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ABSTRACT 
 
 

Mechanisms of RNA Mediated Silencing in S. pombe 
 

Christina A. Lawrence 
 

 
 

Heterochromatin of eukaryotic genomes has classically been defined as condensed chromatin 

that is repressive to transcription and typically resides at highly repetitive regions of the genome.  

Genetic and molecular analyses have demonstrated that these regions are essential for genome 

integrity and stability.  The fission yeast, S. pombe has emerged as a powerful system to 

understand the mechanisms of heterochromatin assembly.  The conserved RNA interference 

pathway has been shown to silence regions of the genome through post-transcriptional and 

transcriptional gene silencing mechanisms. RNAi directs transcriptional silencing via the 

recruitment of heterochromatin formation at the centromeres, telomeres, and mating-type region 

of S. pombe.  Assembly of heterochromatin domains has been postulated to occur in discrete 

nucleation and spreading (from nucleation sites) phases that requires histone modifiers as well as 

RNAi.  However, due to the highly repetitive architecture of heterochromatic regions, defining 

the mechanisms necessary for initiating heterochromatin nucleation has proven problematic.  We 

therefore aimed to investigate the mechanism of how heterochromatin is targeted to specific loci 

in order to establish a silent domain.  We also sought to determine potential differences in the 

regulation of the various repeats within the heterochromatin regions of S. pombe.  
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i. 
 

EPIGENETICS AND CHROMATIN 
 
 

As researchers have gained insights from whole genome sequencing projects, new questions of 

what additional mechanisms contribute to the vast complexity of an organism beyond the genetic 

code have become the focus of many investigations.  In the beginning of the human genome 

project scientists estimated that the genome of a human needed approximately 100,000 genes to 

carry out all the cellular processes needed to make up such a complex organism.  However, upon 

completion, the number of genes in the human genome was more around ~25,000.  How then 

can we have only a few thousand more genes than a worm or a fly and a few thousand less than a 

weed or a puffer fish?  We have moved beyond the study of classical Mendelian genetics, where 

by allelic differences are caused by mutations or changes in the DNA sequence, and on to the 

study of “epigenetics”.  The current working definition of an epigenetic phenomenon would best 

be described as a heritable change in phenotype that does not involve a change in the DNA 

sequence.  This broad definition covers various cellular processes such as paramutation, 

imprinting, gene silencing, x-chromosome inactivation, position effect variagation, nucleolar 

dominance, and even infectious proteins termed prions.  We have entered a phase in genome 

biology were these heritable epigenetic changes are controlled by non-coding transcripts, post-

translational modifications to histone tails, DNA methylation, and small RNAs.  The expression 

or repression of a gene is influenced by the architecture of the genome and intricate pathways of 

modifications and the proteins they recruit contribute to their regulation.  The field of epigenetics 

and even the definition is ever changing and new levels to the puzzle are discovered everyday. 
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The study of epigenetics began with work done by embryologists studying the evolution and 

development of eukaryotic organisms.  The scientist C. H. Waddington first coined the term 

“epigenetics” in 1942 (Waddington 1942b; Waddington 1942a).  He first described the 

phenomenon as “the study of casual mechanisms by which genes of the genotype bring about 

phenotypic effects”.  He was describing a mechanism by which genes give rise to phenotypes 

during development and how the interaction of genes with their surroundings may contribute to a 

particular phenotype.  

 

The fact that DNA is not naked contributes to the multidimentional layers of the genome.  The 

basic organization of eukaryotic chromosomes consists of protein and DNA complexes or 

chromatin.  Chromatin is made up of repeated units of a DNA/protein complex called a 

nucleosome (Kornberg 1974).  Nucleosomes were first described as “beads on a string” when 

these chains of particles where seen by electron micrograph (Thoma et al. 1979).  In 1984 Aaron 

Klug along with a member of his lab, Timothy Richmond, solved the nucleosome core structure 

to 7 angstroms resolution (Richmond et al. 1984).  Timothy Richmond’s group would later solve 

the structure to 2.8 angstroms resolution in 1997 (Luger et al. 1997).  Nucleosomes consist of 

147 bases pairs of DNA wrapped around a complex of proteins called histone proteins.  The 

histone octamer includes two of each of the class H2A, H2B, H3, H4 core histones. The linker 

histone H1 binds the nucleosome at the entry and exit sites of the DNA.  The structure of the 

nucleosome revealed that 30% of the mass of histones could be attributed to their highly flexible 

N-terminal tails, which protrude from the DNA (Luger et al. 1997; Richmond and Davey 2003).  

Post-translational modifications of the histone tails contribute to the regulation of gene 

expression and chromatin organization and will be discussed in detail later in this chapter 
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(Jenuwein and Allis 2001). The structure of the nucleosome continues to contribute to the 

understanding of how the chromatin template potentiates genetic information. 

 

In 1950 Stedman and Stedman would suggest that histones act as general repressors of gene 

expression (Stedman 1950).  However, they explained a mechanism by which different cells 

contain different histones, and histones were stripped off of promoters for gene activation and 

their subsequent expression.  They were not to far off considering we now know that histones are 

remodeled for certain functions.  Although, it was not until 1964 when Vincent Allfrey proposed 

that histone acetylation was correlated to gene activation that chromatin moved beyond a simple 

role in compacting the genome, to a role in the regulation of gene expression (Allfrey et al. 

1964). 

 

Although nucleosomes consist of a histone core octamer, researchers have also uncovered 

histone variant proteins, which provide an additional layer of transcriptional regulation 

independent of DNA replication.  Some think that replacement of existing histones with histones 

with a specialized function allows the genome a way to clear the existing modifications on the 

histone tails in order to provide immediate responses to change in environment or DNA damage.  

Each histone variant has been linked to specific functions.  For example, histone H3 is replaced 

with H3.3 in order to activate transcription (Ahmad and Henikoff 2002).  However, the histone 

H2A replacement, H2A.Z has been associated with both transcriptional activation and repression 

(Allis et al. 1986; Meneghini et al. 2003; Rangasamy et al. 2003; Rangasamy et al. 2004).  

CENP-A is a centromere specific H3 variant and is required for proper centromere function 

(Palmer et al. 1987; Howman et al. 2000).  H2A replacement with H2A.X has been linked to a 
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response to DNA damage (Howman et al. 2000).  In all, histone variants provide a way for an 

organism to quickly respond to the specialized needs of a cell, independent of the cell cycle in 

order to regulate gene expression and/or repression, to respond to changes in the environment, 

and to distinguish distinct regions of the genome. 

 

DNA methylation is the addition of a methyl group to a cytosine within the DNA.  DNA 

methylation was the first epigenetic mechanism known to correlate with gene repression and is 

present in all eukaryotes except for yeast (Bird 2002).  DNA methylation is present at regions of 

non-coding DNA, repetitive elements, and promoters in order to induce or maintain silencing.  

However, since this particular modification does not pertain to this thesis (S. pombe does not 

methylate DNA), it will not be discussed further. 

 

The study of epigenetics and chromatin has shifted researchers views on how the genome is 

controlled and organized.  Chromatin is no longer just viewed as a tool to wrap and organize 

DNA in the nucleus, but a highly dynamic and functional structure.  Epigenetic mechanisms 

provide the genome a way to establish and maintain an “on” or “off” state through cell division 

as well as provide a mechanism for a cell to respond to developmental cues and environmental 

factors.  In addition, the heritable nature of epigenetic modifications provides a cellular memory 

from one generation to the next.   

Epigenetics studies will continue to impact and change our views on how cellular processes are 

carried out within the genome. 
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ii. 

HETEROCHROMATIN VS. EUCHROMATIN 

 

Chromatin is usually divided into two classes termed heterochromatin and euchromatin, Emil 

Heitz first coined the terms while developing a new in situ staining method using moss in 1928.  

He described the two different nuclear territories he observed as heterochromatin for the dark 

staining portion of the nucleus that remained condensed during interphase, and euchromatin 

which was lighter staining and became invisible at late telophase (Heitz 1928). Euchromatin, in 

the modern sense can be described as part of the genome that is comprised of coding sequences 

and is generally transcriptionally “active”.  It is usually described as having an “open” structure 

that is sensitive to nucleases that allows for a state permissive to transcription. However, the 

focus of this thesis research is on heterochromatin and silenced regions of the genome.   

 

Heterochromatin is comprised of highly compacted regions of non-coding or “junk” DNA.  Due 

to the limited transcription that occurs in these regions, heterochromatin was once thought to 

silence regions of the genome that were not needed.  However, researchers have discovered that 

these regions are not only evolutionarily conserved but have an integral role in genome stability 

and organization.  For example, the disruption of centromere silencing factors in S. pombe results 

in a loss of heterochromatin and lagging chromosomes during late anaphase causing a defect in 

chromosome segregation (Allshire et al. 1995; Ekwall et al. 1996).  Centromeric heterochromatin 

was also shown to be necessary for the recruitment of cohesin in order for proper sister 

chromatid cohesion and therefore proper chromosome segregation (Bernard et al. 2001).  In 

addition, a loss of the histone H3 lysine 9 methyltransferases, Suv39h1 and Suv39h2, in the 
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murine system has a dramatic effect on chromosome stability, viability, and results in an increase 

in tumor risk (Peters et al. 2001).  These examples illustrate the importance of maintaining 

heterochromatin to ensure faithful propagation of the genome thus preserving viability.  

 

The first study of a heritable epigenetic change was performed by Muller in 1930 describing for 

the first time a phenomenon that what would later be know as PEV or position effect variegation 

(Muller 1930).  While studying the rates of X-ray induced mutations in the white gene of 

Drosophila, he noticed that the eye was variegated with patches of white and red.  A genetic 

mutation in the white gene should result in a white eye instead of the red pigmentation normally 

present in a wild-type eye.  The variegation in eye color suggested that the white gene itself was 

not mutated because there were still red patches present.  However, what would cause the white 

patches to occur?  Muller noticed his mutations were the result of translocations or inversions of 

the region of the X-chromosome containing the white locus and that this was responsible for his 

variegated phenotypes, although the mechanism escaped him (Muller 1930).  Later, staining of 

the polytene chromosomes would show that the cells containing the inactive gene contained a 

rearrangement of the chromosome that positioned the gene next to pericentromeric 

heterochromatin causing silencing (Zhimulev et al. 1988). Barbara McClintock would later 

describe the same phenomenon in maize (McClintock 1950).  PEV occurs in several organisms, 

including at S. pombe centromeres, and we now know that a rearrangement of a gene next to 

heterochromatin allows the silent state to spread into the adjacent gene (Allshire et al. 1994).  

 

Heterochromatin is found at regions of repetitive DNA, transposons, centromeres, telomeres, 

rDNA, and imprinted loci such as the mating type region in yeast. Heterochromatin is essential 
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for genome organization, sister chromatid cohesion, chromosome segregation, differentiation, 

and dosage compensation (Grewal and Jia 2007).  Specific histone tail modifications and effector 

proteins are associated with heterochromatin such as histone H3 lysine 9 methylation and the 

effector protein HP1 (heterochromatin protein 1), which will be discussed in detail later in this 

chapter (Bannister et al. 2001; Lachner et al. 2001).  Heterochromatin is usually referred to as 

either facultative or constitutive (Elgin and Grewal 2003).  Facultative heterochromatin is found 

at genes that are usually repressed but are activated based on times in the cell cycle or a specific 

developmental stage.  Constitutive heterochromatin is permanently silenced.  Centromeres are a 

region of constitutive heterochromatin comprised of highly repetitive elements that are the 

largest cluster of repeats in the genome (Grewal and Jia 2007).  Centromeres not only facilitate 

structure, but also are essential for chromosome segregation through mitosis and meiosis.  

Telomeres are another region of constitutive heterochromatin and serve as a way to protect the 

ends of chromosomes by forming a chromosomal “cap” (Elgin and Grewal 2003)  

 

Heterochromatin and euchromatin were first described based on their staining in the nucleus as 

described above, however we now know that this spacial organization within the nucleus is non-

random and may serve a function in gene expression (Heitz 1928; Mirkovitch et al. 1987; 

Andrulis et al. 1998).  Susan Gasser’s group performed the majority of experiments investigating 

this hypothesis in S. cerevisiae.  They have demonstrated that key components of the silencing 

complex were at the nuclear periphery and when mutants were introduced releasing the 

telomeres from the periphery, the telomeres would lose silencing (Laroche et al. 1998; Andrulis 

et al. 2002).  However, Gasser’s lab would later show that if both the silencing factors and the 

telomeres were released from the periphery, the telomeres would still be silenced (Gartenberg et 
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al. 2004).  These observations discard the notion that localization to the nuclear periphery is 

essential for gene silencing, but perhaps the specific localization of heterochromatin ensures a 

more efficient means of silencing due to the concentration of silencing factors at one site.  

 

The essential function of heterochromatin is clear, however the mechanisms behind how the 

genome decides what part of chromatin should be compacted into heterochromatic regions and 

what parts should be maintained as euchromatic, are still unclear.  The heterochromatin 

machinery is thought to target a locus, maintain silencing, and spread to adjacent loci. Due to the 

highly repetitive nature of heterochromatin, determining the mechanisms involved in targeting 

are difficult.  The main focus of this thesis is to address these mechanisms.   

 

 

iii. 

THE COVALENT POST-TRANSLATIONAL MODIFICATIONS OF HISTONES 

 

As mentioned previously, the first observation linking histone tail modifications and gene 

expression was done my Allfrey, Faulkner, and Mirsky in 1964 (Allfrey et al. 1964).  They used 

chromatin templates and crude calf thymus RNA polymerase preparations to show that prior 

acetylation of histone tails relieved transcriptional inhibition.  The authors commented:  “This 

raises the possibility that relatively minor modifications of histone structure, taking place on the 

intact protein molecule, offer a means of switching –on or –off RNA synthesis at different loci 

along the chromosome” (Allfrey et al. 1964).  The experiment itself and the speculations 

provided were astonishing for the time and would only much later be proven.  Eventually the N-
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terminal tails, which make up more that a quarter of the nucleosome mass, were shown to 

contain an array of covalent modifications such as phosphorylation, methylation, acetylation, 

sumoylation, ADP ribosylation, deimination, proline isomerization, and ubiquitination (Vaquero 

et al. 2003; Kouzarides 2007). These observations also led to the realization that N-terminal tails 

are marked in order to recruit modifying proteins and the machinery necessary to enhance or 

repress transcription (Jenuwein and Allis 2001).  The scope of this thesis concentrates on histone 

tail acetylation and methylation therefore, these will be further described in detail. 

 

Nearly ten years after Allfrey et. al, another example correlating gene activity and histone 

acetylation came from a study done in the ciliate Tetrahymena thermophila (Gorovsky et al. 

1973).  Tetrahymena, like other ciliates, contains a transcriptionally active macronucleus and a 

transcriptionally inert micronucleus.  Hyperacetylated histone H4 was only found in the 

macronucleus while hypoacetylated histone H4 was only found in the micronucleus, again 

providing an indirect link between the degree of acetylation and gene activity (Gorovsky et al. 

1973). 

 

Experiments performed in yeast and chicken provided the first direct evidence that modifications 

to histone tails might modulate transcription.  Chromatin fragments were directly 

immunoprecipitated with antibodies recognizing hyperacetylated histones, revealing that 

hypoacetylated histones were associated with repressed genes and hyperacetylated histones 

occurred within active genes (Hebbes et al. 1988; Braunstein et al. 1993).  Further direct 

evidence was provided when the first histone acetyltransferase (HAT), p55, was purified in 

Tetrahymena uncovering a direct homology to the co-activator GCN5 (Brownell et al. 1996).  
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GCN5 was already known to be required for transcriptional activation of several genes in yeast. 

Since these ground-breaking discoveries, many other co-activators have been shown to have 

HAT activity such as p300/CBP, hormone receptor co-activators SRC-1 and ACTR, and a 

component of the RNA polymerse II transcription complex, TAFII250, just to name a few 

(Bannister and Kouzarides 1996; Mizzen et al. 1996; Ogryzko et al. 1996; Chen et al. 1997; 

Spencer et al. 1997).  We also now know that typically multiple lysine residues contain 

acetylation marks and these modifications are carried out by a variety of HAT complexes. 

 

Around the same time that p55 was purified, a mammalian histone deacetylase (HDAC1) was 

purified and was shown to be homologous to the yeast co-repressor RPD3 (Taunton et al. 1996).  

Since then, several evolutionarily conserved classes of histone deacetylases have been found.  

The first class (class I) consists mammalian HDAC1-3, 8 and the yeast RPD3, while the second 

class (class II) of mammalian HDAC4-7A,9,10) (Rundlett et al. 1996; Downes et al. 2000).  The 

third class of histone deacetylases is referred to as the SIR2-type or sirtuins in mammals, and is 

NAD+-dependent (Imai et al. 2000).  These results demonstrate that the reversible acetylaton of 

histones is a widespread, evolutionarily conserved mechanism that contributes to transcriptional 

control in all eukaryotes.  

 

After initial observations linked the role of histone acetylases and deacetylases to the control of 

transcriptional activation and repression, respectively, genetic data conclusively demonstrated 

their influence on transcription.  Mutations that abolished HDAC activity of either RPD3 or 

HDAC1 inhibited their repressive activity on target genes in vivo (Hassig et al. 1998; Kadosh 

and Struhl 1998).  At the same time mutations eliminating the HAT activity of GCN5 effected 
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the activation of target genes (Kuo et al. 1998).  In addition purification studies of RPD3 and 

GCN5 demonstrated their recruitment to target promoters along with additional binding proteins 

in order for efficient repression or activation.  For example, RPD3 partners with sequence-

specific DNA-binding proteins, such as YY1 and UME6, for repression (Yang et al. 1996; 

Kadosh and Struhl 1997).  Similarly, GCN5 is targeted to promoters by interactions with proteins 

such as VP16, through an association with an adapter protein, ADA2 or with the basal 

transcription machinery (Silverman et al. 1994; Barlev et al. 1995; Chiang et al. 1996; Drysdale 

et al. 1998; Utley et al. 1998).  Specifically, recruitment of either RPD3 or GCN5 results in the 

deacetylation or acetylation of specific lysine residues on the N-terminal tails of histones H3 or 

H4.  Typically, acetylation of lysines 5, 8, 12, and 16 on histone H4 and lysines 9 and 14 on 

histone H3 are associated with active transcription, however, the removal of these marks 

correlates with repression (Kuo et al. 1996; Rundlett et al. 1998).   

 

Mechanisms controlling transcriptional activation and repression have also been intricately 

linked to methylation marks of specific lysines on the histone H3 and H4 tails.  Methylation 

marks on H3 lysine 9 and lysine 4 were extensively mapped over 47 kilobases by the Grewal 

laboratory at the mating type locus of fission yeast, S. pombe.  They demonstrated that H3 

methylated at lysine 9 was enriched in regions of repressed chromatin, whereas H3 methylated at 

lysine 4 was enriched in regions of active chromatin (Noma et al. 2001).  Similar results were 

also demonstrated at the chicken β-globin domain indicating an evolutionarily conserved 

association (Litt et al. 2001).  Methylation of histone H3 at lysine 9 has a well-established role in 

heterochromatin and is often referred to as a “hallmark” of heterochromatin (Lachner et al. 

2001).  We now know several other methylation marks that occur on the N-terminal tails of 

20



histones, and each mark typically is associated with either transcriptional repression or 

activation.  Histone H3 methylated at lysine 4, 36, and 79 are correlated with active regions of 

the genome, while histone H3 methylated at lysine 9, 27, and histone H4 lysine 20 are associated 

with transcriptional repression.  However, not all organisms have been shown to contain every 

mark, for example histone H3 methylated at lysine 27 has never been detected in S. pombe. 

 

The first examples of histone methyltransferases (HMTs) were mammalian SUV39H1 proteins, 

which were shown to be homologous to the Drosophila suppressor of position effect variagation, 

SU(VAR)3-9 (Rea et al. 2000).  The mammalian homologs, SUV39H1 and SUV39H2 have been 

shown to be required for pericentromeric H3 lysine 9 methylation as well as genomic stability 

and developmental viability in double knock-out mice (Peters et al. 2001).  Clr4 is also thought 

to be the sole H3 lysine 9 methyltransferase in S. pombe and is required for heterochromatin 

formation (Nakayama et al. 2001).  H3 lysine 4 methyltransferases have also been identified, 

including SET1 in S. cerevisiae and S. pombe, SET7 in human HeLa cells, and murine MLL 

(Briggs et al. 2001; Wang et al. 2001; Bryk et al. 2002; Milne et al. 2002; Noma and Grewal 

2002).   

 

Lysine methylation occurs as mono-, di-, or tri-methylation, which adds an extra layer of 

regulation and complexity to this specific modification.  Importantly, each degree of methylation 

may correlate with activation or repression and specify distinct chromatin domains.  For 

example, in the budding yeast S. cerevisiae (where lysine 9 methylation does not occur) H3 

lysine 4 dimethylation is found at both inactive and active loci, however, only H3 lysine 4 

trimethylation is detected in active gene promoters (Santos-Rosa et al. 2002).  In addition, the 
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histone methyltransferase SET1 is required for the trimethylation and is targeted to promoters by 

interacting with the elongating form of RNA polymerase II (Ng et al. 2003).  Recently these 

marks were defined further by showing that at a target gene, monomethylation is enriched at the 

3’end, dimethylation peaks in the middle, and trimethylation correlates to the transcription start 

site.  Researchers speculated that a possible explanation for this localization is the fact that 

H3K4me1 occurs at a basal level and as SET1 associates with Pol II, it converts monomethyl 

into dimethyl and trimethyl (Pokholok et al. 2005).  Furthermore, mammalian cells display a 

pattern of H3 monomethylation at lysine 9 in euchromatic domains that are repressed, whereas 

H3 trimethylated at lysine 9 is found at constitutively repressed heterochromatin (Peters et al. 

