleganswhere 21U-RNAs bound to Piwi protein PRG-1
scan for and initiate siRNA amplification and H3K&rof foreign sequences (Shirayama et al.
2012; Lee et al. 2012; Bagijn et al. 2012; Taslet@l. 2013; Ashe et al. 2012). This indicates
that mechanistically similar pathways might existlifferent organisms as a defense mechanism

to nucleate silencing of transposons and foreiguaeces.
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3 Discussion

3.9 The model of Triman-dependent priRNA biogenesiand RNAI nucleation

priRNAs are degradation products originating froani@us genomic regions. They are processed
by an unknown mechanism to create longer priRNAcymsors, which are loaded onto
Argonaute. Triman is recruited to the Agol:priRNéntplex to generate the 3’end of priRNA.
priRNAs in turn can guide Argonaute to nucleate RNpecifically at pericentromeric region
because it is bidirectionally transcribed. Thisdeao siRNA amplification and subsequent

heterochromatin generation.

siRNAs are generated by an Rdpl- and Dicer-activibwever Dicer-products are longer than
the mature siRNAs. Longer double-stranded Diceregated siRNA precursors are loaded onto
Argonaute, passenger strand is sliced by the Anginalicer activity and removed. Triman is
recruited to the Agol:siRNA complex to trim thee3id of Argonaute-bound siRNA. This final
maturation step is important for generation of matigo1l:siRNA complex which is capable of

slicing the cognate target and heterochromatirbéstement.

In a case antisense levels in a cell are pertuddephnaute is able to bind them and induce RNAI
to the targeted locus in a priRNA/Triman dependeay-
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Agol-associated
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Figure 3.9.1. Model representing biogenesis of Dicendependent priRNAs which nucleate siRNA
amplification and heterochromatin formation. (1) Argonaute binds priRNA precursors in a process of
transcriptome surveillance. (2) Argonaute loadetth Winger priRNAs recruits Triman to process thesd of small
RNA. (3) Mature Agol:priRNA complex will be targetdo the pericentromeric region which is bidirenttly
transcribed, and induce siRNA amplification. (4RNiAs are generated by Dicer, loaded onto Argonaate]
following release of the passenger strand, prodessahe 3’ end by Triman. (5) Once heterochromititependent

siRNAs accumulate, they initiate positive-feedbdmtip of siRNA amplification and heterochromatin rfation.

75



4 Material and methods

4 MATERIALS AND METHODS

4.1 Materials

4.1.1 Consumables and Chemicals

Chemicals used in this study were purchased fromaR&id (Hercules, USA), Roth (Karlsruhe,
Germany), Merc (Darmstadt, Germany), Qiagen (Hidermany), Roche (Basel, Switzerland),
and Sigma-Aldrich (Munich, Germany).

DNA oligonucleotides were synthetized by Metabibfa(tinsried, Germany), Thermo Scientific
and Biotez (Berlin, Germany). Enzymes, dNTPs anteoubar weight markers were purchased
from New England Biolabs (Ipswich, USA), InvitrogéDarmstadt, Germany) and Fermentas
(Burlington, USA).

4.1.2 Oligonucleotides

Table 4.1.2.1. Oligonucleotides used in this study.

Oligonucleotides used for Oligonucleotide sequence (5> 3)
RT-qPCR and ChIP

110A.TDH1_F CCAAGCCTACCAACTACGA
110A.TDH1_R AGAGACGAGCTTGACGAA
110E.DHE_F GCCCATTCATCAAACGAGTC
110E.DHE_R GATTCGGCACCTTTGTCATT
110F.DGF_F CTGCGGTTCACCCTTAACAT
110F.DGF_R CAACTGCGGATGGAAAAAGT
207_RPT6_F GAGAATCCATTCGAGGTCCA
207_RPT6_R AATGCAAACATACCGGCTTC
214 23G7_F GTCATTGACGTTGACGTTGG
214 23G7_R CAATCGCTTCGTACCAAAT
194 B10_F TGCGATTGCTTTAGGCTTTT
194 B10_R CGCGTTAATTGCTTGCATAA
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113 _25S_F

TTTTCTCCTTCTCGGGGATT

113_25S_R

AACACCACTTTCTGGCCATC

RNA oligonucleotides used
in in vitro assays

RNAG1 AAAGUAGAGGUAAGAACAGUA

RNA70 UACUGUUCUUACCUCUACUUU

RNA71 GCGAGCGAGGCAAAGAACAAGA

RNA72_22nt UUGUUCUUUGCCUCGCUCGCUG
RNA172_30nt UGAAAGCUUUAGUUGAUACGUCCACGGACA
RNA_26nt UGGUACCAAAGCUCGAACAUAAAAAA
RNAG9 UUUACUGUUCUUACCUCUACU