2003; Rice et al. 2003).   

 

The first direct evidence that the post-translational modifications present on histone tails recruit 

other modifying enzymes was seen when the structure of the bromodomain from the histone 

acetylatransferase, P/CAF, bound to aceytl-lysine was solved (Owen et al. 2000).  This was the 

first example of the conserved bromodomain having a specific association with a lysine residue.  

Furthermore the double bromodomain structure of human TAFII250 was solved and shown to 

interact specifically with H4 acetylated tails at either lysines 5/12, lysines 8/16, or only lysine 16 

(Jacobson et al. 2000).  Moreover, the double bromodomain structure binds most tightly to the 

H4 tail at lysines 5 and 12 during isothermal titration experiments (Jacobson et al. 2000).  About 

a year later the evolutionarily conserved chromodomain of the heterochromatin protein 1, HP1 

was shown to bind to histone H3 methylated at lysine 9, along with the structure of the 

interaction (Bannister et al. 2001; Jacobs et al. 2001; Lachner et al. 2001; Fischle et al. 2003).  

HP1 is crucial for heterochromatin formation and also nucleates cohesion of sister centromeres 
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during cell division by recruiting cohesin (Eissenberg et al. 1990; Bernard et al. 2001; Nonaka et 

al. 2002; Partridge et al. 2002).  Homologues exist throughout higher eukaryotes beginning with 

S. pombe (Swi6) all the way to the three isoforms present in humans (HP1α, HP1β, and HP1γ) 

(Lorentz et al. 1994; Ma et al. 2001).  Each HP1 protein interacts with additional factors and has 

distinct localization patterns that contribute to their role in heteochromatin formation. 

 

Until recently it was thought that methylation marks were irreversible and that the only way to 

eliminate or replace these marks was to replace the entire histone.  However in 2004, a lysine 

specific demethylase, LSD1 was described (Shi et al. 2004).  LSD1 is an amine oxidase that 

specifically removes histone H3 lysine 4 methylation by a FAD-dependent oxidative 

destabalization of the amino-methyl bond (Shi et al. 2004).  In addition it was shown to only 

demethylate mono- and di- methylated forms of lysine 4 and not trimethylation.  LSD1 was 

shown to be in a large complex containing HDACs and additional enzymes in order to 

collectively modify tails and facilitate transcriptional repression (Lee et al. 2005; Shi et al. 2005).  

Researchers have also shown that LSD1 demethylates H3K9me2 while in a complex with the 

androgen receptor to activate transcription of target loci (Metzger et al. 2005).  The LSD1 

homologues in S. pombe have also been shown to specifically demethylate H3K9me2 and 

associate in a complex (Lan et al. 2007; Opel et al. 2007).  A second class of histone 

demethylases was also found and described as hydroxylases or dioxygenases that contain an 

evolutionarily conserved jumonji domain (Tsukada et al. 2006). The mammalian genome 

contains around thirty known jumonji proteins, which suggest the existence of an array of 

functional demethylases yet to be described (Fodor et al. 2006; Klose et al. 2006; Whetstine et al. 

2006; Chang et al. 2007).  Studies have not yet revealed whether every methyl mark can be 
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removed.  S. pombe has seven JmjC domain proteins and at least one, Jmj2, has been shown to 

have H3 lysine 4 demethylase activity (Huarte et al. 2007).  However, Jmj2 only demethylates 

the trimethyl mark, which in turn results in H3 lysine 4 mono- or di- methylation. 

 

In the end, the post-translational modifications of histone tails have implications for how 

chromatin and the genome are regulated. Histone tail modifications are the framework for 

intricate pathways that mediate interactions between transcriptional activators and repressors.  

They also specify the assembly of higher order heterochromatin structures that are vital to an 

organism’s viability.  A controversial “histone code” hypothesis has also been proposed 

suggesting an evolutionarily conserved code that can predict histone modifications and in turn a 

regions transcriptional state (Jenuwein and Allis 2001).  However, unlike the predictable and 

universal genetic code, histone modifications vary from one organism to the next.  Furthermore, 

a specific modification does not always result in the same biological response inducing a limit on 

what would be defined as a code.  Additional modifications and regulatory mechanisms are 

consistently being uncovered, so it may be some time before anyone can actually prove a 

“histone code” exists.  ** 

 

** This thesis does not aim to provide a description of every histone modification, as such an 

explanation would be extravagant due to the development of the field.  Therefore, a discussion of 

additional modifications has been intentionally omitted.  A background has been provided that 

pertains to the data presented herein. 
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iv. 

RNAi 

 

RNA interference (RNAi) can be described in a broad sense as a gene silencing mechanism 

triggered by double stranded RNA (dsRNA).  The exogenous or endogenous dsRNA trigger is 

then processed into small interfering RNAs (siRNAs), which are then loaded into an effector 

complex in order to act as guides to target complementary mRNAs for degradation or post-

transcriptional gene silencing (PTGS).  RNAi has also been shown to target heterochromatin to 

regions in order to induce transcriptional gene silencing (TGS), which will be discussed in detail 

in the next section.  In addition, RNAi is also involved in translational inhibition through the 

involvement of a micro RNA (miRNA) pathway, however this will not be discussed as it does 

not pertain to the work described in this thesis.  RNAi pathways have been found in higher 

eukaryotes ranging from fission yeast to humans (Lee and Ambros 2001).  Although the 

phenomenon of RNAi has a relatively short history, the impacts it has made on the understanding 

of endogenous silencing mechanisms, in addition to the impacts it has made on the field of 

functional genomics are immeasurable.  Furthermore, the use of RNAi as a tool will undoubtedly 

shape future therapeutics for a wide range of diseases as well as contribute to advances in 

biotechnology. 

 

The first reports of an RNA intermediate being involved in silencing came from a study done in 

petunias by Napoli and Jorgenson in 1990 (Napoli et al. 1990).  They overexpressed the 

pigment-producing gene, chalcone synthase, which gives petunias their dark violet color.  

However, when they transformed in the transgene the resulting progeny were variegated or even 
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white.  The level of chalcone synthase RNA was fifty fold lower than in wild-type petunias.  

Napoli and Jorgenson used the term “cosupression” to describe this phenomenom because 

presumably the introduced transgene was “cosupressing” the endogenous copy of the chalcone 

synthase gene (Napoli et al. 1990).  Cosupression would later be described in a number of plant 

species as well as in Drosophila.  Around the same time a similar discovery was made in 

Neurospora crassa by Romano and Macino, however they described the insertion of a 

homologous RNA sequence as “quelling” the expression of the endogenous gene (Romano and 

Macino 1992).  A key experiment examining the silencing of the par-1 gene in C. elegans would 

further add to the discovery of RNAi (Guo and Kemphues 1995).  Researchers at the time were 

using antisense RNA in an attempt to silence a homologous mRNA with the thinking that the 

antisense strand would hybridize to the sense strand and create double stranded RNA in order for 

targeting and degradation by cellular ribonucleases.  Interestingly, when Guo and Kemphues 

introduced a control sense RNA, which would not hybridize to the par-1 transcript, they still 

observed silencing of the par-1 gene regardless of the addition of sense or antisense RNA (Guo 

and Kemphues 1995).  Furthermore, experiments performed by plant virologists studying viral 

resistance showed that short non-coding regions of viral RNA sequences integrated into plants 

made them more resistant to the viruses.  Alternatively, short sequences of plant genes 

introduced into viruses suppressed the target gene of the infected plant (Ratcliff et al. 1997).  

Collectively, these experiments referred to the same observation of post-transcriptional gene 

silencing, however the molecular mechanisms of this phenomenon would later be explained. 

 

Mello and Fire in 1998 published a historic paper that would provide the first explanation for the 

observations described above and also won them the Nobel Prize in 2006 for the discovery of 
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RNAi (Fire et al. 1998).  They hypothesized that the silencing trigger was not single-stranded 

RNA (ssRNA), but dsRNA.  Using the nematode C. elegans, they extensively purified sense and 

antisense ssRNA to avoid any dsRNA contamination, which they predicted was the cause of 

silencing seen by Guo and Kemphues at the par-1 gene (Guo and Kemphues 1995; Fire et al. 

1998).  Next a direct comparison was done between the introductions of ssRNA vs dsRNA 

homologous to the unc-22 gene.  They consistently found that ssRNA was 10 to 100 fold less 

effective at silencing than a dsRNA trigger.  Furthermore, the dsRNA had the ability to 

completely silence the unc-22 gene resulting in a null phenotype with only a few dsRNA 

molecules.  Sense RNA was able to silence if the antisense RNA was subsequently introduced or 

vice versa indicating their ability to hybridize in vivo (Fire et al. 1998).  While, this work 

established an entirely new way of thinking regarding the ability of RNA to affect gene 

silencing, the collective work of several labs using biochemistry as well as classical genetics 

would determine the molecular mechanism behind their discovery. 

 

Hamilton and Baulcombe were the first to describe the short interfering RNA (siRNA) 

intermediates necessary for targeting of a homologous mRNA (Hamilton and Baulcombe 1999).  

They hypothesized that since a full length antisense transcript was never detected perhaps a 

stable intermediate existed that would serve as a guide that would bind to the target resulting in 

its degradation.  Indeed, they detected 25 nucleotide (nt) RNAs that were only present in plants 

undergoing cosuppression and not in wild-type plants (Hamilton and Baulcombe 1999).  Soon 

after, two independent labs purified 21-23nt RNAs from Drosophila cell extracts that copurified 

with RNAi (Hammond et al. 2000a; Zamore et al. 2000).  These experiments determined that 

dsRNA was converted into a short RNA intermediates that are capable of binding the target 
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homologous mRNA and cleaving the transcript (Hammond et al. 2000a; Zamore et al. 2000).  

Furthermore, the Tuschl lab incubated Drosophila cell extracts with synthesized 21-22nt siRNAs 

homologous to the firefly luciferase transcript to definitively demonstrate that silencing does 

occur via small effector molecules (Elbashir et al. 2001b).  In addition, a 2-3nt overhang on the 

3’ end of the siRNA was shown to silence the target mRNA more efficiently (Elbashir et al. 

2001b).  The Tuschl lab also showed efficient silencing using small RNAs in mammalian cells 

(Elbashir et al. 2001a).  This finding was a massive breakthrough for functional genomic assays 

because up until then, long dsRNA induced an interferon response, inhibiting general translation.  

RNAi could now be used to knockdown genes in mammalian cells for loss of function assays. 

 

The focus next turned to identifying the enzyme or enzymes responsible for processing the 

dsRNA trigger into siRNAs as well as the cleavage of the mRNA target.  The Hannon lab first 

determined that these two steps were separable by high-speed centrifugation of Drosophila cell 

extracts (Hammond et al. 2000a; Bernstein et al. 2001).  They observed that the activity that 

produces the siRNA remained in the supernatant where as the activity that cleaved the mRNA 

target was cleared.  The separable cleavage activity of the mRNA target was termed RNA-

induced Silencing Complex (RISC), which was referred to as the “effector” phase of RNAi-

mediated silencing (Hammond et al. 2000a).  In order to determine the enzyme responsible for 

the “initiator” phase, or cleavage of dsRNA into siRNAs, a candidate gene approach was taken.  

After several classes of dsRNA ribonucleases were tested for the ability to produce 21-23nt 

products, a RNase III type enzyme was identified and termed Dicer (Bernstein et al. 2001).  

Deletion of Dicer eliminates dsRNA silencing, and the enzyme is found in all organisms that 

have the RNAi machinery (Bernstein et al. 2001).   
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The RISC complex was purified from human HeLa cells by biotin labeling the 3’ termini of 

siRNAs (Martinez et al. 2002).  The siRNAs coimmunoprecipitated with two proteins with 

molecular weights around 100 kDa identified as Argonaute 1 and Argonaute 2.  Argonaute 

proteins are a highly conserved family that were first named in plants and contain the 

evolutionarily conserved PAZ and PIWI domains (Bohmert et al. 1998).  Genomic screens for 

proteins involved in RNAi revealed the involvement of the Argonaute proteins in several 

organisms including rde-1 in C. elegans, Ago1 in Arabidopsis, and QDE2 in Neurospora 

(Cogoni and Macino 1997; Tabara et al. 1999; Fagard et al. 2000).  The identification of slicer 

activity came from two labs.  First, the Joshua-Tor lab crystallized an Argonaute protein from 

Pyrococcus furiosus where they noticed a resemblance between the PIWI domain and the 

conserved catalytic domain of RNase H enzymes (Song et al. 2004).  Similar to an RNase H 

enzyme, the slicer activity required divalent cations and left a 3’ OH and 5’ phosphate termini on 

the cleaved product.  Also they determined, based on the structure, that the 3’ end of the single-

stranded siRNA would sit in the PAZ domain; while the rest of the siRNA could bind the target 

mRNA transcript and stimulate cleavage by the PIWI domain (Song et al. 2004).  In 

collaboration, the Hannon lab was purifying Ago1-4 from human 293 cells and assaying for their 

cleavage activity (Liu et al. 2004a).  Interestingly, only Ago2 cleaved a target mRNA, and when 

its catalytic domain was mutated, slicer activity was eliminated (Liu et al. 2004a).  In addition, 

two other labs determined that Ago2 was also responsible for the cleavage of the non-

incorporated strand of the double-stranded siRNA and there was no involvement of a helicase for 

unwinding the duplex (Matranga et al. 2005; Rand et al. 2005).  Several different RNAi effector 
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complexes have now been identified in various organisms; however, they all contain an 

Argonaute protein.   

 

Another component of the RNAi silencing machinery is an RNA-dependent RNA polymerase or 

RdRP, which catalyzes the synthesis of RNA using an RNA template.  RdRP proteins have only 

been identified in plants, worms, and fission yeast (Schiebel et al. 1993; Cogoni and Macino 

1999; Smardon et al. 2000; Sijen et al. 2001; Volpe et al. 2002).  RdRP proteins are thought to 

function in amplifying the RNAi response by synthesizing additional dsRNA for dicer cleavage 

using existing siRNAs as templates.  In C. elegans, RdRP was shown to produce a distinct class 

of “secondary” siRNAs with specific structural features that use dicer produced “primary” 

siRNAs as templates for amplification of the initiation pathway (Pak and Fire 2007; Sijen et al. 

2007).  The RdRP homologue in S. pombe is thought to be required for the initiation of Dicer 

produced siRNAs, however chapter four in this thesis is devoted to showing that this is not the 

case (Motamedi et al. 2004). 

 

Ultimately, RNAi pathways have far-reaching effects.  The RNAi pathway is now the leading 

tool for studying loss of gene function in most organisms due to the ease and robustness of the 

silencing assay.  The continuing excitement about the possible use of the RNAi pathway in 

clinical applications has also sparked interest in the study of the molecular mechanisms 

controlling silencing.  Future studies of RNAi will undoubtedly continue to shape the way we 

study molecular biology and potentially change the framework for how we treat disease. 

 

 

30



v. 

THE INTERFACE BETWEEN POST-TRANSLATIONAL MODIFICATIONS AND RNAi 

 

RNAi has also been implicated in transcriptional gene silencing (TGS) via the recruitment of 

heterochromatin to specific loci.  Several studies alluded to the fact that an RNAi intermediate 

was involved in the recruitment of heterochromatic silencing.  The introduction of the potato 

spindle tuber viroid (PSTV) into a tobacco plant induced DNA methylation at transgenic regions 

of homologous nuclear sequences (Wassenegger et al. 1994).  The PSTV genome is 359 nt RNA 

genome and replicates by an RNA-RNA pathway.  Interestingly, what suggested the requirement 

of an RNA intermediate was the fact that the integrated copies of PSTV DNA were only 

methylated when the host plant supported transcription of the viroid RNA (Wassenegger et al. 

1994).   In addition, the observation in Arabidopsis that the production of aberrant transcripts 

induced the recruitment of DNA methylation followed by transcriptional gene silencing of all 

homologous promoters led to the idea that RNA was somehow involved in the nucleation of 

silencing throughout the genome (Mette et al. 1999).  However, it was not until studies done in 

S. pombe showed a direct connection between the loss of RNAi and a loss of heterochromatin 

that the RNAi pathway was established as a pathway involved in the recruitment of 

heterochromatin and the organization of the genome (Volpe et al. 2002).  Plants and fission yeast 

are the primary systems used to investigate RNAi-directed heterochromatin formation and 

therefore will be discussed in detail, while examples and correlative studies performed in other 

eukaryotes will be discussed briefly.  
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Mechanisms of RNAi induced transcriptional silencing in plants compared to fission yeast are 

similar with one significant difference: plants contain methylated DNA at heterochromatic 

regions.  The process in plants by which siRNAs produced by the RNAi pathway guide de novo 

DNA methylation to a homologous DNA region is termed RNA-directed DNA methylation 

(RdDM) (Wassenegger et al. 1994).  The major targets of RdDM are transposons and repeats 

that are present in both constitutive and facultative regions of heterochromatin (Matzke et al. 

2007).  The RdDM silencing pathway has not only been implicated in silencing transposons and 

centromeric repeats but also in the regulation of genes required for plant development (Matzke et 

al. 2007). The initial components required for silencing were identified in genetic screens done 

by three separate labs (Chan et al. 2004; Mathieu and Bender 2004; Matzke et al. 2004).  The 

silencing screens performed in Arabidopsis, utilized inverted repeats introduced in trans to 

induce silencing of endogenous promoters or transgenic reporter genes.  Therefore a defect in 

silencing would indicate a gene required for the RdDM pathway.  Initial screens only recovered 

one component of the RNAi pathway, the argonaute protein AGO4 that has subsequently been 

shown to be required for de novo DNA methylation of a target locus (Zilberman et al. 2003).  

However, two DNA methyltransferases were identified, MET1 and CMT3 and were shown to be 

required for RdRM silencing pathway (Bartee et al. 2001; Lindroth et al. 2001).  The main 

problem with identifying components required for silencing using a forward genetic screen is 

that frequently genes have redundant functions.  This may be why only one component of the 

RNAi pathway was initially identified.  For example, DCL3 (DICER-LIKE 3) and RDR2 (RNA-

DEPENDENT RNA POLYMERASE 2 are required for production of 24-nt siRNAs originating 

from transposons and repeats, however, two other DCL genes are partially redundant (Xie et al. 

2004).  The de novo DNA methyltransferase DRM1 and DRM2 are also redundant genes 

32



required for the RdRM pathway that were identified in reverse genetic screens (Gasciolli et al. 

2005).   

 

Other mutants identified in the above screens were the H3K9 methyltransferase SUVH4, along 

with chromatin remodelers belonging to the SWI/SNF family presumably acting to alter the 

chromatin structure to facilitate transcription (Jackson et al. 2002; Malagnac et al. 2002).  

However, loss of the DNA methyltransferase CMT3 or H3K9me does not result in a loss of 

siRNA accumulation (Lippman et al. 2003).  In contrast, a loss of the DNA methyltransferase, 

MET1 or DRM1 does result in a loss of siRNA accumulation and H3K9me2 at a subset of 

transposons and repeats (Cao et al. 2003; Lippman et al. 2003).  The loss of the chromatin 

remodeler, DDM1 abolishes siRNA production and H3K9me in some cases as well (Cao et al. 

2003).  In Arabidopsis, the centromeric satellite repeats are composed of arrays of tandem 

repeats on either side of the centromere that are transcribed and processed by the RNAi 

machinery.  Silencing at the centromeres requires DCL3, RDR2, DDM1, H3K9me, and CMT3.  

However, if you insert a retrotransposon into the centromere repeats additional machinery is 

required for silencing including MET1 and HDA6 (Histone Deacetylase 6) (May et al. 2005).  

Recently, another key component to the RdRM pathway has been identified, RNA polymerase 

IV (Herr et al. 2005; Onodera et al. 2005).  Pol IV was identified by genome sequence analysis 

of the Arabidopsis genome, and contains two separate isoforms, Pol IVa and Pol IVb (Kanno et 

al. 2005; Onodera et al. 2005; Pontier et al. 2005).  The two isoforms act specifically at different 

stages of the RdRM pathway in conjuction with specific chromatin remodelers.  
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Collectively, from the data obtained, one can group the components of the RdRM pathway into 

three stages, including: 1) proteins required for producing, stabilizing, and interacting with the 

RNAi trigger, 2) proteins involved in the de novo and maintenance DNA methylation, and 

finally 3) components involved in the histone modifications required for maintenance of 

silencing at the target loci.  The isoform Pol IVa along with the chromatin remodeler, CLSY1 are 

required to produce the initial transcript from the trigger, followed by amplification by RDR2 

and processing by DCL3 (Xie et al. 2004; Smith et al. 2007).  siRNAs then bind to AGO4 to 

guide them to the target locus (Zilberman et al. 2003; Qi et al. 2006).  AGO4 interacts with the 

Pol IVb isoform along with the chromatin remodeler DRD1 to facilitate de novo DNA 

methylation at the target (Li et al. 2006).  At present, it is not clear whether Pol IVb actually 

transcribes at the target site or simply acts to open the chromatin structure to expose DNA to 

methytransferases.  DRM1 is then required for de novo DNA methylation at the target followed 

by the maintenance methyltransferases, CMT3 and MET1 (Cao et al. 2003).  The histone 

methyltransferase SUVH4 and the histone deacetylase HDA6 are subsequently required for the 

maintenance of DNA methylation and silencing at the target (Aufsatz et al. 2002; Malagnac et al. 

2002).  The roles for additional components of the RdRM pathway, specifically proteins with 

redundant functions in silencing, are still under investigation.  

 

In addition to silencing transposons and repeat elements, the RdRM pathway is also required for 

silencing developmentally regulated genes.  For example, the Arabidopsis FWA (Flowering 

Wageningen) gene is a transcription factor only expressed by the maternal genome in endosperm 

(Kinoshita et al. 2004).  FWA contains a pair of transposon-associated tandem repeats in its 

promoter that give rise to siRNAs that leads to DNA methylation and silencing (Kinoshita et al. 
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2004; Lippman et al. 2004).  The loss of the DNA methyltransferase MET1 eliminates siRNA 

production and results in the upregulation of FWA and a late flowering phenotype. Interestingly, 

this phenotype is not observed in mutants of the RNAi machinery.  However, FWA transgenes 

are silenced when introduced into the genome and this silencing depends on DCL3, RDR2, and 

AGO4 suggesting a role for RNAi in initiating silencing via the RdRM pathway (Chan et al. 

2004).  This would also suggest a role for MET1 in maintaining silencing at this locus. 

 

The ciliate Tetrahymena thermophila has also been used to study the mechanism of RNAi-

mediated heterochromatin formation.  Tetrahymena contains two distinct nuclei, a micronucleus 

that contains the germ-line and is transcriptionally inactive, and a macronucleus that contains the 

transcriptionally active somatic genome.  Initial studies distinguishing areas of the genome 

associated with histone acetylation marks were done in Tetrahymena comparing marks 

associated with the macronucleus compared to the micronucleus (Gorovsky et al. 1973).  

Remarkably, during macronuclear development approximately 6,000 IES (Internal Eliminated 

Sequences) elements, which consist of non-coding and repetitive DNA, are rearranged and 

deleted from the genome.  Of course, the question remained how does the genome recognize and 

target these sequences for elimination?  The initial observation that the IES elements were bi-

directionally transcribed early in conjugation suggested an RNA component might be involved in 

DNA elimination (Chalker and Yao 2001).  Next, TWI1, a homologue of the Argonaute protein 

PIWI, was shown to be required for DNA rearrangements (Mochizuki et al. 2002).  At the same 

time, the purification of ~28 nt small RNAs associated with germ-line limited sequences 

suggested a role for the RNAi machinery (Mochizuki et al. 2002).  Moreover, a loss of TWI1 

resulted in the destabalization of siRNAs and loss of H3K9me in the developing macronucleus 
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(Mochizuki et al. 2002; Liu et al. 2004b).  The dicer homologue, DCL1, was also shown to be 

expressed at high levels early in conjugation and localized to the micronuclei.  Loss of DCL1 

results in high transcript levels of germ-line sequences and loss of siRNAs, ultimately leading to 

a defect in IES elimination during development (Malone et al. 2005).  Interestingly, the loss of 

siRNAs did not eliminate H3K9me, but the mark was no longer enriched at IES elements 

indicating that the RNAi pathway is required for the correct targeting of H3K9me to sequences 

eliminated from the developing macronucleus (Malone et al. 2005).  Collectively this data led to 

the “scan” (scn) RNA model for RNA-mediated DNA elimination (Mochizuki et al. 2002).  

According to this model, siRNAs are made in the micronucleus where they assemble with the 

TWI1 complex and then go to the maternal macronucleus.  There they scan for homology, and 

any siRNAs that match with the macronuclei sequences are degraded.  Next the remaining TWI1 

associated siRNAs are transported to the developing macronucleus where by H3K9me is 

recruited and sequences are marked for excision.  Supporting this model, H3K9me has only been 

found in Tetrahymena at IES sequences in the developing macronucleus immediately before 

DNA rearrangements occur (Taverna et al. 2002).  In addition, TWI1 localizes to the maternal 

macronucleus early in development after the majority of siRNAs are produced (Mochizuki et al. 

2002).  Tetrahymena utilizes an elegant pathway involving the RNAi machinery along with 

histone modifications to eliminate non-coding regions of the genome. 

 

RNAi-mediated mechanisms that target heterochromatin formation have also been investigated 

in Drosophila, however limited direct evidence involving the mechanism exists.  The first direct 

evidence of an affect of RNAi on heterochromatin and transcriptional gene silencing came from 

the Elgin lab where she showed that mutations in the Argonaute family protein, piwi and the 
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RNA helicase, homeless suppressed PEV of tandem transgene arrays next to the white gene (Pal-

Bhadra et al. 2004).  In addition, they showed mutants in HP1, aubergine, homeless, and piwi 

also suppressed silencing of the white transgene integrated in pericentromeric heterochromatin or 

on the fourth chromosome.  The loss of silencing was also correlated with a decrease in H3K9me 

suggesting a role for RNAi in recruiting histone modifications (Pal-Bhadra et al. 2004).  More 

recently, the Elgin lab showed an interaction through a yeast-two hybrid between PIWI and HP1 

that is required for transgene silencing, further suggesting a link between RNAi and histone 

modifying enzymes (Brower-Toland et al. 2007).  A class of small RNAs mapping to forty 

percent of known transposable elements have also been identified in Drosophila and are called 

rasiRNAs or repeat-associated RNAs (Aravin et al. 2003).  Another example of transcriptional 

gene silencing involving RNAi comes from a study done in the germ-line of adult fly ovaries 

(Klenov et al. 2007).  Mutations in homeless resulted in the transcription of three transposable 

elements.  Moreover, ChIP analysis showed decreases in H3K9me2, H3K9me3, and HP1, but an 

increase in H3K4me2 (Klenov et al. 2007).  Although, the same observation was not detected in 

adult somatic cells, a connection between RNAi and chromatin structure was still seen (Klenov 

et al. 2007).  Further evidence may arise from a newly identified class of PIWI associated 

siRNAs (piRNAs), which have been mapped to transposable elements located within regions of 

heterochromatin in the germ-line (Brennecke et al. 2007).  However, no direct evidence has been 

provided linking piRNAs to the recruitment of heterochromatin formation. 

 

Several examples have also come from mammalian systems linking RNAi to transcriptional gene 

silencing.  For example introduction of siRNAs into cancer cell lines can induce H3K9me at 

homologous promoters (Ting et al. 2005).  In addition, studies showing that the introduction of 
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siRNAs into human cell lines inhibited transcription of a targeted reporter gene and induced 

DNA methylation implicate RNAi in the recruitment of transcriptional gene silencing (Morris et 

al. 2004).  Recent evidence has also shown the association of piRNAs with de novo DNA 

methylation of retrotransposons in the murine germ-line linking the RNAi silencing pathway 

with heterochromatin silencing (Aravin and Bourc'his 2008; Aravin et al. 2008; Kuramochi-

Miyagawa et al. 2008).   

 

The first direct evidence of RNAi-directed transcriptional gene silencing was shown in the 

fission yeast S. pombe (Volpe et al. 2002).  The S. pombe genome contains areas of constitutive 

heterochromatin at the telomeres, centromeres, and the imprinted mating type locus.  The 

centromeres of S. pombe resemble those of higher eukaryotes and are composed of a central core 

where the kinetichore forms.  This central core is flanked by large inverted repeats (the 

innermost repeats) that are then flanked by a tandem array of outer centromere dg and dh repeats 

(outermost repeats) (Pidoux and Allshire 2004).  Centromere transcripts synthesized from both 

DNA strands of outer dg and dh sequences (termed forward and reverse centromere transcripts) 

have been identified (Volpe et al. 2002).  In addition, putative forward and reverse strand 

centromere promoters have been determined from these mapping experiments (Volpe et al. 

2002).  S. pombe only contains a single Dicer, Argonaute, and RdRP gene for each of the RNAi 

pathway proteins, and a mutation in dcr1+, ago1+, and rdp1+ causes transcript accumulation and 

a loss of H3K9me (Volpe et al. 2002).  These mutants also cause a defect in chromosome 

segregation and therefore suggest a direct role for RNAi in heterochromatin formation and 

maintenance at centromeres (Allshire et al. 1995; Volpe et al. 2002; Volpe et al. 2003).  Several 

species of 21-24nt siRNAs have been mapped throughout the dg and dh repeats of the 
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centromeres (Reinhart and Bartel 2002; Cam et al. 2005).  Interestingly, both transcriptional and 

post-transcriptional silencing mechanisms were shown to contribute to silencing at the 

centromeres.  The forward transcript is silenced by transcriptional silencing mechanisms whereas 

the reverse transcript is silenced post-transcriptionally(Volpe et al. 2002).   

 

A centromere homology region containing portions of the dg and dh repeats is also present 

within the mating-type region of S. pombe and referred to as the cenH region.  Bi-directional 

transcripts have also been detected at this region, and RNAi has been shown to be required for 

the establishment of heterochromatin at this loci (Hall et al. 2002; Noma et al. 2004).  However, 

an additional silencing pathway involving the DNA binding proteins Atf1 and Pcr1 is capable of 

recruiting heterochromatin independent of RNAi (Jia et al. 2004).  RNAi has also been 

implicated in silencing the centromere homology regions at the telomeres, however, an RNAi-

independent silencing mechanism also exists(Kanoh et al. 2005; Mandell et al. 2005; Hansen et 

al. 2006). 

 

Additional components required for S. pombe RNAi-mediated heterochromatin formation are the 

histone H3 lysine 9 methyltransferase, Clr4, the HP1homolog, Swi6, and the chromodomain 

protein Chp1 (Allshire et al. 1995; Ekwall et al. 1995; Sadaie et al. 2004).  Swi6 and Chp1 have 

both been shown to bind H3K9me via their chromodomain (Partridge et al. 2002; Yamada et al. 

2005).  The purification of Chp1 identified a RNAi effector complex termed RITS (RNA-

induced transcriptional silencing complex). RITS consists of the Argonaute protein, Ago1, a 

chromodomain containing protein, Chp1, and the adaptor protein, Tas3 (Verdel et al. 2004).  The 

RITS complex has been shown to bind siRNAs and is required for heterochromatin assembly at 
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S. pombe centromeres (Verdel et al. 2004).  RITS also recruits another complex, RDRC which 

includes the RNA-dependent RNA polymerase Rdp1, Cid12, a poly(A) polymerase, and Hrr1, a 

helicase and is also required for heterochromatin assembly (Motamedi et al. 2004).  Mutants in 

the catalytic domain of Rdp1 abolish siRNA production by Dicer as well as RNAi-dependent 

silencing (Sugiyama et al. 2005).  Additional data suggests a requirement for RNA polymerase II 

transcription in mediating RNAi-dependent heterochromatin formation (Djupedal et al. 2005; 

Kato et al. 2005).  Defects in siRNA generation and heterochromatin assembly are observed 

when mutants in two different subunits of the RNA polymerase II, Rpb2 or Rpb7 are present 

(Djupedal et al. 2005; Kato et al. 2005).  Although, the requirement for transcription has never 

directly been tested. 

 

Clr4 forms a complex with Rik1, a protein with homology to the DNA damage protein Ddb1 as 

well as CPSF (cleavage and polyadenylation specificity factor) (Horn et al. 2005).  This complex 

also contains the cullin ubiquitin ligase Pcu4 and two proteins of unknown function Raf1 and 

Raf2 (Horn et al. 2005).   The Rik1 complex presumably is recruited to centromere repeats 

through an interaction with RITS and Clr4 (Zhang et al. 2008).  However, RITS is thought to 

load siRNAs in order to recruit silencing to homologous target sequences via the binding of 

Chp1 to H3K9me (Verdel et al. 2004).  If Clr4 is required for the recruitment of RITS and RITS 

is required for H3K9me, what comes first?  The initial trigger for RNAi-dependent nucleation of 

heterochromatin still remains unclear. 

 

Swi6/HP1 has been shown to recruit several chromatin-modifying enzymes and has been 

proposed to act as a platform in heterochromatin for the recruitment of an array of effector 
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proteins.  Swi6 recently was shown to recruit the SHREC complex (SNF2-and histone 

deacetylase containing repressor complex) to the centromeres, mating type locus, and telomeres 

in S. pombe (Sugiyama et al. 2007).  Presumably, the activity of proteins in the complex such as 

the histone deacetylase Clr3 and the nucleosome remodeler Snf2 are required to assemble the 

higher-order chromatin structure necessary to establish a silenced domain.  Swi6 also recruits 

cohesin for sister chromatid cohesin, thus ensuring faithful segregation of chromosomes in 

mitosis (Bernard et al. 2001). 

 

Insights into RNA-mediated heterochromatin formation have also come from cell cycle studies 

from two separate labs (Chen et al. 2008; Kloc et al. 2008).  They detected a peak of bi-

directional transcripts being made form centromeric repeats during S phase of the cell cycle 

correlating with increased enrichment of RNA polymerase II (Kloc et al. 2008).  This peak of 

transcription is also associated with a loss of Swi6 localization and H3K9me.  Following the 

initial peak of transcription, components of the RNAi pathway, such as Ago1, increased 

concentrations of siRNAs, and Rik1, a component of the Clr4 complex, are detected (Kloc et al. 

2008).  In addition the loss of Clr4 results in increased levels of transcription from the 

centromeric repeats thoughout the cell cycle (Kloc et al. 2008).  Taken together these results 

suggest a mechanism for heterochromatin maintenance throughout the cell cycle by the 

recruitment of histone modifying enzymes in order to limit Pol II activity. 

 

 

 

 

41



vi. 

A PERSPECTIVE OF THE EXPERIMENTS DESCRIBED HEREIN 

 

The experiments described in this thesis are performed using the fission yeast, S. pombe.  S. 

pombe is a unicellular eukaryote, commonly used to study many biological mechanisms 

including RNAi-mediated heterochromatin formation.  The preference to be in a haploid state 

and the fast and easy nature of manipulating the genome makes S. pombe a powerful model 

organism.  We mainly focused our studies on RNAi-mediated heterochromatin formation at the 

centromeres, which have a similar architecture to centromeres in higher eukaryotes.   

 

Recent studies in S. pombe have led to the proposal that RNAi-directed heterochromatin 

assembly is cis restricted (referred to as cis-PTGS or co-transcriptional gene silencing) (Buhler et 

al. 2006).  In other words, RNAi can only initiate heterochromatin at the locus the double 

stranded transcripts originated from.  Tethering of the RITS subunit, Tas3, to the euchromatic 

ura4+ mRNA is sufficient to recruit H3K9 methylation and concomitant Swi6/HP1 binding 

(Buhler et al. 2006).  However, siRNAs generated either by tethering of RITS or via a dsRNA 

trigger are not sufficient to target heterochromatin nucleation in trans, leading to the “cis-

restricted” model (Buhler et al. 2006).   Additional studies demonstrate that RNAi effects 

heterochromatin assembly by means of a  “self-enforcing loop” in cis whereby RNAi directs 

H3K9 methylation and H3K9 methylation directs RNAi (Sugiyama et al. 2005).  Although it is 

clear that RNAi can direct H3K9 methylation, the mechanisms that initiate the loop of RNAi-

directed heterochromatin assembly have been enigmatic.  We therefore aimed to investigate the 

mechanism of how heterochromatin is targeted to specific loci in order to establish a silent 
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domain.  We wanted to determine whether an endogenous trans targeting mechanism was 

present in S. pombe, and furthermore what role the RNAi pathway plays in nucleation as well as 

what specific histone modifications are necessary in establishing the transcriptional silencing of a 

target locus. 

 

In addition, a key question that has not yet been addressed is whether all heterochromatic 

centromere repeats are regulated by similar mechanisms or whether individual repeats are under 

the control of different transcriptional and post-transcriptional repression pathways.  A 

comprehensive analysis was performed in order to assay for differences in the regulation of the 

dg and dh forward and reverse promoters located within the centromere repeats.  It has been 

suggested that the right arm of centromere three contains up to seven dg/dh repeats while the left 

arm contains three (Wood et al. 2002).  However, whether differences exist in the regulation of 

each repeat relative to the distance from the centromere core has not previously been 

investigated.  Therefore, we sought to investigate differences in the regulation of each repeat as 

well as differences in the regulation of repeats on different centomeres in order to gain a better 

understanding of what components contribute to silencing at the centomeres. 

 

The requirement for Rdp1 (RNA-dependent RNA polymerase) for the production of dicer 

dependent siRNAs in the intiation of the RNAi pathway is an apparent contradiction (Motamedi 

et al. 2004).  RNA dependent RNA polymerases in other organisms have been shown to be 

required for the amplification of “secondary” siRNAs that perpetuate RNAi silencing (Pak and 

Fire 2007; Sijen et al. 2007).  We also explored the possibility that similar “secondary” siRNAs 

exist in S. pombe in order to amplify Dicer dependent “primary” siRNAs and spread 
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heterochromatin. 

 

The experiments described in this thesis aim to provide insight into the mechanism of RNAi-

mediated nucleation of heterochromatin in S. pombe.  The goal of this research is to dissect the 

various pathways required for the nucleation, maintenance, and spreading phases of 

heterochromatin assembly at silenced regions of the genome.   
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CHAPTER II 
 
 

A Comprehensive Analysis of Centromere Transcript Regulation  
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Abstract 
 
 
 
Heterochromatin of eukaryotic genomes has classically been defined as condensed chromatin 

that is repressive to transcription and typically resides at highly repetitive regions of the genome.  

In contrast, recent data has revealed bi-directional transcription within heterochromatic outer 

centromere repeats sequences in S. pombe.  A key question that has not yet been addressed is 

whether all heterochromatic centromere repeats are regulated by similar mechanisms or whether 

individual repeats are under the control of different transcriptional and post-transcriptional 

repression pathways.  To investigate this question, we integrated ura4+ reporter genes into 

various repeats within S. pombe centromeres, whereby reporter expression was under the 

regulation of endogenous centromere promoters. The resulting strains allowed the first 

comprehensive analysis of centromere transcript regulation by RNAi, RNA-turnover, and histone 

modification pathways.  Our results reveal both strand-specific and locus dependent differential 

regulation of heterochromatic repeats and reveal for the first time that homologous centromere 

repeat sequences are subject to distinct repression pathways. 
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Introduction 
  

Heterochromatin, which is critical for maintaining genome integrity, is typically 

described as condensed chromosomal regions that are gene poor and repressive to transcription 

whereas euchromatin is gene rich and permissive to transcription (Lippman and Martienssen 

2004).  Intriguingly, heterochromatic centromere repeats in S. pombe are expressed. These 

centromere transcripts are processed by RNA interference (RNAi) resulting in sequence specific 

targeting of heterochromatin to centromeres (Volpe et al. 2002).  In addition to RNAi, 

recruitment of effector proteins and specific histone modifications aid in maintaining 

heterochromatin at centromeres (Richards and Elgin 2002; Cam and Grewal 2004).   

RNAi is a process whereby double stranded RNA is degraded by the RNase III-like 

enzyme, Dcr1 into siRNA (small interfering RNAs) that are subsequently loaded into effector 

complexes involved in targeting homologous RNA sequences (Fire et al. 1998; Hamilton and 

Baulcombe 1999; Hammond et al. 2000a; Bernstein et al. 2001).  In S. pombe, loss of RNAi 

results in loss of centromere heterochromatin (Volpe et al. 2002). RITS (RNA-induced 

transcriptional silencing complex), the RNAi effector complex in S. pombe, is comprised of the 

argonaute family protein Ago1, the chromodomain containing protein Chp1, and the adaptor 

Tas3 (Verdel et al. 2004).  siRNAs loaded into RITS are believed to target cognate RNA through 

base pairing resulting in RNA cleavage. RDRC (RNA-directed RNA polymerase complex) 

contains the RNA-dependent RNA polymerase, Rdp1, as well as an RNA helicase, Hrr1, and a 

member of the poly (A) polymerase, Cid12 (Motamedi et al. 2004).  This complex is thought to 

be involved in double stranded RNA synthesis through Rdrp activity using centromere 

transcripts as templates (Motamedi et al. 2004).  
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Heterochromatin is enriched with di- and tri-methylated histone H3 (H3K9me2/3), which 

serves as a binding site for the heterochromatin effector protein Swi6/HP1 (heterochromatin 

protein 1) via its chromodomain (Bannister et al. 2001; Lachner et al. 2001; Richards and Elgin 

2002).  The sole H3 lysine9 histone methyltransferase in S. pombe is Clr4, which forms a 

complex with Rik1, a protein with homology to the DNA damage protein Ddb1 as well as CPSF 

(cleavage and polyadenylation specificity factor) (Rea et al. 2000; Horn et al. 2005).  This 

complex also contains the cullin ubiquitin ligase Pcu4 and two proteins of unknown function 

Raf1 and Raf2 (Horn et al. 2005).   The Rik1 complex is thought to be recruited to centromere 

repeats through an interaction with RITS and Clr4 (Stoica et al. 2006; Zhang et al. 2008).   

 A recent study also implicates the exosome components Cid14 and Rrp6 in regulation of 

heterochromatic silencing at S. pombe centromeric repeats (Buhler et al. 2007; Wang et al. 

2008).  Cid14 is a poly(A) polymerase homologous to components of the TRAMP complex in S. 

cerevisiae (LaCava et al. 2005).  In S. pombe, loss of Cid14 results in centromere silencing 

defects but has no effect on H3K9me2, Swi6, or Chp1 binding suggesting RNA degradation via 

Cid14 occurs downstream of recruitment of these proteins (Buhler et al. 2007).   