RNA172_26nt

UGAAAGCUUUAGUUGAUACGUCCACG

RNA172_24nt

UGAAAGCUUUAGUUGAUACGUCCA

RNA_20mel

chol-[lUCUUAAAUCAGCUUUCAAAAUACGAGAAACCU] 20 - Methyi -RNA

RNA_20me2

chol-[CAUCACGUACGCGGAAUACUUCGAAAUGUCC] L0 - Methyl -rNA

Splinted ligation
oligonucleotides

94.Ligation primer

CGCTTATGACATTCdd

93A.dg GAATGTCATAAGCGATTTGACGAGGCACATTCCTTA
93B.dg GAATGTCATAAGCGAATTTGACGAGGCACATTCCTTA
93C.dh1 GAATGTCATAAGCGCAGGAGTTGCGCAAACGAAGTTA
93D.dg GAATGTCATAAGCGACCGAGTGCAAATGCTTTTGTA
93E.dg GAATGTCATAAGCGCTGACTTGGCTTGTCTTCTGTA
93F.dg GAATGTCATAAGCGGGCATAGCGATGATAGTTCTA
93G.dg GAATGTCATAAGCGAGGCATAGCGATGATAGTTCTA
93H.dhl GAATGTCATAAGCGGACGATAAGCAGGAGTTGCGCA

Oligonucleotides used for
high-throughput sequencing

3' adaptor oligonucleotide
(miRNA Cloning Linker-1
from IDT)

rApp/CTGTAGGCACCATCAAT/3ddC

5' adaptor oligonucleotide

GUUCAGAGUUCUACAGUCCGACGAUC

RT oligo ATT GAT GGT GCC TAC AG

PS5 AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAGTCCGACG
158A1 %TA(/:AGCAGAAGACGGCATACGAGGATCCATTGATGGTGCCTACAG
158B1 CAAGCAGAAGACGGCATACGACAGCTGATTGATGGTGCCTACAG
158C1 CAAGCAGAAGACGGCATACGATCTAGAATTGATGGTGCCTACAG
158D1 CAAGCAGAAGACGGCATACGAATCGATATTGATGGTGCCTACAG
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158E1 CAAGCAGAAGACGGCATACGAGCGACTATTGATGGTGCCTACAG

158F1 CAAGCAGAAGACGGCATACGACCAGTCATTGATGGTGCCTACAG

158G1 CAAGCAGAAGACGGCATACGAAGTATGATTGATGGTGCCTACAG

158H1 CAAGCAGAAGACGGCATACGATACGCGATTGATGGTGCCTACAG

RNA synthesis

oligonucleotides

130F. GCTGGGACAGCAATATCGTA

130F_30A. [TTTTTTTTTTTITTTTITTTTTITTITTTTTTTGCTGGGACAGCAATATCGTA

130R. AGGATTACGACCAGCTCCAT

130R_30A. [TTTTTTTTTTTITTTTITTTTTITTITTTTTTTAGGATTACGACCAGCTCCAT

130FT7. GCGTAATACGACTCACTATAGGGGCTGGGACAGCAATATCGTA

130RT7_2. GCGTAATACGACTCACTATAGGGAGGATTACGACCAGCTCCAT

54.dg100 GCGTAATACGACTCACTATAGGGCTTCGTTTATATCGCTAACAAGAA
ATC

49.dg30A [TTTTTTTTTTTITTTTTTTITTITTITTTTITTTTTTCATCTCCATTCTTGTCAT
TAT

49.dg CATCTCCATTCTTGTCATTAT

272F. GCGTAATACGACTCACTATAGGGCATGATGATGACGATTACAGTCCG
TGGAC

272R. CGTGATGTAACTTGATGAAAGCTTTAGTTGATACGTCCACGGACTGT
AATCGTCATCATCATGCCCTATAGTGAGTCGTATTACGC

290F_65nt. GCGTAATACGACTCACTATAGGGTATGATGATGACGATTACAGTCCG
TGGACGTATCAACTAAAGCTTTCATCAAGTTACATCACA

290R_65nt. TGTGATGTAACTTGATGAAAGCTTTAGTTGATACGTCCACGGACTGT
AATCGTCATCATCATACCCTATAGTGAGTCGTATTACGC

4.1.3 Plasmids

Table 4.1.3.1. List of plasmids.

Plasmid number Name

p379 pREP nmtl_FLAG_Tril

p381 pREP nmtl_Tril

p393 pREP nmtl_FLAG_TrilD28A

p348 pREP clr4promotor_clr4_clr4terminator
P474 pJR1U dcrlpromotor_dcrl_dcrlterminator
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4.1.4 Strains

Table 4.1.4.1. List of strains.

4 Material and methods

S. pombe strains Genotype

SP65 h+ otrlR(Sphl)::ura4+ ura4-DS/E leul-32 ade6-M21&tnFLAG-Agol

SP136 h+ otrlR(Sphl)::ura4+ ura4-DS/E leul-32 ade6-M21&tnFLAG-Agol
trilA::Kan

SP34 h+ otrlR(Sphl)::ura4+ ura4-DS/E leul-32 ade6-M218tnFLAG-Agol
dcrl4::hph

SP141 h+ otrlR(Sphl)::ura4+ ura4-DS/E leul-32 ade6-M21&tnFLAG-Agol
dcrl::hph tril4::Kan

SP504 h+ otrlR(Sphl)::urad+ ura4-DS/E leul-32 ade6-M21i6 366 nat::FLAG-
Agol rrp&1::Kan

SP549 h+ otrlR(Sphl)::ura4+ ura4-DS/E leul-32 ade6-M21&tnFLAG-Agol
tril4::hph rrp64::Kan

SP520 h+ imrlR(Ncol)::urad+ ura4-D18 leul-32 ade6-M216rkd=LAG-Agol
rrp64::nat derld::hph