S. pombe centromeres resemble those of higher eukaryotes and are composed of a central 

core where the kinetichore forms. This central core is flanked by large inverted repeats (the 

innermost repeats) that are then flanked by a tandem array of outer centromere dg and dh repeats 

(outermost repeats). Centromere transcripts synthesized from both DNA strands of outer dg and 

dh sequences (termed forward and reverse centromere transcripts) have been identified and 

siRNAs have been mapped to these regions (Reinhart and Bartel 2002; Volpe et al. 2002; Cam et 

al. 2005).  In addition, putative forward and reverse strand centromere promoters have been 

determined from these mapping experiments (Volpe et al. 2002).  Previous studies in S. pombe 
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have utilized reporter gene insertions into centromere heterochromatin to assay centromere 

silencing (Allshire et al. 1995).  These reporter genes contained their own promoter as well as 

3’UTR sequences and were extremely useful for studying heterochromatin nucleation and 

spreading.  We sought to use a similar strategy to gain insight into the regulation of centromere 

promoters.  We therefore integrated only the coding sequence of ura4+ within either dg or dh 

repeat elements of centromeres one and three in either a forward or reverse orientation. Study of 

the resulting ura4+ reporter constructs that are under the control of endogenous centromere 

promoters allowed the first comprehensive analysis of centromere repeat transcript regulation. 
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Results 

 
Reporter genes integrated into dg and dh outer repeats of centromere three are 

differentially regulated  

We explored whether transcripts originating from forward and reverse promoters within 

individual centromere repeats are regulated by similar or distinct mechanisms. In order to fully 

understand the regulation of the various centromere transcripts we integrated the coding 

sequence of ura4+ (lacking 3’ transcriptional termination sequences and endogenous promoters) 

into dg and dh regions of centromere three (cen3) (Figure 1A).  Expression of these ura4+ 

reporters, were therefore under the control of the endogenous forward and reverse centromere 

promoters.  

 The ura4+ reporters were first integrated into a ura4Δ ago1Δ strain in order to facilitate 

homologous recombination into heterochromatic centromere repeats.  Figure 1 indicates the 

direction of integration and the cen3 repeat each ura4+ reporter was integrated into (dh or dh 

centromere repeat).  Cen3 specific integration was confirmed by PCR (data not shown). Stable 

integrants were then backcrossed to a ura4Δ background in order to assay for reporter gene 

expression.  ura4+ silencing can be monitored by cell growth on medium supplemented with the 

cytotoxin 5-FOA, which selects for ura4+ repression.  Each ura4+ reporter in the dg repeat of 

cen3 was silenced in a wild-type background as shown by growth on 5-FOA.  Silencing defects 

were observed to varying degrees in an ago1Δ background. These defects ranged from severe 

(dh forward construct, Figure 1D) to mild (dh reverse construct, Figure 1E). Our results suggest 

that repression of these ura4+ reporters, at least in part, are regulated by RNAi (Figure 1B-E).  

Consistent with this finding, RT-PCR analysis of ura4+ transcripts demonstrated increases  
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Figure 1.  ura4+ reporters integrated into the dg and dh repeats of Cen3 in a forward and reverse 

orientation 

(A) Schematic of the right arm of cen3, which contains a core surrounded by an inner repeat 

(Imr).  Flanking outer repeats are termed dg and dh and contain forward and reverse promoters 

as indicated.  ura4+ reporters were stably integrated between the convergent promoters in either 

the dg or dh repeat.  (B) ura4+ in the dg repeat in a forward orientation (cen3dg::ura4+) in a 

ura4Δ background (CK833) and ago1Δ (CK190).  Strand-specific RT-PCR of the forward and 

reverse strands of ura4+ in the indicated strains. (C) ura4+ in the dg repeat in a reverse 

orientation (cen3dg::ura4+
inv)  in a ura4Δ background (CK836) and ago1Δ (CK423).  Strand-

specific RT-PCR of the forward and reverse strands of ura4+ in the indicated strains.  (D ura4+ 

in the dh repeat in a forward orientation (cen3dh::ura4+) in a ura4Δ background (CK326) and 

ago1Δ (CK302).  Strand-specific RT-PCR of the forward and reverse strands of ura4+ in the 

indicated strains.  (E) ura4+ in the dh repeat in a reverse orientation (cen3dh::ura4+
inv) in a 

ura4Δ background (CK833) and ago1Δ (CK190).  Strand-specific RT-PCR of the forward and 

reverse strands of ura4+ in the indicated strains. .  Serial dilution assays were performed on non-

selective medium (NS), medium lacking uracil (-ura), or medium supplemented with 5-FOA 

(FOA). 
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in steady-state ura4+ transcript levels in ago1Δ.  Intriguingly, ura4+ reporters integrated in either 

forward or reverse orientation within dg repeats still exhibited weak silencing in the absence of 

ago1Δ suggesting the existence of an RNAi-independent contribution to ura4+ repression at these 

regions (Figure 1B-C).  Interestingly, ura4+ reporters under the control of the reverse centromere 

promoter in the dh repeat still exhibited robust silencing in the absence of ago1Δ as shown by 

growth on FOA (Figure 1E).  However, ura4+ transcript levels increased in ago1Δ suggesting the 

existence of additional silencing mechanisms that function downstream of centromere repeat 

expression. 

 

Outer centromere repeats of cen3 are regulated in a similar way 

 Cen3 of S. pombe has a unique arrangement of the dg and dh elements compared to 

centromere one (cen1) and centromere two (cen2).  A full-length dg element and a truncated dh 

repeat comprise the most frequent arrangement of these elements at any centromere.  It has been 

suggested that the right arm of centromere three contains up to seven dg/dh repeats while the left 

arm contains three.  The exact number of repeats, however, is unclear.  Furthermore, whether 

differences exist in the regulation of each repeat relative to the distance from the centromere core 

has not previously been investigated. 

  We integrated ura4+ coding sequences at each dg and dh repeat within cen3 in either 

forward or reverse orientations under the regulation of endogenous centromere promoters.  

Southern blotting was utilized to map the locations of each reporter using ura4+ specific probes 

flanking a Stu1 restriction site (Figure 2).  The repeat most proximal to the centromere core was 

denoted as #1 with the most distal repeat as #4.  A representative Southern blot revealing the 

position of ura4+ integrations into each centromere dg repeat is shown in Figure 2.  Interestingly, 
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Figure 2:  Mapping of ura4+ reporters integrated into the repeats of Cen3

(A) Schematic of mapping strategy for each ura4+ reporter integrated into Cen3 
repeats.  A unique Sap1 restriction site was used outside of the repeat elements at 
Cen3 along with a unique Stu1 site within the ura4+ reporter.  ura4+ specific probes 
were used for detection depending on the ura4+ orientation in relation to the Sap1 site. 
(B) Example of southern blot used to map the ura4+ integrations located in the dg 
repeat in the reverse orientation.  Bands corresponding to a ura4+ reporter in each 
repeat using the #1 probe.
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we were only able to obtain integrants in repeats #1 through #4 suggesting only four dg/dh outer 

repeats may flank the cen3 central core.  Intriguingly, we found that all dg integrants, in both the 

forward and reverse orientation, were efficiently silenced and this silencing was alleviated in 

ago1Δ to a similar extent in all repeats (Figure 3B).  The same result was found for ura4+ 

integrants into the dh repeat in the forward direction.  We were unable to obtain a stable ura4+ 

integrant in the dh #1 repeat in the forward orientation. Whether integration of ura4+ sequences 

in the forward orientation at dh #1 was unstable or resulted in lethality is not known.  

Furthermore, ura4+ integrants in the reverse orientation within dh retained robust silencing even 

in the absence of ago1 similar to our previous analysis (Figure 1E).  

 

ura4+ reporters integrated into the repeats of cen1 are regulated differently than 

corresponding repeats of cen3 

 The dg/dh repeats located at cen1 are arranged differently than the repeats at cen3. One 

full-length dg and dh repeat are located on either side of the cen1 central core. Interestingly, the 

orientation of the cen1 dg repeat is inverted relative to the orientation of the cen3 dg (compare 

Figure 4A to 1A).  We again integrated the ura4+ coding sequence into both dg and dh repeats of 

cen1 in either a forward or reverse orientation.  Although we were able to obtain ura4+ integrants 

into the cen1 dg repeat in the “forward” orientation in ago1Δ, we were unable to maintain these 

integrants upon backcrossing to wild-type.  Therefore, integration of ura4+ at cen1 is highly 

unstable in the absence of ago1+. 

55



Core ImrR DG DGDH DH

centromere 3

DGDH DGDH

A
ura4+ ura4+ ura4+ ura4+

#1 #2 #3 #4

B

DG

DG DH

DG

DG DH

NS FOA
WT

ago1∆
WT

ago1∆
WT

ago1∆

ago1∆

#1

#2

#3

#4

NS FOA
WT

ago1∆

WT
ago1∆

WT
ago1∆

ago1∆

#1

#2

#3

#4 WT

WT

WT
ago1∆

WT
ago1∆

ago1∆

#2

#3

#4 WT

NS FOA

NS FOA
WT

ago1∆
WT

ago1∆
WT

ago1∆

ago1∆

#1

#2

#3

#4 WT

Figure 3.  Mapped ura4+ reporters integrated into each repeat of Cen3

(A) Schematic of the right arm of centromere three indicating the arbitrary 
numbering of each repeat element.  (B) Dilution assays of each mapped ura4+ 
reporter in each of the dg and dh repeats of centromere three in the indicated 
strains. Serial dilution assays were performed on non-selective medium (NS) or 
medium supplemented with 5-FOA (FOA).
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 The ura4+ reporter integrations into the cen1 dh repeat in both orientations and at the cen1 

dg repeat in the reverse orientation were stable and therefore assayed for silencing. We found 

that the dg integrated ura4+ reporters and the dh ura4+ insertion were regulated similarly.  

Expression of each of these ura4+ reporter integrations were silenced in a wild-type background 

and this silencing was alleviated in the absence of ago1+ (Figure 4B-D).  Interestingly, ura4+ 

integrated into the dh at cen1 is effectively transcribed by a putative forward promoter not yet 

described (Figure 4C).  Again we detect a small population of growth on FOA in 

ago1Δ suggesting an RNAi-independent mechanism contributes to silencing.  Interestingly, 

ura4+ reporters integrated in the reverse orientation at cen1 dh did not retain robust silencing in 

the absence of ago1+ as was previously observed in cen3 (Figure 1 and 3).  This suggests 

different silencing pathways act on dh repeats at cen3 compared to cen1.  Strand-specific RT-

PCR demonstrated that although ura4+ transcripts were still detectable in wild-type, in 

ago1Δ both strands were elevated indicating a post-transcriptional mechanism for silencing 

(Figure 4B-D).  

 

Analysis of ura4+ reporters at cen3 in RNAi and transcriptional silencing mutants 

 We sought to investigate whether silencing of the ura4+ reporters at cen3 were regulated by 

similar or distinct pathways.  Therefore, representatives of the four cen3 ura4+ reporter strains 

(ura4+ integrated into dg and dh in either forward or reverse orientation) were crossed to mutants 

known to be involved in RNAi and heterochromatin formation.  
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Figure 4.  ura4+ reporters integrated into the dg and dh repeats of Cen1 in a forward and reverse 

orientation 

(A) Schematic of the right arm of cen1, which contains a core surrounded by an inner repeats 

(Imr).  Flanking outer repeats are termed dg and dh and contain forward and reverse promoters 

as indicated. Ura4+ reporters were stably integrated between the convergent promoters in either 

the dg or dh repeat.  (B) Ura4+ in the dg repeat in a reverse orientation (cen1dg::ura4+
Inv) in a 

ura4Δ background (CK900) and ago1Δ (CK859).  Strand-specific RT-PCR of the forward and 

reverse strands of ura4+ in the indicated strains. (C) ura4+ in the dh repeat in a forward 

orientation (cen1dh::ura4+)  in a ura4Δ background (CK896) and ago1Δ (CK855).  Strand-

specific RT-PCR of the forward and reverse strands of ura4 in the indicated strains.  (D) ura4+ in 

the dh repeat in a reverse orientation (cen1dh::ura4+
Inv) in a ura4Δ background (CK936) and 

ago1Δ (CK921).  Strand-specific RT-PCR of the forward and reverse strands of ura4+ in the 

indicated strains. Serial dilution assays were performed on non-selective medium (NS), medium 

lacking uracil (-ura), or medium supplemented with 5-FOA (FOA). 
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 Silencing of the ura4+ coding sequences integrated into the dg repeat under the control of 

the forward or reverse promoters was defective in rdp1Δ, chp1Δ, tas3Δ, rik1Δ, and clr4Δ but 

retained in swi6Δ (Figure 5A and 5B).  Intriguingly, loss of dcr1+ strongly de-repressed the 

ura4+ reporter in the forward orientation but very weakly in the reverse orientation.  Silencing of 

ura4+ located in the dh repeat in a forward orientation was de-repressed in all mutant 

backgrounds tested with the exception of a swi6Δ (Figure 5C).  

 Remarkably, ura4+ integrated in the dh element in the reverse direction at cen3 retained 

robust silencing in all mutant backgrounds tested (Figure 5D).  FOA colonies were picked to 

verify that the ura4+ had not been lost from the strains, but all the strains retained the ura4+ 

integration (data not shown).  This result suggests the involvement of another pathway 

contributing to silencing, such as RNA processing and/or translational inhibition since the 

steady-state transcript levels were still elevated in ago1Δ even though the strain grew on FOA 

(Figure 1E).  We also tested for a loss of silencing in mutants of the nonsense-mediated decay 

pathway, exosome, and RNA-editing pathway including upf1Δ, nmd2Δ, xrn1Δ, tad1Δ, and 

ddp1Δ.  However, none of the mutants tested had any effect on the silencing of ura4+ integrated 

in the dh repeat of cen3 under the control of the reverse promoter (data not shown).  Although 

ura4+ silencing was defective to some degree in all of the mutant backgrounds tested, in most 

cases we still observe populations of cells with the ability to grow on FOA (Figure 5A-D).  This 

is also consistent with the existence of alternate pathways contributing to centromere silencing. 

 Interestingly, Swi6 was dispensable for silencing of ura4+ transcripts at all four ura4+ 

reporters.  Thus, silencing of centromere transcripts can be maintained independently of Swi6.  

The comprehensive examination of the effect of various silencing mutants on ura4+ reporter 
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Figure 5.  Cen3 ura4+ reporters in RNAi and histone H3K9 methylation mu-
tants
 (A) ura4+ in the dg repeat in a forward orientation (cen3dg::ura4+) in the indi-
cated strains.  (B) ura4+ in the dg repeat in a reverse orientation 
(cen3dg::ura4+inv)  in the indicated strains.  (C) ura4+ in the dh repeat in a 
forward orientation (cen3dh::ura4+) in the indicated strains.  (D) ura4+ in the 
dh repeat in a reverse orientation (cen3dh::ura4+inv) in the indicated strains. 
Serial dilution assays were performed on non-selective medium (NS) or 
medium supplemented with 5-FOA (FOA).
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constructs in both the dg and dh elements of cen3 alludes to the complexity of the contribution 

from different silencing pathways acting on this region to maintain a silenced state. 

 

Analysis of ura4+ reporters at cen1 in RNAi and transcriptional silencing mutants 

 The observation that ura4+ reporter constructs integrated into the cen3 dg and dh repeats 

respond differently in various silencing mutant backgrounds led us to investigate the regulation 

of ura4+ reporters integrated at cen1.   

 The ura4+ reporter integrated at cen1 dg was de-repressed to varying degrees in all 

silencing mutants backgrounds assayed (Figure 6A). Interestingly, silencing was maintained in a 

swi6Δ mutant background and to a lesser extent in rdp1Δ (Figure 6A).  

 The ura4+ reporter integrated into the dh repeat at cen1 in the forward direction was also 

de-repressed to varying degrees in silencing mutant backgrounds tested, however, silencing was 

maintained to a greater extent in a swi6Δ mutant background (Figure 6B).  Interestingly, 

silencing of ura4+ integrated at the dh in the reverse direction appeared to be completely de-

repressed in every mutant background tested except for swi6Δ.  This is in contrast to the pattern 

of ura4+ regulation observed at cen3 dh when ura4+ is integrated in the reverse orientation. This 

result suggests differential regulation of repeat transcripts depending on the centromere tested.  

As the cen1 dh repeat has a small deletion of sequences present in cen3 an attractive hypothesis 

is that there are specific cis sequences at cen3 that are required for the maintenance of silencing 

in the various mutant backgrounds tested. 

 

 

Analysis of ura4+ reporters integrated at cen3 in the exosome mutants Rrp6 and Cid14 
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Figure 6.  Cen1 ura4+ reporters in RNAi and histone H3K9 methylation mutants
(A) ura4+ in the dg repeat in a reverse orientation (cen1dg::ura4+Inv) in the indi-
cated strains.  (B) ura4+ in the dh repeat in a forward orientation (cen1dh::ura4+)  
in the indicated strains.  (C) ura4+ in the dh repeat in a reverse orientation 
(cen1dh::ura4+Inv) in the indicated strains. Serial dilution assays were performed 
on non-selective medium (NS) or medium supplemented with 5-FOA (FOA).
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 A recent study has implicated the exosome mutants Cid14 and Rrp6 in the regulation of 

heterochromatic silencing at the centromere repeats in S. pombe (Buhler et al. 2007).   Cid14 is a 

poly(A) polymerase homologous to components of the TRAMP complex in S. cerevisiae 

(LaCava et al. 2005).  The exosome component Rrp6 degrades aberrant transcripts specifically 

within the nucleus.  Cid14 was shown to be required for silencing at the centromeres, but did not 

affect H3K9me2, Swi6, or Chp1 binding suggesting that the degradation of RNA occurs 

downstream of the recruitment of these heterochromatin proteins (Buhler et al. 2007). We 

introduced mutations in either the spTRAMP component Cid14 or the exosome component Rrp6 

to stains carrying the ura4+ reporter constructs located at cen3 in order to determine what 

contribution the exosome had on regulation of the dg and dh repeat transcripts.   

 Loss of cid14 led to a modest de-repression of ura4+ inserted into cen3 dg and dh repeats in 

both orientations. Modest de-repression of ura4+ inserted at cen3 dh in the reverse orientation 

was also observed in rrp6Δ mutants.  ura4+ de-repression, however, was more pronounced at the 

ura4+ dh reverse insertion as well as at the ura4+ dg forward and reverse insertions in an 

rrp6Δ mutant background (Figure 7A).  

 We found it curious that repression of ura4+ insertions into the cen3 dh repeat was largely 

maintained in various silencing mutant backgrounds (Figure 3B and 5D).  We therefore 

wondered if the exosome could be involved in regulating centromere transcripts  
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Figure 7.  Cen3 ura4+ reporters in cid14Δ and rrp6Δ strains 

(A) Serial dilution assays of the four ura4+ reporters at centromere three in the indicated strains. 

Serial dilution assays were performed on non-selective medium (NS) or medium supplemented 

with 5-FOA (FOA).  (B) Serial dilution assays of the ura4+ reporter integrated in the reverse 

orientation in the dh repeat of centromere three (cen3dh::ura4+
Inv)  in the indicated strains. Serial 

dilution assays were performed on non-selective medium (NS) or medium supplemented with 5-

FOA (FOA).  (C) Strand-specific RT-PCR with primers specific for the ura4+ integrated in the 

reverse orientation in the dh repeat of centromere three (cen3dh::ura4+
Inv) strand-specific RT-

PCR in the indicated strains.  Data is presented using a logarithmic scale. 
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in the absence of RNAi or the transcriptional silencing machinery.  We combined mutations in 

clr4Δ or dcr1Δ with rrp6Δ or cid14Δ to determine if RNAi or H3K9 methylation is redundant 

with the exosome in maintaining silencing of the ura4+ reporter under the control of the reverse 

dh promoter.  ura4+ repression was still observed in both dcr1Δ rrp6Δ and clr4Δ rrp6Δ double 

mutants as seen by growth on FOA (Figure 7B), although silencing in the clr4Δ rrp6Δ double 

mutant exhibited the most pronounced de-repression.  Remarkably, ura4+ was completely de-

repressed when introduced into a clr4Δ  cid14Δ or dcr1Δ cid14Δ double mutant (Figure 7B).  We 

next determined what affect these mutant backgrounds had on ura4+ expression.  Interestingly, 

analysis of ura4+ transcript levels in these mutants revealed that reverse transcript levels of ura4+ 

increased dramatically in both clr4Δ and dcr1Δ single mutants (Figure 7C).  However, the 

transcript levels only modestly increased over wild-type levels in the absence of cid14 (~5 fold, 

Figure 7C).  Since we still observe growth on FOA in dcr1Δ and clr4Δ (Figure 5D), this suggests 

that the growth on FOA is due to some form of post-transcriptional silencing that is independent 

of RNA degradation.  Consistent with this hypothesis, cid14Δ dcr1Δ or cid14Δ clr4Δ double 

mutants did not show increases of ura4+ transcript levels above those observed in dcr1Δ or clr4Δ 

single mutants backgrounds (Figure 7C); however, these double mutants showed a loss of growth 

on FOA.  These results suggest that in the absence of H3K9 methylation and/or RNAi the ura4+ 

reporter driven by the dh reverse promoter of cen3 is still post-transcriptionally repressed via a 

mechanism that involves the exosome component Cid14 resulting in growth on FOA.  Possible 

mechanisms are discussed below. 
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Discussion 

Our goal was to determine whether individual centromere repeats sequences are regulated 

by similar or different mechanisms in S. pombe.  Results from this study reveal differential 

regulation of centromere transcripts. 

One of the most interesting differences in centromere transcript regulation we observed 

was through analysis of the ura4 insertion at cen1 dg in the reverse orientation. Expression of 

ura4+ was de-repressed in dcr1Δ and ago1Δ but ura4+ silencing was maintained in 

rdp1Δ (Figure 4B and 6A).  An attractive hypothesis to explain this observation is that siRNAs 

can be generated independently at this locus through bi-directional transcription followed by 

post-transcriptional degradation of the resulting centromere transcripts. An intriguing possibility 

is that Rdp1 independent RNA processing is due to “primary siRNA” synthesis that is dependent 

on Dcr1 and Ago1.  Rdp1 may then be required for amplification of the primary siRNA signal 

via synthesis of  “secondary siRNAs” as has been observed in other organisms.  Such secondary 

siRNAs have not yet been identified in S. pombe.  