SP613 ade6-M210 leul-32 ura4-D18 tdft:Kan dcrla::hph clrd44::nat (1)

SP614 ade6-M210 leul-32 ura4-D18 tdft:Kan dcrla::hph clrd4::nat (2)

SP615 ade6-M210 leul-32 ura4-D18 tdft:Kan dcrla::hph clrd4::nat (3)

SP622 ade6-M210 leul-32 ura4-D18 datthph clrd4::nat (1)

SP623 ade6-M210 leul-32 ura4-D18 defthph clrd4::nat (2)

SP613+p348 ade6-M210 leul1-32 ura4-D18 trifl:Kan dcrld::hph clrd4::nat (1) + clr4”

SP614+p348 ade6-M210 leul1-32 ura4-D18 trfl:Kan dcrld::hph clrd4::nat (2) + clr4”

SP615+p348 ade6-M210 leul1-32 ura4-D18 trfl:Kan dcrld::hph clrd4::nat (3) + clr4”

SP622+p348 ade6-M210 leul1-32 ura4-D18 defthph clrdd::nat (1) + clrd”

SP623+p348 ade6-M210 leul-32 ura4-D18 defthph clrdd::nat (2) + clrd”

SP613+p348+ ade6-M210 leul1-32 ura4-D18 tufl:Kan dcrld::hph clrd4::nat (1) + clrd™ +

p474 der1’

SP614+p348+ ade6-M210 leul1-32 ura4-D18 tifl:Kan dcrld::hph clrd4::nat (2) + clrd™ +

p474 derl’

SP615+p348+ ade6-M210 leu1-32 ura4-D18 trfl:Kan dcrld::hph clrd4::nat (3) + clrd™ +

p474 der1’

SP622+p348+ ade6-M210 leul1-32 ura4-D18 defthph clrdd::nat (1) + clrd® + derl”

pa74

SP623+p348+ ade6-M210 leul-32 ura4-D18 defthph clrdd::nat (2) + clrd” + derl”

p474

E. coli strains

XL1-blue RecAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lapieAB laclqZ4aM15
Tn10(Tetr)]

BL21(DE3) Star F-ompT hsdSB(rb-, mB-) gal dcm rne 131
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4.1.5 Antibodies

Table 4.1.5.1. List of antibodies.

Name Source Dilution
anti-FLAG M2 antibody Sigma 1:5000
HA-probe Antibody Santa Cruz 1:200
anti-mouse IgG-HRP Santa Cruz 1:2000
a tubulin Antibody Santa Cruz 1:1000
goat anti-rat IgG-HRP Santa Cruz 1:3000
Anti-Histone H3 (di methyl K9) antibody [1220] AbGa

4.1.6 Buffers, solutions and media

Table 4.1.6.1. List of buffers, solutions and media

Name

Composition

LB (E. coli media)

10 g/l tryptone, 5 g/l Yeast extract, 1ONHCI

YES (S. pombenedia)

5 g/l Yeast extract, 30 g/l glucose, 0,g2%f amino acids (leucine, adenine
histidine, lysine)

EMMC - leucine §. pombe
media)

20 g/l glucose, 12,4 g/l EMM without dextrose, 2fl adenine, 0,226 g/
uracil, 0,226 g/l histidine

EMMC + low glucose

5 g/l glucose, 12,4 g/l EMM katut dextrose, 0,226 g/l adenine, 0,226 g/l
uracil, 0,226 g/l histidine

EMMC - nitrogen

20 g/l glucose, 12,4 g/l EMM withtadextrose, 0,226 g/l adenine, 0,226 g/l
histidine, 0,226 g/l leucine, 0,226 g/l lysine, 2623/l uracil

In vitro RNA synthesis

Transcription buffer

40 mM Tris pH 7.6, 2 mM spedinie, 6 mM MgC}, 0.01% Triton X100, 10
mM DTT

Splinted ligation

20 mM Hepes (pH 7.5) and 80 mM KCI

10xT4 RNA ligation buffer
without ATP

500 mM Tris-HCI pH 7.5, 100 mM Mg&l100 mM DTT, 60Qug/ml BSA

Periodate oxidation/p-
elimination of RNA

5Xborax/boric acid buffer

148 mM borax, 148 mM fwoacid pH 8.6

RNA purification

Lysis buffer for RNA

300 mM NaOAc pH 5.2, 10 mM EDTA, 1 % SDS

In vitro Triman assays

MgCl, buffer

25 mM Hepes (pH 7.5), 2 mM Mg& 12 mM DTT, 0.02% NP-40
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Washing buffer

25 mM Hepes 7.5, 2 mM Mg mM DTT, 0.02 % NP40, 100 mM NaOA¢

Protein purification

1.5 M lysis buffer

50 mM Hepes (pH 7.6), 1.5 M Na©A mM Mg(OAc), 1 mM EGTA, 1
mM EDTA, 0.1% (v/v) Nonidet P-40 (NP-40) and prateanhibitors
(Protease inhibitor cocktail tablets, Roche).

150 mM lysis buffer

50 mM Hepes (pH 7.6), 150 mMOy¥e, 5 mM Mg(OAc), 1 mM EGTA, 1
mM EDTA, 0.1% (v/v) Nonidet P-40 (NP-40) and praeainhibitors
(Protease inhibitor cocktail tablets, Roche, CongplEDTA free).

Elution buffer

lysis buffer containing 0.2 mg/mIRBXAG peptide and 5% (v/v) glycerol

Western blot

Amido-black solution

7.5 % HOACc, 20% EtOH, 0.1 thido-black

Destaining solution

50 % EtOH, 5 % HOAc

Blotting buffer

20 % methanol, 48 mM Tris base,3®1 glycine, 0,037 % SDS

1x TBS-T buffer

50 mM Tris-Cl, pH 7.5, 150 mM Na®l05% Tween 20

ChIP

Lysis buffer

50 mM Hepes (pH 7.6), 1.5 M NaOAc, MnMg(OAc),, 1 mM EGTA, 1
mM EDTA, 0.1% (v/v) Nonidet P-40 (NP-40) and praeainhibitors
(Protease inhibitor cocktail tablets, Roche).

ChlIP elution buffer

50 mM Tris-HCI pH 8.0, 10 mM EDTA, 1% SDS

4.2 Methods

replaced with an antibiotic-resistance cassettangfiormants were plated onto YES plates and

4.2.1 Working with S. pombe cells

4.2.1.1 Strain construction

Strains used in the study are generated eitherdiy-Pased gene targeting or mating technique

and are described in Table 4.1.4.1. In strainsaoimyg gene deletion, a coding region was

after an overnight incubation replica plated ordtestive YES plates containing 100-200 mg/ml
of corresponding antibiotic. Positive transformathist grew on selective plates were screened by
PCR and confirmed by sequencing. Strains contaiplagmids were grown on EMMC media
lacking corresponding selective marker (EMMC-letajlt Heterochromatin establishment assay
was performed as previously described (Reyes-Twetual. 2011).trilddcrldclrd4 and
dcrlaclrd4 strains were generated by mating and gefrds- anddcrl+ were reintroduced on
plasmids (p348 and p474, see Table 4.1.3.1).
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4.2.1.2 Silencing assays

Log-phased cultures were tenfold or fivefold séyiailuted in a way that highest density spot
contained 1x19cells. 3 pl of each were spotted onto non-seledi/S), 5-fluoro-orotic acid (5-
FOA, 19/l 5-FOA), and TBZ (15 or 20 mg/ml) plat&ells were grown for 2-3 days at 32 °C and
imaged. In heterochromatin establishment assals wadre treated with trichostatin (TSA, 35
mg/ml) and incubated on 32 °C for 24 h, followiregcovery for 24 h in YES media prior to
spotting on 5-FOA plates.

4.2.2 Nucleic acid analysis

4.2.2.1 Purification of total RNA

10 ml of yeast cultures were grown to mid-exporanhase (Oky = 1.0 - 1.5). Pellets were
resuspended in 500 pl asis buffer for RNA300 mM NaOAc pH 5.2, 10 mM EDTA, 1 %
SDS) following addition of 500 ul acid phenol-cldésrm and incubation for 10 min at 65 °C
with occasional vortexing. Samples were centrifufpedl5 min at 15 000 g at room-temperature
and aqueous (top) phase was ethanol-precipitatedied samples were resuspended in RNase-
free water, normalized to the same concentrati@haaound 50 pl of samples were treated with
DNase | (Roche) for 30 min at 37 °C, following demation of the enzyme for 10 min at 37 °C.
After the addition of 400 pl of phenol-chloroforrmca400 pl of NaOAc (300 mM, pH 5.2),
samples were centrifuged for 15 min at 15 000 gam-temperature and RNAs were ethanol-

precipitated. RNAs were dissolved in RNase-freeewahd quantified by RT-gPCR.

Reverse transcription (RT) reaction was done fr@@ g of total RNA using Superscript Il
(Invitrogen) and 1 pmol of DNA oligo (corresponditm the interested transcript) according to

standard manufacturer’s instructions.
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4.2.2.2 Quantitative PCR (qPCR)

QPCR was performed using TOptical thermocycler ifigtra) with DyNAmo Flash SybrGreen
gPCR Kit (Biozym). gPCR was done in a injdlreaction volumes containing 1XxDyNAmo Flash
SybrGreen Mix, 0.4 uM forward and reverse primarg] the template. For quantification of the
extent of H3K9me over genomic regions of inter@gt] of IP sample (500 ng — 800 ng of DNA)
obtained from H3K9-ChIP experiment or 3 pl of INngde was added to gPCR mix as a
template. In a case pericentromeric transcript l$eveere assessed, total RNA was purified,
reverse transcribed, and cDNA obtained from RTRT -€ontrol (to detect contamination, dimer
formation, or presence of genomic DNA) reaction wssd as a template in qPCR reaction. Two
technical duplicates were pipetted in a 96-weltel@titude). QPCR parameters were: initial
denaturation at 95 °C for 3 minutes, followed by é&les of denaturation at 95 °C for 10
seconds, annealing at 59 °C for 20 seconds andgaion at 72 °C for 15 seconds.
Oligonucleotides used for RT-gPCR and ChIP aredish the Table 4.1.2.1.