 Another interesting observation from this analysis was that silencing was maintained at 

each ura4+ reporter in the absence of swi6Δ.  This result is likely reflective of RNAi-mediated 

silencing of the reporters in the absence of Swi6 as RNAi specifies H3K9me2/3 which in turn 

binds Swi6 (Bannister et al. 2001; Volpe et al. 2002).  Thus, in the absence of Swi6, RNAi 

retains the ability to post-transcriptionally regulate centromere transcripts.   

 One of the most intriguing differences in centromere transcript regulation was revealed 

through analysis of the ura4+ insertion at cen3 dh in the reverse orientation. Robust ura4+ 

repression was maintained in all of the mutant backgrounds we assayed, including mutations in 

RNAi, H3K9 methylation, and the exosome (Figure 3B and 5D).  However transcript levels were 
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still elevated in the ago1Δ, dcr1Δ, and clr4Δ strains relative to wild-type (Figure 1E and 7C), 

suggesting the activity of a a post-transcriptional mechanism leads to the ability of these strains 

to grow on FOA.  

Intriguingly, growth on FOA was abrogated in cid14Δ clr4Δ and cid14Δ dcr1Δ double 

mutants. The observation that these double mutants did not lead to additional increases in 

transcript levels compared to dcr1Δ or clr4Δ single mutants suggests the FOA growth in the 

plating assay could potentially be due to a translational inhibition mechanism that is controlled 

by the exosome component Cid14.  Possible mechanisms to explain these observations include 

nuclear retention of mRNA, RNA deadenylation, or decapping of RNA, which could all be 

mediated by the exosome.  We speculate that the dh reverse transcript may be nuclear retained in 

order to provide a template for Rdp1 activity in dsRNA synthesis and siRNA amplification. 

 The repetitive nature of centromere sequences makes it difficult to study the regulation 

of individual repeat elements. We therefore used ura4+ reporter genes under the regulation of 

endogenous centromere promoters to analyze centromere transcript regulation in S. pombe.  Our 

results reveal both strand-specific and locus dependent differential regulation of heterochromatic 

repeats and reveal for the first time that homologous centromere repeat sequences are subject to 

distinct repression pathways. While regulation of centromere repeats within each centromere 

appears to be similar, we do find that the dg and dh sequences themselves are regulated by 

different mechanisms. Furthermore, we find centromere transcript regulation varies when 

comparing repeats from cen1 and cen3. In addition to the work presented here, the ura4+ 

reporters created for use in this study will provide a useful tool for future studies involving 

regulation of the dg and dh outer repeats of the S. pombe centromeres.   
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Materials and Methods 
 
Growth of Yeast Strains 
 
S. pombe strains were grown in YEA medium (yeast extract supplemented with adenine), 

medium lacking uracil, or medium supplemented with 850mg/L of 5-FOA at 33ΟC.  Strains used 

for growth assays were grown overnight in non-selective YEA medium and then plated onto the 

indicated plates after a serial dilution.  All the stains used are listed in the Appendix 1. 

 
Construction of Strains 

All ura4+ reporters were constructed by a two-step PCR method with a vector template as 

previously described (Bahler et al. 1998).  All ura4+ reporters were stably integrated by standard 

transformation protocols for S. pombe, and then confirmed using primers outside the integration 

site.  ura4+ reporters were integrated into the dg repeat of cen3 between the following 

sequences:  5’- atgtactcccaactgcggat -3’ and 5- gagaaaagtgaaccgattgga-3 and transformed into 

ago1Δ strains and selected on media lacking uracil.  Ura4+ reporters were integrated into the dg 

repeat of cen3 between the following sequences:  5’-agcatgggtatagaaagaagacg-3’ and 5’-

gaatgaacgtagcaatagatacaag-3’ and transformed into ago1Δ strains and selected on media lacking 

uracil.  The same primers were used to integrate ura4+ reporters into the dg and dh repeats of 

Cen1, however, they were selected using primers specific to Cen1.    

 

RNA extraction and RT-PCR 
 
RNA was extracted from strains according to standard yeast protocols.  Briefly, 50ml S. pombe 

cultures were grown to an O.D.600 of ~0.5, pelleted, and frozen at -80°C.  Frozen pellets were 

extracted with a solution of 50 mM sodium acetate, 10 mM EDTA, 1% SDS, and three phenol 
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chloroform extractions.  RNA was then ethanol precipitated.  cDNA was made with 1ug of RNA, 

DNase treated with 2 Units of DNAse RQ1 (Promega) at 37°C for 60 minutes.  Reactions were 

then used in a cDNA reaction with 100 units of SuperScript III (Invitrogen), and primed with 

oligo-dT for 50 minutes at 42°C.  cDNA for strand-specific RT-PCR was made using similar 

methods except the RT reaction was done with a gene specific primer and incubated at 55°C.  

The control act1+ reverse primer was used in the same reaction wth the gene specific primer for 

each reaction.  All RT-PCR reactions were done in triplicate.  Primers for ura4+ are listed below. 

 

Quantitative PCR  
 
Quantitative PCR was performed on an MJ Research/BioRad Chromo4 Thermocycler using 

Opticon 3.0 software.  The optimal annealing temperature was determined for each primer set.  

The thermocycling conditions were as follows:  an initial denaturation at 95°C for 3 minutes 

followed by 40 cycles at 95°C for 10 seconds, 50-60°C for 30 seconds, and 72°C for 1 minute.  

Fold enrichments and relative expressions were calculated using the Pfaffl method on Gene Ex 

software (Biorad).  The reactions done for qRT-PCR were normalized to act1+.  Primers for 

ura4+ are the following:  5’- aattcgcagacattggaaatacc-3’ (B86) and 5’-tgtgatatgagcccaagaagc-3’ 

(B87).  Reactions were performed in duplicate. 

 

Southern Blottting and Mapping of Ura4+ Reporters 

Southern blotting was performed using standard protocols.  10ug of genomic DNA was digested 

with Stu1 and Sap1 overnight and then ethanol precipitated.  DNA was then loaded onto a 0.7% 

agarose gel.  Probes specific to the ura4+ coding sequence on either side of the Stu1 site were 

labeled with 32P labeled ATP and incubated with the blot over night at 65ΟC.  The membrane 
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was washed two times for twenty minutes each with .2X SSC, .1% SDS at 65ΟC.  The probe 

used for the reverse ura4+ reporters was between the following sequences: 5’-

caaagttatggatgctagagt-3’ and 5’-tgtgatatgagcccaagaagc-3’.  The probe used for the forward 

ura4+reporters was between the following sequences:  5’-tatagctggtcgtcgatttcc-3’ and 5’-

gcaaacaaggcatcgacttt-3’. 
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CHAPTER III 
 
 
 

 RNAi Directed Targeting of Heterochromatin in trans Requires CENP-B Proteins 
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Abstract 
 
 

RNA interference is a conserved mechanism observed in most eukaryotes that regulates 

gene expression by one of two mechanisms. RNAi effects post-transcriptional silencing by a well 

studied mechanism; RNAi also directs transcriptional silencing via heterochromatin assembly, 

however this process is poorly understood. A common feature of RNAi-mediated 

posttranscriptional silencing is the ability to target and silence homologous sequences in trans. 

However, whether an endogenous trans silencing pathway for RNAi-mediated heterochromatin 

assembly functions in wild-type S. pombe is unclear. This has proven problematic for defining 

the mechanisms necessary for initiating heterochromatin nucleation.  Here we uncover a novel 

assembly pathway of RNAi-mediated targeting of heterochromatin that occurs in trans within 

centromeres and the mating-type locus.  Remarkably, this process requires the CENP-B 

homolog, Abp1.  Ultimately these studies will provide a basis for future investigations on the 

mechanism of RNAi-mediated heterochromatin assembly.  
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Introduction 
 
 Heterochromatin was first described as domains in the nucleus that remain condensed 

throughout interphase (Heitz 1928).  Genetic and molecular analyses have demonstrated that 

these regions are essential for genome integrity and stability (Lippman and Martienssen 2004). 

The fission yeast, S. pombe has emerged as a powerful system to understand the mechanisms of 

heterochromatin assembly.  Like metazoans, S. pombe heterochromatin is found at repetitive loci 

such as centromeres and telomeres (Cam and Grewal 2004).  Heterochromatin is typically gene 

poor and genes juxtaposed with or inserted into these regions are silenced.  In S. pombe, 

heterochromatin formation occurs by an RNAi-mediated mechanism that involves post-

transcriptional gene silencing and the post-translational modification of histones (Hall et al. 

2002; Volpe et al. 2002). Typically, deacetylated histones and histone H3 methylated at lysine 9 

(H3K9me) define silenced regions associated with heterochromatin whereas euchromatic regions 

contain acetylated histones and histone H3 methylated at lysine 4 (Richards and Elgin 2002).  A 

conserved class of SET domain containing histone methyltransferases of the Su(var)3-9 family 

mediate H3K9 di- or tri-methylation (H3K9me2/3);  in S. pombe, the enzyme responsible for 

H3K9 methlytransferase activity is Clr4 (or Kmt1) (Nakayama et al. 2001). Proteins such as 

heterochromatin protein 1 (HP1, Swi6 in fission yeast) bind H3K9me2/3 via chromodomains to 

assemble higher order chromatin structures (Bannister et al. 2001; Lachner et al. 2001).   

 The RNAi pathway has been implicated in the formation of heterochromatin in several 

eukaryotes.  RNAi is an evolutionarily conserved mechanism whereby double stranded RNA is 

processed by the RNaseIII enzyme Dicer into 21-25nt short interfering RNAs, which are 

subsequently loaded into an effector complex called RISC (RNAi Induced Silencing Complex) 

(Hamilton and Baulcombe 1999; Hammond et al. 2000b; Bernstein et al. 2001).  The minimal 
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component of the RISC complex is Argonaute, an endonuclease that uses siRNAs to guide 

endonucleolytic cleavage of cognate RNAs (Liu et al. 2004a; Irvine et al. 2006).  The RNAi 

effector complex implicated in transcriptional regulation in S. pombe is called RITS (RNAi-

induced transcriptional silencing complex) (Verdel et al. 2004).  RITS consists of the Argonaute 

protein, Ago1, a chromodomain containing protein, Chp1, and an adaptor protein, Tas3.  The 

RITS complex has been shown to bind siRNAs and is required for heterochromatin assembly at 

S. pombe centromeres (Verdel et al. 2004). Another complex, RDRC which includes the RNA-

dependent RNA polymerase Rdp1, a poly(A) polymerase, Cid12, and an RNA helicase, Hrr1, is 

also required for heterochromatin assembly (Motamedi et al. 2004). Due to the repetitive nature 

of the centromeres and the multiple silencing pathways that contribute to heterochromatic 

regions in S. pombe, the mechanism by which RNAi nucleates assembly of heterochromatin 

remains unclear. 

 Swi6/HP1 has been shown to recruit several chromatin-modifying enzymes and has been 

proposed to act as a platform within heterochromatin for the recruitment of an array of effector 

proteins.  Swi6 recently was shown to recruit the SHREC complex (SNF2-and histone 

deacetylase containing repressor complex) to centromeres, the mating-type locus, and telomeres 

in S. pombe (Sugiyama et al. 2007).  Presumably, the activity of proteins in the complex such as 

the histone deacetylase Clr3 and the nucleosome remodeler Mit1 are required for the assembly of 

the higher-order chromatin structure necessary to establish a silenced domain.  Swi6 also recruits 

cohesin that functions in sister chromatid cohesion, thus ensuring faithful segregation of 

chromosomes in mitosis (Bernard et al. 2001).  While it is clear that Swi6 is recruited to 

heterochromatin by binding histone H3 methylated at lysine 9 via its chromodomain, Swi6 can 
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also be recruited directly by DNA binding proteins at the mating-type locus (Atf1/Pcr1) and 

telomeres (Taz1/Ccq1) (Grewal and Elgin 2007).   

A class of centromere DNA binding proteins called CENP-B’s, have also been implicated 

in heterochromatin assembly in S. pombe (Nakagawa et al. 2002).  Although defects in the 

CENP-B proteins of fission yeast have been shown to affect chromosome segregation and 

silencing at centromeres, the mechanism by which they contribute to heterochromatin assembly 

is unclear. These proteins are of particular interest since mammalian CENP-B proteins have been 

shown to be involved in de novo centromere formation (Masumoto et al. 2004; Okada et al. 

2007). 

Recent studies in S. pombe have led to the proposal that RNAi-directed heterochromatin 

assembly is cis restricted (referred to as cis-PTGS or co-transcriptional gene silencing).  In other 

words, RNAi can only assemble heterochromatin at the loci synthesizing double stranded RNA.  

Tethering of the RITS subunit, Tas3, to the euchromatic ura4+ mRNA has recently been 

demonstrated to be sufficient for recruitment of H3K9 methylation and concomitant Swi6/HP1 

binding.  However, siRNAs generated either by tethering of RITS to mRNA or via a dsRNA 

trigger are not sufficient to target heterochromatin nucleation to unlinked ura4+ reporters in 

trans, leading to the “cis-restricted” model (Buhler et al. 2006).   Additional studies demonstrate 

that RNAi effects heterochromatin assembly by means of a  “self-enforcing loop” in cis whereby 

RNAi directs H3K9 methylation and H3K9 methylation directs RNAi (Grewal and Elgin 2007).  

Although it is clear that RNAi can direct H3K9 methylation, the mechanisms that initiate this 

cycle have been enigmatic.  In addition, whereas heterochromatin is restricted to the 

centromeres, telomeres, and the mating-type locus in S. pombe, it has recently been demonstrated 

that heterochromatin can form transiently during G1 of the cell cycle at genomic regions 
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containing bi-directionally transcribed convergent genes (Gullerova and Proudfoot 2008).  Thus, 

the mechanisms that determine a cell’s decision to stably assemble heterochromatin at certain 

parts of the genome and not others remain unclear. 

Here we characterize the mechanism of RNAi mediated initiation of heterochromatin 

assembly in trans.  Remarkably, we find this mechanism to be dependent on the CENP-B 

protein, Abp1.  Thus, this work provides insight into the initiation step of RNAi-directed 

heterochromatin assembly in S. pombe and describes a novel role for CENP-B proteins in this 

process.  

78



 

Results 

RNAi dependent nucleation of heterochromatin in trans 

While it has been proposed that RNAi mediated heterochromatin assembly in S. pombe is 

cis restricted we found it curious that RNAi directed epigenetic silencing in plants and animals 

does not appear to be cis restricted (Morris et al. 2004; Buhler et al. 2006; Kim et al. 2006; 

Matzke et al. 2007).  However, a possible reason for this apparent dissimilarity between systems 

could be that trans targeting in S. pombe has not been fully investigated. We hypothesized that if 

RNAi-directed heterochromatin assembly occurs in trans, then such a mechanism might likely 

occur within or between the heterochromatic repeats of centromeres, as abundant siRNAs have 

been mapped to these regions (Reinhart and Bartel 2002; Cam et al. 2005).  The centromeres of 

S. pombe resemble those of higher eukaryotes and are composed of a functional kinetochore that 

assembles at a core region flanked by innermost repeats (ImrR/L).  These sequences are 

themselves flanked by outer repeats termed dg and dh where RNAi-mediated heterochromatin 

formation is known to occur (Volpe et al. 2002). 

 Centromeres are highly repetitive, which necessitates the integration of heterologous 

sequences within the repeats to distinguish specific loci.  Therefore, we stably integrated the 

coding sequence of ura4+ into a dh repeat of centromere three (cen3) in either a forward or 

reverse orientation (Fig. 1A, Fig. 2A).  This region of the centromere was chosen because 

previous mapping studies identified it as a region of bi-directional transcription and siRNA 

synthesis (Volpe et al. 2002).  Therefore, the ura4+ reporter sequences (hereafter referred to as 

initiator ura4+) should be transcribed  
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Figure 1.  Integration and targeting of ura4+ at cen3 to the endogenous ura4+ at chromosome 

three 

(A) Schematic of the right arm of cen3, which contains a core surrounded by innermost repeats 

(ImrR).  Flanking outer repeats are termed dg and dh and contain a forward and reverse 

promoter. A ura4+ coding sequence was stably integrated between the convergent promoters in a 

forward (CK326, cendh::ura4+) orientation into the dh repeat.  (B) Schematic of the ura4+ 

initiator at cen3 targeting the endogenous ura4+ on chromosome three.  Serial dilution assays of 

strains including the initiating ura4+ but lacking the endogenous target ura4+ in wild-type 

(CK326) and dcr1Δ (CK715) on non-selective medium (NS), medium lacking uracil (-URA), or 

medium supplemented with 5-FOA (FOA).  (C) Expression of the ura4+ reporter at cen3 in wild-

type and dcr1Δ  cultured in non-selective medium.  Quantitive RT-PCR for ura4+ was performed 

and normalized to the level of expression of the the wild-type strain.  Error bars reflect SE.  

Expression of the sense (B87) and antisense (B86) strands of the ura4+ reporter at cen3 in wild-

type and dcr1Δ  cultured in non-selective medium.  Controls include actin expression levels 

(act1+), exclusion of reverse transcriptase (-RT), and exclustion of the strand specific primer (-

ssprimer). (D) Quantitative chromatin immunoprecipitation (qChIP) analysis of RNA 

polymerase II enrichment at the initiator ura4+ with or without dcr1Δ.  Primers were specific to 

the ura4+ (B86-B87).  (E) Northern blot analysis of Ago1 associated ura4+ siRNAs in wild-type 

(CK1237) and dcr1Δ (CK1249) strains.  DNA oligos spanning the ura4+ coding sequence were 

end labeled and hybridized to detect sense or antisense siRNAs.  A fraction of the total siRNAs 

purified were 3’ end labeled with γ-P32 ATP and run on a 12% polyacrylamide gel as a control.  

Astericks indicate degradation products from the Ago1 purification. Immunoprecipitated 

fractions from the indicated strains were analyzed by Western blotting with anti-HA antibody to 

81



detect HA-Ago1.  (F) Serial dilution assays with the initiating ura4+ with the endogenous target 

ura4+ (CK327) on non-selective medium (NS) or medium lacking uracil (-URA) or 

supplemented with 5-FOA (FOA).  (G) Quantitative chromatin immunoprecipitation (qChIP) 

analysis of H3K9me, Swi6, and Chp1 enrichment in the indicated strains.  Error bars reflect SE.  

(H) Quantitive RT-PCR for ura4+ was performed and normalized to the level of expression of 

the the target ura4+. 

(* P < 0.05) 
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and processed into siRNAs.  ura4+ initiators introduced into a ura4Δ background were stably 

silenced as assayed by growth of these strains on 5-FOA media, and silencing was alleviated in a 

dcr1Δ  background suggesting regulation by the RNAi machinery (Fig. 1B).  5-FOA is a counter 

selective media commonly used to select cells not expressing ura4+; thus cells in which ura4+ is 

silenced are able to grow on media containing FOA.  RT-PCR analysis confirmed that both the 

forward and reverse ura4+ initiators were effectively silenced in wild-type cells (Fig. 1C, Fig. 

2B).  Moreover, both ura4+ sense and antisense mRNA accumulate in dcr1Δ indicating that 

expression of ura4+ is being regulated by the RNAi machinery (Fig. 1C, Fig. 2B). In addition, 

we assayed for enrichment of RNA polymerase II at the initiator ura4+.  We detect an increase of 

RNA polymerase II at ura4+ in dcr1Δ suggesting that regulation of ura4+ expression, at least in 

part, is mediated by transcriptional silencing mechanisms (Fig. 1D).  Since the ura4+ initiators 

are bi-directionally transcribed it is likely that ura4+ transcripts are also processed by the RNAi 

machinery. We hypothesized that an RNAi mediated trans silencing mechanism would require a 

homology based targeting mechanism including loading of ura4+ siRNAs into the RITS 

complex.  We tested this possibility by purifying epitope-tagged HA-Ago1 and assaying for 

RITS associated ura4+ siRNAs in either a wild-type or dcr1Δ background. This analysis revealed 

association of antisense ura4+ siRNAs with RITS in wild-type but not in dcr1Δ (Fig. 1E).  The 

absence of detectable ura4+ sense siRNAs suggests preferential loading or biogenesis in 

agreement with recent reports of preferential siRNA loading into Ago1 when assaying a 

previously described ura4+ reporter at cen1 (Buhler et al. 2008).  Consistent with this idea, the 

ura4+ reporter in the reverse orientation revealed association of sense ura4+ siRNAs with RITS 

in wild-type (Fig. 2C).  However, the mechanism involved in strand specific siRNA loading into 

RITS is not known. 
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We assayed the ability of ura4+ initiators to target heterochromatin assembly in trans by 

introducing them into strains containing a wild-type ura4+ gene at the endogenous locus (on the 

left arm of chromosome three).  No obvious trans silencing effects were observed by either 

forward or reverse ura4+ initiators as indicated by the inability of these strains to grow on 

medium containing 5-FOA (Fig. 1F, Fig. 2D). Although stable silencing was not targeted in 

trans to the endogenous ura4+, we used chromatin immunoprecipitation (ChIP) to test whether 

heterochromatin is targeted transiently to the target ura4+ when the initiator is present.  

However, no significant changes were detected in H3K9me3, Swi6 or Chp1 levels at the target 

ura4+ with or without the initiator ura4+ present (Fig. 1G).  Interestingly, the endogenous ura4+ 

steady-state mRNA levels are elevated when the initiator is present, however, the reason for this 

increase is unknown (Fig. 1H). 