4.2.2.31n vitro RNA synthesis

In vitro RNA synthesis was performed as previowsgcribed (Colmenares et al. 2007) and was
performed to generate small RNA templates usedriman activity assays. 160 U of T7 RNA
polymerase (NEB) was used to transcribe @®f template DNA in a 5@l reaction containing
transcription buffer (40 mM Tris pH 7.6, 2 mM spédime, 6 mM MgC$, 0.01% Triton X100,

10 mM DTT), 4 mM ATP and CTP, 2 mM GTP and UTP,4®RNasin (Promega). Reactions
were incubated at 37 °C for 2 h, following treattesith 10U of RNase-free DNase | (Sigma)
for 30 min at 37 °C. Transcription products wereemdi-chloroform extracted and ethanol-

precipitated with glycogen.
4.2.2.4 Radioactive labeling of small RNAs

RNA templates (used im vitro assays, Argonaute-copurifying RNAs, oligonucleesidised in

splinted ligation assays) were radioactively labelen 5 with [-*2P]-ATP using T4
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polynucleotide kinase (PNK, Roche) for 30 min at’87 Reactions were run through Microspin

G25 column (GE Healthcare) to remove unincorporéetbpe.

Prior radioactive labeling, RNAs that were loadetiboAgolin vivo were first dephosphorylated
on 5’ end using Calf intestinal alkaline phosphat@3IP, NEB) for 30 min at 37 °C

4.2.2.5 Splinted ligation

Splinted ligation reaction was used for detectidrAmgonaute-associatedg small RNAs and
was performed as previously described (Halic & Mmh2010; Maroney et al. 2008). Argonaute-
associated small RNAs were extracted from puriiediogenously tagged FLAG-Agol (see

chapter protein purification) by phenol-chlorofoamd ethanol-precipitated.

Ligation oligonucleotide was 5’ radioactively labelwith [->*P]-ATP using PNK (Roche). A
mix containing ligation oligonucleotide and bridgkgonucleotide in a buffer containing 20 mM
Hepes (pH 7.5) and 80 mM KCI was prepared and tdR@¢A (200 ng) was added in a total
reaction of 18.l. Reactions were first denatured at 95 °C for h amd annealed at 65 °C for 2
min and 37 °C for 10 min. Then2 of ligation mix containing 10 x ligation buffemd 10 U of
T4 DNA ligase (NEB) were added to each reactiogation was performed for 1 h at 35 °C and
T4 DNA ligase was heat inactivated at 70 °C formi@. The radioactive label from unligated
ligation oligo was removed using 0.5 ul of CIP. $#8 were analyzed on 18 % denaturing
polyacrylamide-urea gels and the bands visualizdguphosphor imaging. List of used oligos
can be found in the Table 4.1.2.1.

4.2.2.6 Periodate oxidationf-elimination of RNA

Approximately 20 pmol of RNA72 was mixed with® 5Xborax/boric acid buffer (148 mM
borax, 148 mM boric acid pH 8.6) and 3.[I5NalO4 solution (200 mM in water) for 30 min at

room temperature.

6 ul of glycerol was added to the reaction to quenuteacted sodium periodate by incubating for
10 min. Then, 2.5l of 2 M NaOH was added and incubated at 45 °®@@min @-elimination).
84



4 Material and methods

The reaction was spun through Microspin G-25 Colein(GE Healthcare) and RNA was

precipitated by ethanol. Protocol was provided byHdaus Forstemann.

4.2.2.7 High throughput sequencing

Small RNA libraries were prepared as previouslycdbsd (Halic & Moazed 2010). FLAG-
Agol was purified from endogenously tagged strgsee chapter protein purification) from
around 2.5 | of cells pelleted at OD ~ 2. After fimal washing step, 500l of NaOAc (300 mM,
pH 5.2) and 50Qul of phenol-chloroform was added to the resin-bolld\G-Argonaute to
extract copurifying RNAs. Samples were briefly wxed, centrifuged for 15 min at 15 000 g at
20 °C, and supernatant was ethanol-precipitatechmle.

Precipitated samples were resuspended in a fornealm&dling dye and separated on 18 %
polyacrylamide-urea gel. Each sample was run oaparate gel to avoid cross contamination.
RNAs were visualized by staining with SybrGold afAdol-associated sRNAs were excised
from the gel according to the size (18-30 nuclesfidrom other resin-copurifying RNAs. Size-
selected sSRNAs were eluted from the gel by incuigatine crushed gel in 50 NaOAc pH 5.2

and 500ul phenol-chloroform on 4 °C overnight with rotatioBamples were then transferred
into Phase Lock Gel tubes, following centrifugatfon 15 min at 15 000 g at 20 °C and upper-

lawyer was ethanol-precipitated.

Small RNAs were dissolved in 13 pl of RNase-fregenea3’ ligation reaction was performed in a
10 pl reaction containing @l of small RNAs, 1ul 10xT4 RNA ligation buffer without ATP (500
mM Tris-HCI pH 7.5, 100 mM MgG| 100 mM DTT, 60Qug/ml BSA), 5 U RNasin (Promega),
2 mM preadenylated 3' adaptor oligonucleotide ardl B4 RNA ligase (Promega) for 2 h at 20
°C.

Reactions were then mixed with formamide-loading dnd separated on 18 % polyacrylamide-
urea gel. 3' ligated Agol-associated SRNAs werésegdrom the gel according to the size (37—
45 nucleotides). Excised gel pieces were elutenh ffee gel by incubating the crushed gel in 500
ul NaOAc pH 5.2 and 5001 phenol-chloroform as described above. After etitgumecipitation,

3' ligated products were resuspended inuf & RNase-free water.
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5' ligation was performed by mixing 74 of 3' ligated sSRNAs with 2 pmol 5' adaptor
oligonucleotide (GUUCAGAGUUCUACAGUCCGACGAUC), 5 UNsin (Promega), 0.06 mg
BSA, 5 U T4 RNA ligase (Promega) in 10 ligation buffer (commercially supplied with T4
RNA ligase, containing ATP) and incubating at 20f6€2 hr.

Total 5' ligation reaction (10l) was used for reverse-transcription (RT) and miwéth 1l of 3'
RT oligo (ATT GAT GGT GCC TAC AG), 4l 5x First strand buffer (Invitrogen), @ DTT
(100 mM), 1ul dNTP mix (10 mM each), and? of RNase-free kD. 1ul aliquot was taken as a
negative RT control, and dl Superscript Il (Invitrogen) was added to thetrekthe reaction.
RT was performed by incubation for 1 h at 42 °Qlpfeed by treatment with RNase H (15 min
at 37 °C and enzyme deactivation 10 min at 75 °C).

To determine the cycle number necessary for amoptibn of generated cDNAs, a small scale,
test PCR was performed and analyzed on 3 % aga@elsefhen, PCR was performed using
lllumina P5 and lllumina P7 oligo with inserted bades (P158A1-P158H1) for 14-20 cycles.
PCR parameters were 1 cycle of initial denaturatib®4 °C for 2 min, followed by necessary
cycle numbers (14-20) of 94 °C for 15 sec, 60 °€C30 sec, and 72 °C for 30 sec, and a final
extension step of 72 °C for 4 min.

PCR products were concentrated using SpeedVac rfith&cientific) and purified on 10 %
agarose gels. Small aliquots of gel-purified PCBdpcts were analyzed on agarose gels along
with corresponding aliquots of 100 bp DNA ladderguantify the samples. Solexa sequencing
was performed at the Gene Center (lllumina Genomalyxer IIx; Lafuga). The quality of the
libraries was checked by the Agilent 2100 Bioanatys

Data analysis was performed by Mario Halic. lllumireads that matched to the first 6 nt of the
3' linker were selected. Small RNA reads in the sange 18-29 nt were mapped to $ngpombe
genome allowing 3 nucleotides mismatch of the siRMIA reads to the genome using Maq

(http://maqg.sourceforge.net) and Novoalign (htipaiv.novocraft.com). Reads mapping to

multiple locations were randomly assigned. Datagetse normalized to number of reads per
million sequences. Additionally, datasets were radized to total amounts of small RNAs that
were associated with Agol in corresponding strassdetermined by Agol pulldowns and
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guantification of Argonaute-associated small RN@se rRNA sequence was removed from data
analysis. Genome sequence and annotation thavailalde from theS. pombé&senome Project

(http://www.sanger.ac.uk/Projects/S_pombe/) wereedusThe data was displayed using

Integrative Genomics Viewer (IGV) (http://www.broadt.edu/igv). Sequenced strains are listed
in Table 5.3.

4.2.2.8 Triman activity assays

Eachin vitro assay is described in the result section of theesponding assay. In general,
around 50-200 ng of FLAG-Triman or FLAG-TrimanD28&#®as used and incubated with 100
fmol 5' **P labeled small RNAs that were generateditbyitro transcription or purchased.

Corresponding sequences of RNA templates are listdte Table 4.1.2.1. In a case Argonaute-
associated sRNAs were used to test Triman actiaityund 100-500 ng of extracted copurifying
RNAs were used. All reactions were run on 18 % aolylamide-urea gels and imaged by
phosphor imaging.

4.2.2.9 Argonaute slicer assay

In reconstitution of Argonaute-slicer activiiy vitro, FLAG-Argonaute was purified from
dcrlatri4 cells utilizing bead beater arid5 M Lysis buffe(see protein purification). 100 ng of
purified FLAG-Agol was loaded with 10 fmol small RNyuides:RNA22 RNA24 RNA26 or
RNA30in a reaction containinylgCh bufferfor 1 h at 32 °C. Then, 50 fmol of 8P labeled
130-nt target RNA (generated hy vitro RNA synthesis, chapter 4.2.2.3) was added to the
reactions and incubated for 2 h at 32 °C. Reactimre separated on 18% polyacrylamide-urea
gels and imaged by phosphor imaging.
The stability of the complex of Argonaute and smRMNA guides of different sizes was
performed by incubating 100 fmol of 8°P labeledRNA22 RNA24 RNA26 or RNA30with
resin-bound FLAG-Agol in a reaction containiMgClL buffer for 30 min at 32 °C. After
loading, reactions were washed two times by addimgl of Washing buffeand centrifugation
for 1 min at 1500 g to remove unloaded RNAs. Reastiwere then incubated for 2 h at 32 °C,
following 2 washing steps with 100 pl of wash buffé/ashes (representing dissociated RNAS)
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were ethanol-precipitated. Argonaute-bound RNAsewextracted by phenol-chloroform and
ethanol-precipitated. All fractions were analyzed1l® % polyacrylamide-urea gels and imaged

by phosphor-imaging.