These results suggest ura4+ initiators were unable to target heterochromatic silencing to 

the endogenous ura4+ on chromosome 3.  Next, we investigated whether trans targeting occurs 

within centromeres by utilizing a ura4+ reporter that has been integrated within dh centromere 

sequences (Lawrence, R.J. et. al, submitted).  This ura4+ reporter insertion 

(dh1RindHNEΔ::ura4+) replaces an RNAi-independent nucleation element in centromere one 

(cen1) and results in elimination of heterochromatin assembly at this region as well as 

heterochromatin spreading into sequences flanking the insertion (Fig. 3A).  Due to the fact that 

the ura4+ in cen1 is within a heterochromatic domain, we investigated whether there was a low 

level of silencing present by comparing its expression to ura4+at its endogenous locus on 

chromosome 3.  Steady-state ura4+ reporter mRNA levels were similar to endogenous ura4+ 

transcript levels (Fig. 4A).  In addition, loss of dcr1 did not cause increased ura4+ reporter 

mRNA levels suggesting the RNAi machinery has no influence on expression of the ura4+ 
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reporter integrated at cen1 (Fig. 4A).  Furthermore, neither bi-directional transcription (we only 

detect ura4+ sense strand by RT-PCR) nor siRNAs originating from the target ura4+were 

detected (Fig 4A-B).  Chromatin immuno-precipitation assays revealed similar enrichments of 

H3K9me3, H3K9me2, Swi6, Chp1, H3K9ac, H3K14ac, and RNA polymerase II at the target 

ura4+ reporter compared to endogenous ura4+ (Fig. 4C). Taken together, these data strongly 

suggest that no basal level heterochromatin exists at dh1RindHNEΔ::ura4+. This construct, 

therefore, provides a unique tool to assay nucleation of heterochromatin within centromeres. 

We introduced ura4+ initiator constructs to strains containing dh1RindHNEΔ::ura4+ in 

order to assay for trans silencing.  Strikingly, the “forward” initiator ura4+ reporter located at 

cen3 when introduced into a dh1RindHNEΔ::ura4+ background resulted in trans silencing of the 

ura4+ at cen1 (referred to as the target ura4+), as shown by growth on FOA. Presence of the 

“reverse” initiator ura4+, however, had no effect on target ura4+ expression (Fig. 3A, Fig. 2E).  

The preferential loading of sense siRNAs from the “reverse” initiator ura4+ construct into RITS 

could explain the inability of the reverse construct to target the ura4+ reporter at cen1.  It is 

possible that sense ura4+ siRNAs loaded into RITS are unable to target the nascent sense mRNA 

at the target locus whereas antisense ura4+ siRNAs from the  
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Figure 3.  Trans targeting of silencing is dependent on RNAi. 

(A) Schematic of ura4+ reporter at cen3 targeting a ura4+ reporter at cen1 

(dh1RindHNEΔ::ura4+).  Serial dilution assays with both initiating ura4+ with (CK1101) or 

without (RL699) the cen1 target ura4+ on non-selective medium (NS) or medium lacking uracil 

(-URA) or supplemented with 5-FOA (FOA).   Serial dilution of cells picked from FOA were 

cultured in non-selective medium and then re-plated on either non-selective medium or FOA.  

(B) Serial dilution assay with the target ura4+ (RL699), or the target ura4+ plus the initiator 

ura4+ with (CK1186) or without dcr1Δ  (CK1101), 

ago1Δ  (CK1265),  rdp1Δ  (CK1188),  chp1Δ  (CK1263), or swi6Δ  (CK1266) on non-selective 

(NS) medium or supplemented with 5-FOA (FOA).  (C) Expression of the target ura4+ in the 

target only strain, target only with dcr1Δ (CK1315) and the target plus initiator with or without 

dcr1Δ.  RNA was extracted from strains grown in non-selective (black bars), medium lacking 

uracil (-URA) (white bar), or medium supplemented with 5-FOA (FOA) (gray bar).  Quantitive 

RT-PCR for ura4+ was performed and normalized to the target ura4+ alone.  (D) Quantitative 

chromatin immunoprecipitation (qChIP) analysis of RNA polymerase II enrichment at the target 

ura4+ in a strain with the initiator ura4+ plus the target ura4+ with or without dcr1Δ.  Primers 

were either specific to the ura4+ promoter (B66-B67) or 3’UTR (B68-B69). (* P < 0.05)  
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“forward” initiator can.  Moreover, silencing was stable when FOA resistant colonies were 

selected and re-cultured in non-selective media.  Furthermore, silencing of the target ura4+ was 

abrogated in dcr1Δ, ago1Δ, chp1Δ, rdp1Δ, and swi6Δ mutant backgrounds suggesting that trans 

silencing is dependent on RNAi (Fig. 3B). 

In order to confirm that ura4+ target transcripts were effectively silenced, we assayed the 

levels of the ura4+ target transcript by qRT-PCR.  Target ura4+ transcripts can be specifically 

assayed since they, unlike the initiating ura4+, contain 3’UTR sequences (Fig. 3C).  Fig. 3C 

reveals steady state transcript levels of target ura4+ mRNA were decreased ~2.5 fold when the 

forward initiating ura4+ was present.  However, this experiment assays a population of cells in 

non-selective culture, presumably only a fraction of which have initiated silencing.  In order to 

determine the transcript levels of the target ura4+ in the “on” (expressed) or “off” (silenced) 

state, we cultured cells in either medium lacking uracil to select for the “on” state or FOA to 

select for the “off” state.  The transcript levels of target ura4+ mRNA when selected in medium 

lacking uracil were similar to those observed in cells grown in non-selective media without the 

initiating ura4+ present, however ura4+ transcript levels of cells selected in the FOA media were 

reduced by ten fold (Fig. 3C).  Furthermore, ura4+ target silencing was lost in dcr1Δ.  In 

addition, we assayed for enrichment of RNA polymerase II throughout the target ura4+.  

Consistent with an increase in transcript levels in dcr1Δ, we detect a significant increase of RNA 

polymerase II at the 3’UTR of the target ura4+ in dcr1Δ (Fig. 3D).  These data demonstrate a 

bona fide RNAi dependent trans silencing mechanism leading to transcriptional gene silencing. 

 

Effective targeting of heterochromatin and silencing to ura4+ in trans   
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Figure 4:  The target ura+ at cen1 is transcribed and does  not have a basil level 
of silencing present
(A)  Expression of the endogenous ura4+ (CK306), the cen1 target ura4+ 
(CK1180), and the cen1 target ura4+, dcr1∆ (CK1315).  Quantitative RT-PCR for 
ura4+ was performed and normalized to the target ura4+.  Error bars reflect SE.  
Expression of the ura4+ sense and antisense transcripts in WT and dcr1∆.  (B) Northern 
blot analysis of Ago1 associated ura4+ siRNAs in the target ura4+ (CK1247) and the 
initaitor ura4+ (CK1237) strains.  DNA oligos spanning the ura4+ coding sequence were 
end labeled and hybridized to detect anisense siRNAs.  (C) Quantitative chromatin 
immunoprecipitation (ChIP) analysis of H3K9me3, H3K9me2, Swi6, Chp1, H3K9ac, 
H3K14ac, and Pol II enrichment at  endogenous ura4+ (CK306), the cen1 target 
ura4+ (CK1180), and the cen1 target ura4+, dcr1∆ (CK1315).  Error bars reflect SE.
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 We used ChIP to test whether heterochromatin is targeted in trans to the target ura4+ 

construct integrated at cen1.  Not only did this analysis demonstrate increased enrichment of 

H3K9me3 and Swi6, but it also revealed an increased enrichment of the RITS component Chp1 

specifically when the target is in the presence of the initiator ura4+ (Fig. 5B).  This suggests a 

mechanism whereby ura4+ siRNAs are loaded into RITS from cen3 and targeted in trans to the 

homologous target ura4+ via RITS.   

Replacement of the RNAi-independent nucleation locus at the cen1 dh with the ura4+ reporter 

(target ura4+) results in a loss of heterochromatin spreading into flanking regions. We assayed 

by ChIP whether targeting of heterochromatin to ura4+ in trans restores heterochromatin 

spreading into flanking regions.  ChIP analysis demonstrated an increased enrichment of 

H3K9me3, Swi6, and Chp1 in regions flanking the ura4+ reporter at cen1 when compared to the 

target only strain (Fig. 5C).  Furthermore this increased enrichment was lost in dcr1Δ.  These 

data demonstrate the effective RNAi dependent nucleation of heterochromatin occurring in trans 

that subsequently results in spreading of heterochromatin divergently to sequences flanking the 

target ura4+ reporter. 

 

Targeting of heterochromatin in trans is dependent on CENP-B proteins 

 Since the initiating ura4+ was able to target nucleation of heterochromatin to a target 

ura4+ reporter inserted within cen1 yet unable to target the endogenous ura4+ locus on 

chromosome three; we hypothesized that factors specifically enriched at centromeres might play 

a role in trans targeting of heterochromatin.  Potential candidates were the centromere binding 

proteins (CENP-Bs).  S. pombe has three CENP-B homologs, Abp1, Cbh1, and Cbh2, which 

have been shown to play a role in heterochromatin assembly (Nakagawa et al. 2002).  CENP-Bs 
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Figure 5.  RNAi-mediated targeting of heterochromatin in trans
  
(A) Schematic of the initiating ura4+ at cen3 targeting in trans to the target 
ura4+ at cen1.  qPCR primers are indicated by arrows in the 3ʼUTR (B68-B69) of 
the target ura4+ and primers specific for sequences in cen1 (D29-D30) outside 
of the ura4+ integration site. (B) Quantitative chromatin immunoprecipitation 
(qChIP) analysis of H3K9me, Swi6, and Chp1 enrichment at the target ura4+ in 
cen1 in the target alone, or the target plus initiator with or without dcr1Δ.   (C) 
Quantitative chromatin immunoprecipitation (qChIP) analysis of H3K9me, Swi6, 
and Chp1 enrichment at the target ura4+ in cen1 in the target alone, or the 
target plus initiator with or without dcr1∆.   Error bars reflect SE. (* P < 0.05, ** 
P < 0.01, *** P < 0.001)
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have also recently been shown to recruit HDAC proteins to retro-transposable elements 

throughout the genome (Cam et al. 2008).   

 Remarkably, as shown by the growth assays in Fig. 6A, in all three CENP-B mutants, 

trans silencing was lost or reduced.  An abp1Δ mutant displayed a complete loss of trans 

silencing, whereas loss of cbh1 or cbh2 resulted in milder effects on target ura4+silencing. 

However, to confirm that lack of growth on FOA in CENP-B mutant strains was not due to a loss 

of silencing at the initiating ura4+ locus, we performed silencing assays on strains containing the 

initiating ura4+ alone in each CENP-B mutant.  Loss of abp1, cbh1, or cbh2   had no effect on 

silencing at the initiating ura4+ suggesting the effect of the CENP-B proteins was specific to 

initiation of heterochromatin assembly at the target ura4+ reporter at cen1 (Fig. 6B).  Since Abp1 

had the most dramatic effect on trans silencing, we investigated its role in heterochromatin 

assembly further. 

We assayed for the effects of abp1Δ on recruitment of H3K9me3, Swi6, and Chp1 in 

trans.  Interestingly, H3K9me3 and Swi6 recruitment to the target ura4+ were dramatically 

decreased, but enrichment of Chp1 remained similar to wild-type levels (Fig. 6C).  These results 

suggest that Abp1 is not required for recruitment of RITS in trans, but does affect H3K9me3 and 

Swi6 enrichment.   

 Because RITS is still recruited to the target ura4+ in the absence of Abp1, we 

hypothesized that ura4+ siRNAs originating from the initiating ura4+ are still loaded into RITS.  

Consistent with this proposal, we detect ura4+ siRNAs in the absence of Abp1 (Figure 6D). 

These results suggest ura4+siRNAs are able to target RITS to the ura4+ reporter at cen1. This 

targeting, however, appears to be insufficient to result in methylation of H3K9. 
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Figure 6.  Trans targeting is dependent on CENP-B proteins.
 (Α)  Serial dilution assay with the target ura4+, the target plus the initiator, or 
the target plus the initiator with abp1∆ (CK1222), cbh1∆ (CK1259),  or cbh2∆ 
(CK1258) on non-selective (NS) medium or supplemented with 5-FOA (FOA).  
(B) Serial dilution assay with the initiator ura4+ alone (CK326) or with abp1∆ 
(CK1145), cbh1∆ (CK1146),  or cbh2∆ (CK1149) on non-selective (NS) medium 
or supplemented with 5-FOA (FOA). (C) Quantitative chromatin immunoprecipi-
tation (qChIP) analysis of H3K9me, Swi6, and Chp1 enrichment at the target 
ura4+ at cen1 in the target ura4+, target plus initiator with or without abp1∆.   
Error bars reflect SE.  (D)   Northern blot analysis of Ago1 associated ura4+ 
siRNAs in wild-type and abp1Δ (CK1262) strains.  siRNA blot was performed as 
described in Fig. 2C. (* P < 0.05, ** P < 0.01, *** P < 0.001)
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Trans targeting of heterochromatin is dependent on the HDAC Clr3 and is recruited by 

Swi6 

 Recent data indicate that CENP-B proteins recruit the histone deacetylase Clr3 to silence 

retro-transposable elements (Cam et al. 2008).  If Abp1 functions to recruit HDACs to 

centromeres then this would provide a potential explanation as to why H3K9me3 is not recruited 

in the absence of Abp1, as deacetylation would be required before lysine 9 methylation can 

occur. We investigated whether this same pathway contributed to establishment of 

heterochromatin in trans.  Indeed, we find that silencing in trans to the target ura4+ at cen1 is 

dependent on Clr3 as shown by a lack of growth on FOA (Fig. 7A).   

 Next we performed ChIP to assay for enrichment of H3K9me3, Swi6, and Chp1 at the 

target ura4+ in a clr3Δ strain.  Interestingly, whereas H3K9me3 enrichment is lost in clr3Δ, Swi6 

levels remain the same as wild-type suggesting that the histone deacetylase activity of Clr3 is 

necessary for H3K9me3 in establishment of heterochromatin (Fig. 7B).  These data also suggest 

that Clr3 recruitment is downstream of Swi6 recruitment; which is in agreement with a previous 

study showing that Swi6 recruits Clr3 (Yamada et al. 2005).  This suggests then that Swi6 is 

recruited upstream of Clr3 via an interaction with an effector protein such as Abp1 in addition to 

H3K9me (see below).  Similar to the results of abp1Δ from Fig. 6C, levels of Chp1 enrichment 

in clr3Δ were similar to wild-type (Fig. 7B), again consistent with RITS being targeted in a clr3Δ 

strain. H3K9, however, was not methylated in clr3Δ suggesting RITS recruitment is independent 

of H3K9me3. 

 Clr3 has been shown to deacetylate K9 and K14, thus we used ChIP to assay for these 

modifications at the target ura4+ in clr3Δ.  We observed H3K9ac and H3K14ac enrichment 

decreases in a wild-type strain with the initiator actively silencing the target relative to the target 
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Figure 7.  Trans targeting of heterochromatin is dependent on the HDAC, Clr3
(A) Serial dilution assay with the target ura4+, the target plus the initiator, or the 
target plus the initiator with clr3∆ (CK1254),  on non-selective (NS) medium or 
supplemented with 5-FOA (FOA).  (B) Quantitative chromatin immunoprecipita-
tion (qChIP) analysis of H3K9me, Swi6, and Chp1 enrichment at the target ura4+ 
at cen1 in the target ura4+, target plus initiator with or without clr3∆.  (C) Quan-
titative chromatin immunoprecipitation (qChIP) analysis of H3K9ac and 
H3K14ac at the target ura4+ at cen1 in the target ura4+, target plus initiator, or 
the target plus the initiator with clr3∆ or abp1∆.  (* P < 0.05, ** P < 0.01, *** P < 
0.001)
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only strain (Fig. 7C).  In contrast, we find an increase in the enrichment of H3K9ac and 

H3K14ac in both abp1Δ and clr3Δ mutants suggesting that Abp1 is involved in the recruitment 

of Clr3 activity to the trans target in order for Clr3 to deacetylate histone H3 (Fig. 7C).  

Presumably this deacetylation is required for H3K9me3. 

 

Clr3 recruitment by Swi6 is Dependent on Abp1 

 The above data suggest a linear heterochromatin assembly pathway during trans 

silencing.  We hypothesized that RITS recruits H3K9me3 via a RITS-Kmt1 interaction; a 

reaction that can only be catalyzed in a domain enriched with CENP-B’s, which recruit Swi6. 

Swi6 can then recruit Clr3, and thus establish a heritable, silent state.   In order to test this we 

assayed for recruitment of H3K9me3 and Chp1 to the ura4+ target in a swi6Δ strain, as well as in 

swi6Δ abp1Δ double mutants.  If Swi6 and Abp1 are in the same pathway, then a swi6 single 

mutant should mimic the double mutant by ChIP analysis.  Indeed, H3K9me3 was decreased at 

the target ura4+in both single and double mutants but Chp1 was still recruited suggesting these 

factors act in the same pathway for RNAi mediated trans silencing (Fig. 8A).  We also found 

similar increases in enrichment of  
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Figure 8.  Swi6 and Abp1 are in the same trans targeting pathway 

(A) Quantitative chromatin immunoprecipitation (qChIP) analysis of H3K9me and Chp1 

enrichment at the target ura4+ at cen1 in the indicated strains.  (B) Quantitative chromatin 

immunoprecipitation (qChIP) analysis of H3K9ac and H3K14ac at the target ura4+ at cen1 in the 

indicated strains.  (C) Quantitative chromatin immunoprecipitation (qChIP) analysis of Clr3-myc 

at the target ura4+ at cen1 in the indicated strains.  Error bars reflect SE. (* P < 0.05, ** P < 

0.01, *** P < 0.001) 
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H3K9ac and H3K14ac in both the single and double mutants consistent with a model whereby 

Abp1 recruits Swi6, which in turn recruits Clr3 (Fig. 8B).   

 To verify these results, we performed a ChIP assay to detect the fold enrichment of 

epitope tagged Clr3-myc at the target ura4+ in swi6Δ and abp1Δ strains.  Consistent with the 

proposed model, we found Clr3-myc enriched specifically in the target plus initiator strain, but 

not in the target only strain.  We also saw a loss of enrichment of Clr3 at the target ura4+ in 

swi6Δ and abp1Δ (Fig. 8C) 

 

RNAi Dependent Trans Silencing of the Mating-type Locus is Dependent on Abp1 

 The mating-type locus contains a region of homology to the dg and dh repeats at the 

centromeres, termed cenH, that has been shown to be required for heterochromatin establishment 

(Fig. 9A) (Hall et al. 2002).  Recently, an Abp1 binding site was also mapped to a region 

adjacent to and on the centromere proximal side of cenH (Aguilar-Arnal et al. 2008; Cam et al. 

2008).  We hypothesized that this portion of the mating-type region might therefore be capable 

of recruiting heterochromatin in trans via an Apb1 dependent mechanism. 

In order to test this, we inserted a ura4+ reporter adjacent to the Abp1 binding site at the 

mating-type region, replacing the region of homology at the centromere dg sequence 

(KdgΔ::ura4+).  The ura4+ initiator at cen3 was then introduced into this background in order to 

assay for trans silencing to the mating-type locus.  We used an assay that allows measurement of 

the frequency of the target ura4+ (KdgΔ::ura4+) at the mating-type locus to switch from the 

euchromatic state to the heterochromatic state.  The  
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Figure 9.  RNAi-mediated trans targeting at the mating-type locus is enhanced by Abp1 

(A) Schematic of the mating-type locus of S. pombe (top).  Below is a schematic of the initiating 

ura4+ at cen3 targeting in trans a ura4+ replacing the dg homology region at the mating-type 

locus (KdgΔ::ura4+) (CK1023).  (B) Single colonies were picked from medium lacking uracil 

and then grown in non-selective media.  The cells were then plated onto non-selective medium 

and medium supplemented with 5-FOA and the percentage of cells growing on FOA compared 

to on non-selective medium was determined in the indicated strains.  (C) Expression of the target 

ura4+ at the mating-type locus.  RNA was extracted from the indicated strains grown in non-

selective medium. Quantitive RT-PCR for ura4+ was performed and normalized to the target 

ura4+ alone. (D) Schematic of the mating-type locus with the Abp1 binding site deleted.  (E) 

Frequency assays were performed as in (B) in the indicated strains.  No significant change was 

detected in the target ura4+ with the Apb1 binding site deleted with or without the initiator 

present. (F) Quantitative chromatin immunoprecipitation (qChIP) analysis of H3K9me, Swi6, 

and Chp1 enrichment at the target ura4+ at the mating type locus in the indicated strains.  No 

significant changes were detected in these strains. (* P < 0.05, ** P < 0.01, *** P < 0.001) 

102



use of a frequency type assay is required for determining silencing at the mating-type locus due 

to the Atf1/Pcr1 silencing pathway also contributing to low level silencing (Jia et al. 2004).  

Accordingly, instead of assaying for a loss of silencing, we assay for an increase in silencing.  

We selected colonies growing on media lacking uracil (Ura-On) re-cultured them in non-

selective media to allow the switch to Ura-Off.  These cells were then plated on non-selective 

and 5-FOA and the percentage of colonies growing on FOA relative to non-selective media was 

determined.  This percentage reflects the frequency that individual cells initiate heterochromatin 

assembly and switch from Ura-On to Ura-Off. The target ura4+ switched to Ura-Off at a 

frequency of 2.1%; this low frequency switching to Ura-Off is likely due to heterochromatin 

spreading from the RNAi- nucleation element located in the dh sequence (Lawrence, R.J. et. al., 

submitted).  In the presence of the initiating ura4+, the KdgΔ::ura4+ target cells switched to Ura-

Off at a much greater frequency (10%) (Fig. 9B).  The dramatic increase in the ability of the 

target ura4+ to switch to a silenced state suggests that the initiating ura4+ at cen3 is able to 

silence in trans to the mating-type locus as well.  We also tested if the trans targeting to the 

mating-type locus was also dependent on RNAi.  As expected, in a dcr1Δ strain we observed an 

inability of the target ura4+ reporter to switch to the off state both with and without the initiator 

(Fig. 9B).  The inability of the target ura4+ to be silenced in a dcr1Δ background is consistent 

with a role for RNAi in spreading of heterochromatin from dh loci (Lawrence, R.J. et. al., 

submitted). 

Because Abp1 played an integral role in the trans targeting of ura4+ at cen1 we also 

tested if Abp1 was required for trans targeting to the mating-type locus.  The ability of the ura4+ 

mating-type target to switch to the Ura-Off state in an abp1Δ strain was reduced to a similar 

frequency of the target ura4+ alone (Fig. 9B).  Abp1 therefore also is required for trans silencing 
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to the mating-type locus. We also tested steady-state transcript levels corresponding to the ura4+ 

mating-type target: qRT-PCR analysis with primers that amplify the mating-type target ura4+ 

demonstrated that the transcript levels of the target ura4+ in the presence of the initiator ura4+ 

were relatively less than the target alone (Fig. 9C).  In addition, in dcr1Δ and abp1Δ strains 

ura4+ target transcript levels were also increased (Fig. 9C).   

Because there is only one known Apb1 binding site at the mating-type locus compared to 

Abp1’s binding at multiple sites throughout the centromeres we were able to test this further by 

deleting the known Abp1 binding site located within the mating-type locus (Aguilar-Arnal et al. 

2008).  We once again replaced the mating-type dg element with a ura4+ reporter but also 

deleted the mating-type Abp1 binding site (Kabp1bsΔdgΔ::ura4+) (Fig. 9D).  Remarkably, 

deletion of the Abp1 binding site eliminates trans silencing, but also influences endogenous 

mating-type silencing as seen by a lower frequency of ura-on to ura-off in the binding site 

deletion strain (Fig. 9E).  This is the first report of Abp1 regulating recruitment of 

heterochromatin to the mating-type locus. We next tested whether deletion of the Abp1 binding 

site resulted in altered heterochromatin marks at the target ura4+. Enrichment of H3K9me3, 

Chp1, and Swi6 as shown by ChIP confirms the presence of additional silencing pathways acting 

at the mating-type locus.  Consistent with results from frequency assays (Fig. 9B), the target 

ura4+recruits additional H3K9me3 and Chp1in the presence of the initiator.  Interestingly, Swi6 

levels remain unchanged regardless of whether the initiator ura4+ is present or not.  However, 

when the Abp1 binding site is deleted, enrichments of H3K9me3, Swi6, and Chp1 are decreased 

below levels detected at the target ura4+ when the Abp1 binding site is intact (Fig. 9F).  This 

suggests a novel role for Abp1 in maintenance of heterochromatin at the mating-type locus.  
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Overall these results suggest a role for Abp1 in heterochromatin maintenance as well as 

enhancement of silencing in trans to the mating-type locus.  
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Discussion 
 
 

This work describes RNAi-mediated targeting of heterochromatin in trans, and 

demonstrates a novel role for CENP-B proteins in the establishment of heterochromatin domains 

in S. pombe.  Double stranded transcripts from initiator ura4+ reporters at cen3 are processed into 

siRNAs, which are then loaded into the RITS complex and subsequently targeted to the target 

ura4+ at cen1.  Not only do we detect nucleation of heterochromatin, but remarkably we also 

observe spreading of heterochromatin at least 1kb divergently from the site of nucleation at the 

target ura4+.  Thus, heterochromatin can be targeted by the RITS complex and subsequently 

spread to establish large heterochromatin domains.  

Chp1 recruitment (and likely RITS) occurs in trans even in the absence of Swi6, Clr3, or 

Abp1 and this recruitment is not dependent on H3K9 methylation. H3K9me3, however, seems to 

be necessary to maintain a stable silent state.  Our results suggest a linear pathway whereby 

CENP-B proteins recruit Swi6, which in turn recruits Clr3 to deacetylate histones.  Because Swi6 

enrichment at the target is only seen when the initiator ura4+ is present, Swi6 may have a 

transient interaction with Abp1 that is stabilized by RITS recruitment and/or Kmt1 H3 

methylation.  Presumably the deacetylation of histones by Clr3 would be necessary for histone 

H3 lysine 9 to be methylated by the histone methyltransferase Kmt1, and thus establish 

heterochromatin.  Furthermore, H3 is only deacetylated when the initiator ura4+ is present, 

suggesting a role for RITS in activating Clr3 or perhaps stabilizing deacetylation by the 

recruitment of H3K9 methylation.  The dependence on Clr3 for both H3K9ac and H3K14ac is 
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consistent with recent data, suggesting it may have a promiscuous role in deacetylating histones 

(Wiren et al. 2005).   

As Abp1 has been postulated to recruit Clr6 to TF2 LTRs for silencing, we also tested the 

requirement for Alp13, a component of the Clr6 histone deacetylase complex, in trans 

heterochromatin assembly (Nakayama et al. 2003; Cam et al. 2008).  We did not find losses of 

H3K9me3 and Swi6 enrichment or increased enrichments of H3K9ac and H3K14ac in an 

alp13Δ strain at the trans target, suggesting that Clr6 does not act in trans heterochromatin 

assembly at centromeres (data not shown). Thus, we illustrate that both RNAi as well as the 

recruitment of Clr3 are necessary for the establishment of a stable heterochromatin domain.  This 

likely leads to transcriptional silencing of the target ura4+. 

 Previous results from other labs suggest a cis-restricted mechanism of silencing at 

centromeres and the mating-type locus (Buhler et al. 2006). Trans targeting of heterochromatin 

to the endogenous ura4+ via siRNAs generated from RITS tethering to ura4+ mRNA was shown 

to occur only in an eri1Δ strain, suggesting an active restriction of silencing to a cis based 

mechanism (Buhler et al. 2006). Eri1 is a nuclease that has been described as a negative regulator 

of siRNA biogenesis.  We also tested the ability for trans targeting in an eri1Δ background and 

found trans silencing to the target ura4+ both at the centromere and mating-type locus was not 

enhanced, suggesting the mechanism of Eri1 restriction is not as simple as previously proposed 

(Fig. 10A-C).   In C. elegans, Eri1 was shown to be necessary for endogenous siRNA biogenesis, 

but exogenous siRNAs are more abundant in an eri1Δ strain suggesting that Eri1 is involved in 

promoting endogenous silencing mechanisms while inhibiting the effects of foreign double 

stranded RNA (Duchaine et al. 2006).  Eri1 in S. pombe may therefore act similarly and have 
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Figure 10.  The eri1∆ does not effect RNA-mediated trans targeting at the centromeres 
or the mating-type locus.

(A) Serial dilution assay with the target endogenous ura4+ (CK306), the initiator ura4+ 
at cen3 (CK326), the target + initiator (CK327), and target + initiator, eri1∆ (CK1317) on 
non-selective medium (NS), medium lacking uracil (-URA), or medium supplemented 
with 5-FOA (FOA).  (B) Serial dilution assay with the target at cen1 ura4+ (CK1180), the 
target + initiator (CK1101), and target + initiator, eri1∆ (CK1316) on non-selective 
medium (NS), medium lacking uracil (-URA), or medium supplemented with 5-FOA 
(FOA).  (C) Expression of the cen1 target ura4+ (CK1180), the target + initiator 
(CK1101), and target + initiator, eri1∆ (CK1316).  Quantitative RT-PCR for ura4+ was 
performed and normalized to the target ura4+.  (D) Single colonies were picked from 
medium lacking uracil and then grown in non-selctive media.  The cells were then plated 
onto non-selective medium and medium supplemented with 5-FOA and the percentage 
of cell growing on FOA compared to on non-selective medium was determined in the 
indicated strains.
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different functions in the endogenous trans targeting of heterochromatin versus the tethering of 

RITS to induce silencing in trans.  

It is possible that cis-directed (or co-transcriptional) and trans-directed heterochromatin 

establishment models are not mutually exclusive.  Our results suggest that heterochromatin is 

targeted in trans to dh elements and that this trans targeting is dependent on RNAi.  However, 

we have also shown recently that RNAi spreads heterochromatin in cis (Lawrence, R.J. et. al., 

submitted).  Furthermore, we have recently defined minimal RNAi-dependent heterochromatin 

nucleation elements at dg loci that appear to be cis-directed (Lawrence, R.J. et. al., submitted).   

We also reveal a specific requirement for Abp1 (and Cbh1 and Cbh2 to a lesser extent) in 

trans silencing.  This result is consistent with Abp1 acting upstream of Cbh1 and Cbh2 by 

recruiting the latter two CENP-Bs.  Alternatively, Abp1 may play a specific role in establishment 

whereas Cbh1 and Cbh2 may play other distinct roles.  CENP-B proteins have been shown to 

dimerize in mammalian systems (Masumoto et al. 2004).  The CENP-B proteins are necessary 

for initiation of heterochromatin assembly in trans, but in addition to recruiting Swi6, their 

dimerization in S. pombe may directly contribute to a higher order chromatin structure necessary 

for stability.  

We demonstrate Abp1 is required for trans targeting of heterochromatin, to cen1 and the 

mating type locus however, it is possible that other factors are also required. RNAi-mediated 

heterochromatin targeting in trans may be restricted to heterochromatin domains, for example 

regions where alternative nucleation or initiation mechanisms exist.  Along these lines, nuclear 

localization of chromatin domains may also contribute to the ability of a chromatin domain to be 

targeted in trans.  For example, heterochromatin domains may be sensitive to trans targeting 
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because of their localization at the nuclear periphery whereas targeting to euchromatic regions 

might be inhibited by their interior nuclear localization.    

We reveal a role for CENP-B’s in the establishment of heterochromatin through 

cooperativity of Swi6/HP1 binding and the RNAi pathway.  Thus, such mechanisms may 

provide future avenues of research in mammalian systems.   Overall, since the data presented 

herein provide the first insight into the establishment of a stable heterochromatin domain via 

RNAi in trans, this work will inevitably lead to a greater understanding of the mechanisms of 

RNAi-directed heterochromatin establishment and maintenance. 
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Materials and Methods 
 
Growth of Yeast Strains 
 
S. pombe strains were grown at 33ΟC in YEA medium (yeast extract supplemented with 

adenine), medium lacking uracil, or medium supplemented with 850mg/L of 5-FOA.  Strains for 

siRNA blots were grown in EMM (minimal media) at 33ΟC.  Strains used are listed in Appendix 

1. 

 
Construction of Strains  
 
All deletion strains and epitope tags were constructed by a two-step PCR method with a vector 

template as previously described (Bahler et al. 1998).  All deletions or tags were stably 

integrated by standard transformation protocols for S. pombe, and then confirmed using primers 

outside the integration site.  ura4+ initiators were integrated into the dh region of cen3 between 

the following sequences:  5’-agcatgggtatagaaagaagacg-3’ and 5-gaatgaacgtagcaatagatacaag-3 

and transformed into ago1Δ strains and selected on media lacking uracil.  The target ura4+ at 

cen1 was integrated as previously described (Lawrence, R.J. et. al., submitted).  The target ura4+ 

at the mating-type locus replacing the dg homology region was integrated between the following 

sequences:  5’-cctcacatcatttgttccgtct -3’ and 5’-gttgctttcggacttgaacg-3’. The target ura4+ at 

the mating-type locus replacing the dg homology region plus the Abp1 binding site was 

integrated between the following sequences:  5’- tcatccaacgataaccaatca -3’ and 5’-

gttgctttcggacttgaacg-3’. 

 
 
 
 
 
RNA extraction and RT-PCR 
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RNA was extracted from strains according to standard yeast protocols.  50ml S. pombe  cultures 

were grown to an O.D.600 of ~0.5, pelleted, and frozen at -80°C.  Frozen pellets were extracted 

with a solution of 50 mM sodium acetate, 10 mM EDTA, 1% SDS, and three phenol chloroform 

extractions.  RNA was ethanol precipitated.  cDNA was made with 1ug of RNA, DNase treated 

with 2 Units of DNAse RQ1 (Promega) at 37°C for 60 minutes.  Reactions were then used in a 

cDNA reaction with 100 units of SuperScript III (Invitrogen), and primed with oligo-dT for 50 

minutes at 42°C.  cDNA for strand-specific RT-PCR was performed with similar methods except 

the RT reaction was done with a gene specific primer and incubated at 55°C.  All RT-PCR 

reactions were done in triplicate.    

 
Chromatin Immunoprecipitation 
 
Chromatin immuoprecipitation was performed as previously described(Volpe et al. 2002). The 

Clr3-myc chromatin immunoprecipitation was performed as previously described (Wiren et al. 

2005).  Antibodies used were the following:  α-H3K9me3 (Upstate Biotechnology #07-442), α-

Swi6 (Abcam #14898), α−Chp1 (Abcam #18191), α-Myc (abcam #56), α−Pol II (Covance 

#MMS-128P).  ChIPs were repeated three times.   

 
Quantitative PCR  
 
Quantitative PCR was performed on an MJ Research/BioRad Chromo4 Thermocycler using 

Opticon 3.0 software.  The optimal annealing temperature was determined for each primer set.  

The thermocycling conditions were as follows:  an initial denaturation at 95°C for 3 minutes 

followed by 40 cycles at 95°C for 10 seconds, 50-60°C for 30 seconds, and 72°C for 1 minute.  

Fold enrichments and relative expressions were calculated using the Pfaffl method on Gene Ex 
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software (Biorad).  The reactions done for qRT-PCR were normalized to act1+ and the qPCR for 

ChIP assays were normalized to gpd3+.  Primers are listed in Table 1.  Reactions were 

performed in duplicate. 

 
Frequency Assays 
 
Strains were plated onto medium lacking uracil and then single colonies were picked and grown 

overnight in non-selective YEA medium.  Cultures were then diluted and plated onto non-

selective YEA medium and medium supplemented with 850mg/L of 5-FOA.  Cells were counted 

and the percentage of cells growing on 5-FOA compared to the number growing on non-selective 

medium was determined.  Each assay was done three times.  

Ago1 Purification and siRNA blots 
 
Ago1 was epitope tagged with HA on its N-terminus.  HA-Ago1 was immuno-purified from 

twelve grams of yeast cells grown in minimal media (EMM) as previously described (Verdel and 

Moazed 2005).  Small RNAs were then extracted from protein by phenol chloroform extraction 

and EtOH precipitation.  siRNAs were run a 12% polyacrylamide gel and detected by northern 

blot analysis using DNA oligos corresponding to the entire ORF of ura4+.  The oligos used were 

previously described (Buhler et al. 2007).  5% of total siRNAs purified from HA-Ago1 were end 

labeled with cordycepin as previously described (Verdel and Moazed 2005) and run on a 12% 

polyacrylamide gel as a control.  2.5% of the beads used in the immunopurifying of HA-Ago1 

were subjected to Western Blot analysis to verify the pull-down.  
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Table 1.  Oligonucleotides used in this study 
ID# Sequence Purpose 
   
B86 AATTCGCAGACATTGGAAATACC ura4+ initiator RT-PCR  
B87 TGTGATATGAGCCCAAGAAGC  
   
B66 AAATAAGCCTTAATGCCCTTGC ura4+ promoter qPCR 
B67 CATCTTAATTATACCTCACAGAACTATC  
   
B68 CTAGGCGTTTTATGTCAGAAGG ura4+ 3’UTR qPCR 
B69 TTATTCCCAAGGTGTTTATCTATAATAG  
   
D29 ATTGCCTTGTTCTTGAGTAC Cen I (outside target) qPCR 
D30 AGGGAGTAACTTCTTCACC  
   
C48 TCAAGTGGTCTGCCTCTGG gpd3+ qPCR 
C49 CACCGACGACGAACATGG  
   
B1 CCATTGAGCACGGTATTGTC act1+ qPCR 
B2 CTTCTCACGGTTGGATTTGG  
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CHAPTER IV 
 
 
 

RNA-dependent RNA polymerase is a molecular link between heterochromatin 

stabilization, spreading, and secondary siRNA biogenesis 
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Abstract 

Double-stranded RNA triggers the conserved mechanism RNAi, which processes dsRNA 

into siRNAs.  RNAi plays a key role in post-transcriptional silencing as well as heterochromatin 

assembly.  Whereas the original dsRNA trigger results in primary siRNA biogenesis, in some 

organisms the activity of RNA-dependent RNA Polymerase results in secondary siRNA 

biogenesis by synthesizing dsRNA using an RNA template. The relationship between primary 

and secondary siRNA biogenesis during heterochromatin assembly is currently unclear.  Here, 

we detect previously unidentified primary siRNAs in the absence of RNA-dependent RNA 

polymerase (Rdp1) in fission yeast. Furthermore, we find similar levels of siRNAs in rdp1Δ and 

mutants of the heterochromatic histone modification pathway, suggesting that heterochromatin 

promotes siRNA amplification but not primary siRNA biogenesis. Remarkably, we demonstrate 

that heterochromatin can be nucleated ectopically in the absence of Rdp1, but Rdp1 is required 

for stabilization of ectopic heterochromatin throughout the cell cycle and spreading of 

heterochromatin to adjacent loci.  Collectively, these data suggest primary siRNAs can direct 

initial heterochromatin nucleation but the function of Rdp1 is to amplify secondary siRNAs to 

reinforce and spread the heterochromatic state in a process that requires heterochromatin itself. 
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Results and Discussion 

Double-stranded RNAs (dsRNAs) are processed by the RNAse III enzyme, Dicer (Dcr1 

in S. pombe), into 21-25 nucleotide RNAs referred to as small interfering RNAs (siRNAs) 

(Lippman and Martienssen 2004; Meister and Tuschl 2004; Mello and Conte 2004; Sontheimer 

2005).  Presumably, dsRNA can be generated by convergent, bidirectional transcription by 

DNA-dependent RNA polymerases (i.e. Pol II) or in some organisms by RNA-dependent RNA 

polymerase (Rdp1 in S. pombe) synthesis of complementary transcripts to amplify dsRNA 

(Lippman and Martienssen 2004; Motamedi et al. 2004). Two distinct populations of siRNAs 

have been shown to exist in C. elegans: primary siRNAs, which are generated by Dicer 

processing of an original dsRNA trigger, and secondary siRNAs which require RNA-dependent 

RNA Polymerase (Pak and Fire 2007; Sijen et al. 2007).  siRNAs are loaded into RNAi effector 

complexes such as RITS in S. pombe (Motamedi et al. 2004).  RITS is composed of the 

Argonaute family endonuclease Ago1, which uses siRNAs as guides for “slicing” cognate 

mRNAs, the adaptor protein Tas3, and the chromodomain protein Chp1 (Martienssen et al. 

2005).  RITS is thought to target cognate RNAs for heterochromatin assembly at the 

corresponding chromosomal locus (Buhler et al. 2006). 

RNAi has been shown to play a role in heterochromatin assembly (Volpe et al. 2002).  

Heterochromatin is typically marked by di- or tri-methylation of histone H3 at lysine 9 

(H3K9me2/3) (Richards and Elgin 2002).  This modification is catalyzed by the S. pombe 

methyltransferase, Clr4 (also referred to as Kmt1) in a complex that includes the DDB1-like 

protein, Rik1 (Horn et al. 2005).  H3K9 methylation serves as a binding site for chromodomain 

proteins, notably Swi6, a homolog of heterochromatin binding protein 1 (HP1), and the RITS 

component Chp1 (Bannister et al. 2001; Lachner et al. 2001).  
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 Distinct populations of primary and secondary siRNAs have not been identified in S. 

pombe.  The possibility exists that these populations have not been observed because primary 

siRNAs, which would be presumed to be present in the absence of Rdp1, might be below the 

limits of detection of previously used methods.  Thus, we designed a highly sensitive 

methodology using RNase protection to analyze siRNA populations in S. pombe RNAi and 

H3K9 methylation machinery mutants. We focused this analysis on regions of heterochromatin 

where siRNAs have been mapped previously; these include the dg and dh repeats of pericentric 

heterochromatin (Figure 1A) (Cam et al. 2005). As expected we detected abundant siRNAs 

corresponding to dg sequences that were dependent on Dcr1 (Figure 1B). Remarkably, we were 

able to detect dg siRNAs in rdp1Δ, clr4Δ, and rik1Δ mutants (Figure 1B), suggesting a distinct 

population of siRNAs in S. pombe that are dependent on the RNA-dependent RNA polymerase 

and H3K9 methylation machinery.  Intriguingly, when the same analysis was performed using dh 

sequences as a probe, we were unable to detect siRNAs in dcr1Δ, rdp1Δ, clr4Δ, and rik1Δ 

mutants (Figure 1B). These results suggest that a low level of primary siRNAs can be generated 

at dg loci independently of Rdp1 and also that siRNAs at dh loci are exclusively secondary 

siRNAs; however, we cannot rule out that siRNAs at dh sequences exist in rdp1Δ, clr4Δ, and 

rik1Δ but are below the limits of detection.  Furthermore, the observation that similar levels of 

siRNAs exist in rdp1Δ, clr4Δ, and rik1Δ suggests that secondary siRNA biogenesis requires 

heterochromatin itself; consistent with the proposal that siRNA biogenesis is coupled to 

heterochromatin (Buhler et al. 2006). 

We next sought to corroborate the finding that primary siRNAs can be generated in 

rdp1Δ, clr4Δ, and rik1Δ mutants at dg loci using two different methodologies. (1) Analysis of 
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Figure 1:  Analysis of siRNA accumulation in rdp1Δ and H3K9 methylation mu-
tants.
(A) Schematic representation of centromere 3. PCR primers and RNase protec-
tion probes are indicated. (B)  RNase protection analysis of siRNAs at dg and dh 
elements in the indicated strains.  Loading control using 5.8S rRNA is indicated. 
(C) Quantitative RT-PCR analysis of steady-state non-coding dg and dh tran-
scripts in the indicated strains, normalized to wt control + SEM.  (D) RNA-IP 
analysis of dg or dh transcripts enriched with Ago1 immunoprecipitations in the 
indicated strains.  Negative control cDNA reactions lacking reverse transcriptase 
are indicated (-RT).
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transcript levels at loci corresponding to siRNAs and (2) RNA-immunoprecipitation for Ago1 

association with transcripts corresponding to siRNAs.  