4.2.3 Protein analysis

4.2.3.1 Protein affinity purification

Protein expression and purification was performgdisingS. pombeas the host and 3xHA or
3XFLAG peptides as protein purification tags. Piregewvere either over-expressed from PREP1
plasmids or endogenous genes were tagged. Cdlwes done by grinding in a coffee grinder
with dry ice for 10 min (Buker et al. 2007), or mgia MP Biotech bead beater. In a case lysis
was done using coffee grinder, cells were prepasede-suspending in 0.25 volumes of lysis
buffer and frozen by dropping into liquid nitrogeand after lysis additional 1 volume of lysis
buffer was added. Standard lysis buffer was nafi&dM Lysis bufferand contained 50 mM
Hepes (pH 7.6), 1.5 M NaOAc, 5 mM Mg(OAc)l mM EGTA, 1 mM EDTA, 0.1% (v/v)
Nonidet P-40 (NP-40) and protease inhibitors (Rrs¢einhibitor cocktail tablets, Roche,
Complete, EDTA free). When lysis was done for mggsctrometry analysisi50 mM lysis
buffer (50 mM Hepes pH 7.6, 150 mM NaOAc, 5 mM Mg(OAcd mM EGTA, 1 mM EDTA,
0.1% (v/v) NP-40, Protease inhibitor cocktail tas)ewas used and lysis was done utilizing

coffee grinder.

Lysates were transferred in 50-ml Falcone tubessand at 7 000 g for 15 min. Supernatant was
collected and incubated with prewashed anti-FLAG-Adarose beads (Sigma) or anti-HA on 4
°C for 2-3 h. The beads with immobilized proteinrevédoaded onto Bio-Rad polyprep column
and washed with 20 column volumes of lysis buf&raperone proteins were removed by adding
1 mM ATP in the last two washes. Elution was daméve fractions using elution buffer (lysis
buffer containing 0.2 mg/ml 3xFLAG peptide and 5%v] glycerol) and aliquots were flash

frozen in liquid nitrogen.
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4.2.3.2 Western blotting

Proteins of interest were separated by SDS-geltref@woresis and transferred to methanol-
preactivated polyvinylidene fluoride (PVDF) membegiMillipore). The transfer was done using
The Trans-Blo&D semi-dry transfer cell (Bio-Radgcording to the manufacturer's instructions.
The proteins on the blotted membranes were detduyestaining with a solution containing
amido-black (7.5 % HOAc, 20% EtOH, 0.1 % amido-E)aollowing destaining (50 % EtOH, 5
% HOAC). Then, membranes were washed in 1x TBSfieb(60 mM Tris-Cl, pH 7.5, 150 mM
NaCl, 0.05% Tween 20) and incubated in 5 % milkZdr on room temperature or overnight on
4 °C.

For the detection of FLAG-tagged proteins, the memé was incubated in a 1:5000 solution of
horseradish peroxidase-conjugated anti-FLAG M2Zbaaly (Sigma) in 1x TBS-T for 1 h at room
temperature. The detection of HA-tagged proteias @one in a 1:200 solution of HA-probe
Antibody (Santa Cruz) for 1 h at room temperatdiopwing 3 short washing steps with 1 x
TBS-T and incubation with the horseradish perox@desnjugated goat-anti-mouse 1gG-HRP
(Santa Cruz, 1:2000). For detection of tubulin, $aene procedure was done utilizingubulin
Antibody (Santa Cruz, 1:1000) and goat anti-rat-l4BP (Santa Cruz, 1:3000).

The proteins were detected using the ECL solutidre{mo Scientific) and imaged using LAS
3000 Mini Camera (FujiFilm).

4.2.3.31n-vitro co-immunoprecipitation assay

100-200 ng of resin bound HA-Triman was incubatath w00-200 ng of FLAG-Agol in a
reaction containing 25 mM Hepes pH 7.5, 2 mM MgQImM DTT, 0.02 % NP-40 for 1.5 h at
room temperature. Also, FLAG-Agol was mixed witle tHA-resin alone as a control for the
unspecific binding of Agol to the HA-resin. At thad of incubation time, resin was pelleted at 1
400 g for 3 min and supernatant (resin unbound) segerated from resin fraction. Resin was
further washed with 200l buffer containing 25 mM Hepes pH 7.5, 2 mM MgQ mM DTT,
0.02% NP-40 and 100 mM NaOAc. After washing, regas again pelleted at 1400 g for 3 min,
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and wash fraction was discarded. Washing step epsated two more times. Reactions were
loaded on polyacrylamide-gel and analyzed by wedtést using horseradish peroxidase-
conjugated anti-FLAG M2 (Sigma, 1:1000), or HA-peohntibody (Santa Cruz, 1:200) and goat
anti-mouse IgG-HRP (Santa Cruz, 1:2000).

4.2.3.4 Chromatin immunoprecipitation (ChlP) assay

ChIP assays were carried as described (Huang & &bd003). In standard experiments, yeast
cells were grown in YES medium. In the ChIP expenis of cells grown in varied growth
conditions, cells were grown in the low nitrogendien (EMMC-nitrogen) or low glucose
medium (EMMC+0.5 % glucose). 50 ml of cultures &4 of 1.0-1.3 were cross-linked with
1% or 3% formaldehyde at room temperature for 1%. iQuenching was done by treatment with
glycine (125 mM) for 5 min. Cells were washed twieigh water and resuspended in 5001.5

M Lysis bufferwith freshly added protease inhibitors (Proteadgbitor cocktail tablets, Roche,
Complete, EDTA free), 1 mM PMSF and 0.8 mM DTTLysis was done using a MP Biotech
bead beater three times for 30 sec. 7Oof lysis buffer was added to dilute lysates and
sonication was performed in 15 ml sonification wk&umilon) using Bioruptor UCD-200
(Diagenode) program for 35 cycles (30 sec soninatB® sec pauses). Chromatin supernatant
was obtained by spinning the lysate at 15 000 d %omin. Samples were normalized according
to the RNA concentration and 20 of supernatant was used for input DNA. Dimethgtht
H3K9 antibody (H3K9me2, Abcam no. Ab1220) was imitiobd on magnetic resin Dynabeads
Protein A (Novex, Life Technologies), for 15 minrabm temperature. Immunoprecipitation was
performed by adding supernatants and incubatidn’@t for 2 h. Beads with immobilized protein
were washed 5 times with lysis buffer and elutethviti5OuL of Chip elution buffe(50 mM
Tris-HCI pH 8.0, 10 mM EDTA, 1% SDS) at 65 °C fds inin. Also,ChIP elution buffemwas
added to the input samples to a final volume of ibEluted samples were treated with RNase
A for 30 min at 37 °C, following addition of Proteise K and incubation at 65 °C overnight to
reverse the crosslinks. DNA was purified by phertfdbroform method and ethanol-precipitated.
Samples were resuspended in 200 pl of water aridefuguantified using gPCR. Each set of

experiments was performed at least in three diffiebélogical replicates.
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5 Appendix
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Figure 5.1. Triman is conserved in eukaryotesthe sequence conservation is marked by color from n

conserved (white) to highly conserved (dark violesecondary structure elements are shown aboveseg. Blue

arrows represerft-strands; red cylinders represerfielices. TrimanD28A is an activity mutant and thetation is

represented by black star
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Table 5.1. Mass-spectrometry analysis of proteinepurifying with Flag-Argonaute.

5 Appendix

Argonaute IP Unique peptides | Coverage % Unique pedes | Coverage %
Agol 53 66 48 62

Tas3 19 49 15 35

Chpl 23 29 1 1

Arbl 19 55 2 7

Arb2 4 22 0 0

Triman 3 2 3
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Table 5.2. RNAI targets various genomic clusters irrp6A cells. Listed genes had more than 100 reads per million

and had siRNA enrichment of more than 5-fold coregdao wild-type cells.

denotes that itilArrp6A cells siRNA generation was abolished

+/- denotes that itrilArrp6A cells siRNA generation was reduced

+

denotes that itrilArrp6A cells siRNA generation was not significantly affeatt

(less than 2-fold reduction in siRNA generatisrcamparedrp6A cells

5 Appendix

Gene Chromosome Start End SiRNAs intril4 cells
SPAC977.14c Chromosome 1 5971b 60770
rps2202 / SPAC5D6.01 | Chromosome 1 1511797 1512189
rdsl/ SPAC343.12 Chromosome 1 1668071 16692179
myp2 / SPAC4A8.05¢c | Chromosome 1 2547351 2553665
SPAC4A8.06c Chromosome 1 2554013 2555749
SPAP7G5.03 Chromosome 1 3736955 37391p6
lysl SPAP7G5.04c Chromosome 1 3739162 37434p1
rad50 / SPAC1556.01c | Chromosome 1 3791831 37958bH6
mug21/ SPBC216.02 | Chromosome 2 89807b6 900981
SPBC21B10.03c Chromosome 2 1667059 1669434
erg6 / SPBC16E9.05 Chromosome 2 1923986 19251p2
SPBC18E5.10 Chromosome 2 2092851 209427
SPBC23G7.06¢ Chromosome 2 2106448 2108786
rpté / SPBC23G7.12¢c | Chromosome 2 2121530 2122783
SPBC1711.07 Chromosome 2 2146256 2147608
fabl / SPBC3E7.01 Chromosome 2 2653545 2659343
sptl6 / SPBP8B7.19 Chromosome 2 3671459 36745[18
srb4 / SPBC31F10.04c | Chromosome 2 3757531 3759284
gyp2 / SPCC1259.11c | Chromosome 3 1053866 105608
ntel SPCC4B3.04c Chromosome 3 1168730 1172786
SPCC4B3.03c Chromosome 3 1173490 11755p9
Rhp26 / SPCP25A2.02¢c| Chromosome 3 1179636 1182557
SPCC1442.04c Chromosome 3 1774200 1775429
Tf2 +
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Table 5.3. List of sequenced strains with the corsponding number of aligned reads.

Genotype Aligned reads in millions
wild type 28
trilAa 27
derla_1 26
derla_2 2.9
derla_3 1.6
derlatrila 1 12
derlatrila 2 3.3
rrp64_1 8.7
rrp64_2 5.3
rrpé4dcerld_1 2.7
rrp64dcrld_2 3.7
rrp64dcrld_3 3.7
rrp64dcerla_4 3
rrp64trild_1 4.5
rrp64trild_2 5.6
rrp64trild_3 8.4
ChIP_wild type 1.7
ChlIP_tril4 2.2
ChIP_clrd4 0.9
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