As siRNA biogenesis requires RNAi processing of corresponding transcripts by Dcr1, we 

expected that dg transcripts in dcr1Δ should accumulate at higher levels than rdp1Δ, clr4Δ, or 

rik1Δ mutants.  Indeed, we find this is the case, wild-type dg transcripts are very low in 

abundance and dramatically elevated in dcr1Δ but in rdp1Δ and rik1Δ the steady-state levels of 

dg transcripts are significantly lower than in dcr1Δ (Figure 1C). Furthermore, the steady-state 

levels of dh transcripts accumulate to similar levels in dcr1Δ, rdp1Δ, and rik1Δ relative to wild-

type (Figure 1C) consistent with the above observation that siRNA biogenesis at dh loci is 

dependent on dcr1Δ, rdp1Δ, and rik1Δ. 

If siRNAs are generated at dg loci independently of Rdp1 and Rik1 then these siRNAs 

should guide the RNAi-effector Ago1 to corresponding transcripts.  Using RNA 

immunoprecipitation, we specifically detect Ago1 association with dg and dh transcripts in wild-

type cells and the association is abrogated in dcr1Δ (Figure 1D). Remarkably, Ago1 associates 

with dg transcripts in rdp1Δ and rik1Δ but not with dh transcripts (Figure 1D).  These results are 

consistent with the interpretation that primary siRNAs can guide Ago1 to dg transcripts in rdp1Δ 

and rik1Δ  mutants. 

 The dg locus where convergent bidirectional transcripts and primary siRNAs are 

generated corresponds to a cis sequence that is sufficient to nucleate heterochromatin at an 

ectopic locus RNAi-dependently (referred to as dgNucH, Lawrence and Volpe, submitted 

(Partridge et al. 2002; Volpe et al. 2002; Volpe et al. 2003) and is similar to a previously 

characterized dg cis sequence that is sufficient to nucleate heterochromatin, denoted as “L5” 

(ref). In our initial studies we found that in wild-type cells H3K9me3, Swi6, and Chp1 are 
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efficiently recruited to dgNucH in wild-type cells but not in rdp1Δ (data not shown and 

Lawrence and Volpe, submitted).  However, recently it has been shown that RNAi occurs 

transiently during S phase of the cell cycle and convergent bidirectional genes within 

euchromatin can transiently form heterochromatin during G1 of the cell cycle (Chen et al. 2008; 

Gullerova and Proudfoot 2008; Kloc et al. 2008).  We thus sought to test whether the primary 

siRNAs in rdp1Δ could initiate heterochromatin assembly at this ectopic dg fragment transiently 

during the cell cycle.   

 Using previously established methods, we synchronized wild-type, rdp1Δ, and dcr1Δ 

cells harboring dgNucH (Figure 2A) (Kloc et al. 2008).  Cells that accumulated in M, G1/S, S, 

and G2 were monitored by septation index as before (Figure 2A) and subjected to ChIP analysis 

for H3K9me3, Swi6, Chp1, and Ago1.  Interestingly, we find that the dynamics of RNAi and 

heterochromatin assembly previously observed at centromeres also occurs at the ectopic 

dgNucH, suggesting dgNucH is sufficient to recapitulate the endogenous RNAi-mediated 

heterochromatin assembly pathway (Kloc et al. 2008).  As such, primers specific for the 

nucleation element detect Chp1 and Ago1 enrichment at dgNucH in G1 to S (Figure 2B), when 

siRNAs are generated (Kloc et al. 2008), and H3K9me3 and Swi6 are disassembled in M to S 

and peak in G2 (Figure 2B).  As expected, there was a lack of enrichment of H3K9me3, Swi6, 

Chp1, and Ago1 throughout the cell cycle at dgNucH in dcr1Δ (Figure 2B). Remarkably, in 

rdp1Δ, we found that Ago1, Chp1, and H3K9me3 but not Swi6 were enriched at dgNucH 

specifically in S phase and not at other stages of the cell cycle (Figure 2B) thus  
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Figure 2.  ChIP analysis demonstrates transient recruitment of heterochromatin in rdp1Δ  

to an ectopic heterochromatin nucleation element. 

(A) Septation frequency in synchronized cells of the indicated strains. (B-C) ChIP analysis for 

H3K9me3, Swi6, Chp1 and Ago1 in using primers specific for the dgNucH nucleation element 

(B) or for ura4+ (C). Primers specific for dgNucH in (B) recognize a unique 30-mer (filled 

triangle) that is integrated into dgNucH.  Fold enrichment is calculated as the ratio ChIP for the 

primer set versus the euchromatic locus gpd3+ + SEM. 
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suggesting that the primary siRNAs in rdp1Δ can transiently establish H3K9 methylation and 

RITS recruitment in S phase of the cell cycle.  However, in the absence of Rdp1 heterochromatin 

at the ectopic nucleation element is unstable and not maintained throughout the cell cycle 

suggesting Rdp1 is required to stablize heterochromatin assembly throughout the cell cycle.  

Furthermore, as H3K9 methylation does not accumulate to wild-type levels in rdp1Δ mutants 

these results suggest a role for Rdp1 in facilitating Kmt1 activity or recruitment (see below). 

 We next performed the same analysis using primers within the ura4+ reporter adjacent to 

dgNucH.  Analysis of heterochromatin accumulation at ura4+ reflects spreading from the ectopic 

nucleation element into ura4+.  Intriguingly, in wild-type cells H3K9me3, Chp1, Swi6, and 

Ago1 essentially remain stable throughout the cell cycle (Figure 2C).  In contrast to 

heterochromatin assembly at the dgNucH nucleator, H3K9 methylation, Swi6, Chp1, and Ago1 

enrichment at ura4+ requires both Rdp1 and Dcr1 (Figure 2C), suggesting Rdp1 is required for 

spreading of heterochromatin into the adjacent reporter. 

 This work suggests that a discrete class of primary siRNAs is present in the absence of 

Rdp1 at fission yeast centromeres.  Interestingly, as the primary siRNAs we have detected are 

very low in abundance, this suggests that the majority of siRNAs in fission yeast are secondary 

siRNAs, as is the case for C. elegans (Pak and Fire 2007) (Sijen et al. 2007).  Furthermore, we 

also find similar amounts of siRNAs in clr4Δ, rik1Δ, and rdp1Δ mutants relative to wild-type 

suggesting that H3K9 methylation itself is required for amplification of siRNAs and perhaps 

coupled to secondary siRNA biogenesis.  This finding is consistent with the interpretation that 

H3K9 methylation and secondary siRNA biogenesis occur in a self-enforcing loop that is 

coupled in cis to chromatin (Sugiyama et al. 2005; Buhler et al. 2006).  This model was 

previously suggested, however we extend these findings to by proposing that in fact secondary 
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siRNA biogenesis or siRNA amplification is coupled to H3K9 methylation and primary siRNA 

biogenesis can occur independently of H3K9 methylation (Sugiyama et al. 2005; Buhler et al. 

2006).  

Remarkably, we find that primary siRNAs in the absence of Rdp1 can target H3K9 

methylation to a heterochromatin nucleation element transiently during the cell cycle, which 

suggests a role for Rdp1 in stabilizing ectopic heterochromatin assembly throughout the cell 

cycle.  Furthermore, Rdp1 is required for spreading from the ectopic heterochromatin to adjacent 

reporter genes.  Several models could explain these results: (1) Rdp1 mediated synthesis of 

dsRNA could result in siRNA amplification that is required to recruit a threshold amount of 

H3K9 methylation that specifies a stable heterochromatin state; (2) Rdp1 could antagonize H3K9 

demethylases; (3) A RITS – Rdp1 interaction could be necessary to stabilize the recruitment of 

the H3K9 metyltransferase, Clr4, throughout the cell cycle; (4) or Rdp1 could enhance the 

activity of Clr4.  Overall, this study lays the groundwork for future investigations into 

mechanisms of the coupling of secondary siRNA biogenesis and heterochromatin assembly. 
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Materials and Methods 

 

Growth of Yeast Strains 

S. pombe was cultured at 33˚ C in non-selective YEA. Strains used are listed in Appendix 1.  

Cell cycle synchronization was performed as previously described with hydroxyurea to arrest the 

cells.  Cells were analyzed by septation index to verify that they had progressed through the cell 

cycle similarly to previously described results.  Cells were crosslinked with formaldehyde for 

ChIP at the in M, G1/S, S, and G2 at 70, 90, 120, and 200 minutes, respectively, after washing 

out the hydroxyurea. 

 

RNase Protection analysis of siRNAs  

DNA fragments of centromere 3 to be used as riboprobes were amplified by PCR, cloned  

into the pCRII-Topo vector according to the manufacturers directions (Invitrogen), and  

the vector was digested in order to in vitro transcribe off of the vector’s T7 promoter. The  

Maxiscript T7/SP6 kit (Ambion) was used for in vitro transcription according to the  

manufacturers directions using [α−32P]-UTP (Perkin-Elmer).  In vitro transcription  

products were subsequently run on a 5% PAGE - 8 M urea gel and gel isolated by cutting  

the corresponding fragments from the gel and eluting in 500 µl TE overnight at 37°C.  

Small RNAs were enriched from total RNA using the miRvana miRNA isolation kit  

(Ambion) according to the manufacturers directions.  45 µg of small RNA was mixed  

with 40 µl of gel isolated probe and ethanol precipitated.  The pellet was then  

resuspended in 20 µl hybridization buffer (40 mM Pipes, 1 mM EDTA, 0.4 M NaCl, 80%  

formamide) and incubated overnight at 42°C.  The hybridizations were then digested with  
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1 µl of each of the following: RNase A (10 mg/ml), RNase I (10 units/µl), and RNase T1  

(80 units/µl) in a high salt buffer (0.3 M NaCl, 10 mM Tris, 5 mM EDTA) for one hour  

and 30 minutes at 37°C.  15 µl of 10% SDS and 5 µl of 10 mg/ml proteinase K were  

added to the digests and incubated at 37°C for 15 minutes.  The reactions were then  

phenol:: chloroform extracted, ethanol precipitated, and run on a 12% PAGE - 8 M urea  

gel along with a labeled DECADE marker (Ambion).  The gel was dried for 1 hour and  

exposed to film overnight.  Probes used to detect siRNAs are indicated in  

figures 3 and 4. For the detection of 5.8S loading controls, total small RNA fractions  

were end labeled with Poly(A) polymerase (USB) and 3’[α−32P]-cordycepin (Perkin  

Elmer) according to the manufacturers directions for one hour at 37°C.  The reactions were then 

phenol:: chloroform extracted, ethanol precipitated, and run on a 8% PAGE – 8  

M urea gel. The gel was dried for 1 hour and exposed to film overnight. 

 

Chromatin Immunoprecipitation 

Chromatin immunoprecipitation was performed as previously described.  Three microliters of the 

following antibodies were used per 500ul of chromatin:   α-H3K9me3 (Upstate Biotechnology 

#07-442), α-Swi6 (Abcam #14898), α -Chp1 (Abcam #18191), α –Ago1 (Abcam #18190). 

 

RNA-IP 

RNA-IP was performed essentially as previously described.  Briefly, RNA-IPs were performed 

as chromatin immunoprecipitations with the additon of 100 units of RNase inhibitor (Promega) 

to cell lysis, sonication, immunoprecipitation, wash, and RNA extraction steps.  Chromatin was 
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digested with DNase I in the presence of 100 units of RNase inhibitor as previously described 

prior to immunoprecipitation. 

 

Quantitative PCR 

Quantitative PCR was performed on an MJ Research / BioRad Chromo4 Thermocycler using 

Opticon 3.0 software. The optimum annealing temperature and efficiency of the qPCR reaction 

for each primer set was determined empirically.  The thermocycling conditions were as follows:  

an initial denaturation at 95˚ C for 3 minutes followed by 40 cycles of 95˚ C for 10 seconds, 50-

60˚ C for 30 seconds, and 72˚ C for 1 minute.   Quantitative PCR reactions were performed in 

duplicate.  Fold enrichments and relative expressions were calculated using the Pfaffl method on 

GeneEx software (BioRad). Raw Ct values for each primer were input using either act1+ (for 

expression) or gpd3+ (for ChIP) as reference genes and normalized to wild-type controls. 

Essentially this methodology normalizes the background enrichment from immunoprecipitations, 

represented by the Ct value obtained for either gpd3+, relative to the Ct value obtained by 

immunoprecipitation using a primer set of interest.  This value is then normalized to the ratio of 

Ct values for the DNA isolated from input samples for the primer set of interest to input samples 

of the gpd3+ control.  This yields fold enrichment that is simplified as follows and analogous to 

standard semi-quantitative methods: 

(immunoprecipitated primer set / immunoprecipitated gpd3+) / (input primer set / input gpd3+) 

Primers are listed in Table 1. 
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GAAAACACATCGTTGTCTTCAGAGTAGTGATAGTTCTTATCGTTGTAGTTATAGTTGTA
GTTATAGTTATAGTTGTAGTTGTAATAACTCTTTCAACAAGTCCTGAATCTTGGCAAAC
AGACCCTCATACAGTGCTGTCAGCTCACTCAAGTCCAATCGCACCATGTTAATTAAACG
CATCTCCAATGCACGGGTACATAGAATTACTTCGAGACTGAAACAATACGGTGCTTGGG
CTTAGTCCTTGTAGTGTATTTTGCATACATACCCTTCTGTTCGAATGATATCCC 
 

Figure 3:  dg sequence used as a probe for RNase protection  
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ATTAACTGTCAGGATGTGTTGTCGTTCTTGAAGTAAGTCTTGTGAAAGAAACCACCGAG
TTAAAAATAGAGATCTTGATGGTTTTATATATAAAAGTTTAATGCTTGCCTATTTATAC
ATTTCCCAAGGACTGCTGAGGTAGATGCGTTGTTCAGTTGACTAGGATTTGTTTGAATT
CAAAGATTATCTATTCAAGTCTTCTTTATACGTTTGCATGTGTTTGATAAGAATTCCAT
TGATTCAGAAAAAAAGTGCCAACAGTTTTTCCAACTTGACTGACACTACAACCTTCCAA
TCATAGCCATACTACTATGGTATAAAAATAAAAGTTTACAATTTTACTACTGTTATATA
TATTTCGATGGTAGTGAAGCTTTAAAAAAAAGAAGGAATAGCATACCGTCAAGTCGTTA
GTTGATGGGTAGGGTTGTTAGCCTAATTATGAGTTTTATTTGTAAAATAGGTTTAGGTT
TTAGTTTTAGTTTTAAATTATTAGTCCAATCATGAGTTGAGCTGCTAGTTTAGGCGTGC
GTTGACCTTTTAGCT  
 

Figure 4:  dh sequence used as probe for RNase protection 
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 Table 1.  Oligonucleotides used in this study 
 
ID# Sequence Purpose 
   
C9 CCGCAGTTGGGAGTACATCATTC dg primers 
C10 ACAGCACTCAACAACAGTCTTGG  
   
C15 ATTAACTGTCAGGATGTGTTGTCGTTCTTG dh primers 
C16 CGCATCTACCTCAGCAGTCCTTGG  
   
B86 AATTCGCAGACATTGGAAATACC ura4+ primers 
B87 TGTGATATGAGCCCAAGAAGC  
   
C48 TCAAGTGGTCTGCCTCTGG gpd3+ primers 
C49 CACCGACGACGAACATGG  
   

B74 TGCGGTTCACCCTTAACATC 
dgNucH primers (unique 
30-mer primers) 

B75 CTTCTCATCACTGAAATCTTTAACG  
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CHAPTER V 
 
 
 

Retrotransposon LTRs repress adjacent antisense and sense transcripts by RNA 

turnover 
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Abstract 

 

Barbara McClintock postulated that transposons could act as “controlling elements” for gene 

regulation.  Indeed, transposable elements have recently been shown to play a role in gene 

regulation through epigenetic regulation and/or inhibition of Pol II transcription.  Here, we 

define a new role for retrotransposon Tf2 LTRs from the fission yeast, S. pombe, in controlling 

both sense and antisense transcripts in adjacent non-coding RNAs.  Importantly, this work 

suggests Tf2 LTRs repress RNA expression via a novel mechanism that involves RNA turnover 

rather than Pol II transcriptional inhibition. Consistent with this proposal, genetic analyses 

suggests that the nuclear exosome component, Rrp6, suppresses the accumulation of both sense 

and antisense transcripts at loci adjacent to LTRs.  Overall, this work defines a novel link 

between nuclear RNA surveillance and transposon-mediated gene regulation. 
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Introduction 

 

Transposable elements are discrete DNA segments that can translocate between non-homologous 

insertion sites within the genome.  Barbara McClintock first described transposons in maize 

(Jones 2005).  A large fraction of the genome is composed of transposons and they compromise 

two separate classes based on their mechanism of transposition.  The first class is DNA mediated 

and the second class is RNA mediated.  RNA mediated transposons are called retrotransposons 

and are a close relative to retroviruses both in genome structure and replication mechanisms 

(Slotkin and Martienssen 2007).  S. pombe has two classes of LTR (long terminal repeat) 

retrotransposons, Tf1 and Tf2 (Kelly and Levin 2005).  LTR retrotransposons consist of a coding 

sequence surrounded by two LTRs on either side.  The sequenced laboratory strain of S. pombe 

does not contain copies of the Tf1-type retrotransposons, but has thirteen full-length Tf2-type 

retrotransposons (Kelly and Levin 2005).  Interestingly, remnants of Tf2 and Tf1 transpositions 

compromising full-length LTRs as well as fragments of LTRs are dispersed throughout the 

genome (Kelly and Levin 2005).  A possible role for LTRs in the regulation of gene expression 

has not been investigated.
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Results and Discussion 

We sought to investigate the role of transposons in gene regulation in the fission yeast S. 

pombe. Initially, we investigated the regulation of the meu3+ non-coding RNA adjacent to a Tf2 

retroelement long terminal repeat (LTR) on chromosome 3 (Fig. 1A).  This locus was chosen for 

analysis because microarray data indicate that expression of meu3+ is upregulated in histone 

deacetylase mutants (Hansen et al. 2005).  As histone deacetylases play a role in maintaining a 

chromatin structure that is repressive to Pol II transcription and transposons have been 

implicated in repressing Pol II transcription we investigated this locus for the effect of the LTR 

on meu3+transcriptional regulation (Slotkin and Martienssen 2007). 

 The Tf2 LTR sequences adjacent to meu3+ were either completely deleted or replaced 

with vector sequence of identical length (Tf2LTRΔ or Tf2LTRΔ::vector, respectively, Fig. 1B).  

We found a dramatic increase in meu3+ steady-state transcripts by qRT-PCR upon deletion or 

replacement of the LTR with vector sequence (Fig. 1B).  Upon further analysis using strand-

specific RT-PCR we found that in the absence of the LTR both sense and remarkably antisense 

meu3+ transcripts accumulated to much greater levels as compared to a control strain with an 

intact LTR (Fig. 1C).  

We sought to determine if suppression of the antisense and sense meu3+ transcripts was 

dependent on the meu3+ sequence itself.  5’ RACE analysis demonstrated that the meu3+ 

antisense transcript initiated downstream from the previously mapped meu3+ locus and putative 

TATA sequences can be found in this region (data not shown). We replaced the previously 

defined meu3+ sequence with a ura4+ coding sequence (lacking the endogenous ura4+ promoter 

and terminator) such that the putative TATA  
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Figure 1.  meu3+ sense and antisense transcripts are suppressed by an adjacent Tf2 LTR.  

(A) Schematic of the meu3+ locus with the adjacent Tf2 LTR. (B) qRT-PCR analysis for meu3+ 

transcripts in wild-type or strains in which the Tf2 LTR has been deleted (Tf2LTRΔ) or replaced 

with vector sequence (Tf2LTRΔ::vector).  Error bars indicate s.e.m.  (C) Strand-specific RT-PCR 

(ssRT-PCR) analysis of wild-type or a Tf2LTRΔ strain, using primers indicated in part A to 

specifically amplify meu3+ sense or antisense transcripts.  A control reaction to amplify the sense 

act1+ transcript is indicated.  Control reactions lacking reverse transcriptase (-RT) are indicated.  

(D) ssRT-PCR analysis of a strain in which the ura4+ coding sequence replaces meu3+ 

(meu3Δ::ura4+) or a strain in which the ura4+ coding sequence replaces meu3+ and the Tf2 LTR 

is deleted (meu3Δ::ura4+Tf2LTRΔ), using primers to specifically amplify ura4+ sense or 

antisense transcripts. Control sense act1+ transcripts and reactions lacking reverse transcriptase (-

RT) are indicated. (E) ssRT-PCR analysis of strains in which the meu3+ locus (including 

downstream TATA sequences) is integrated at the bgs4+/sal3+ intergenic locus with or without 

the adjacent Tf2 LTR. Control sense act1+ transcripts and reactions lacking reverse transcriptase 

(-RT) are indicated. (F) ssRT-PCR analysis of strains in which a transcriptional terminator 

derived from the ura4+ 3’ UTR is integrated in between meu3+ and the adjacent Tf2 LTR in one 

of two orientations: such that the terminator stops transcription initiated at the Tf2 LTR (ltrTerm) 

or such that the terminator stops the antisense transcription initiated downstream of meu3+ 

(meu3Term). Control sense act1+ transcripts and reactions lacking reverse transcriptase (-RT) 

are indicated.  
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sequences for the antisense transcript were not perturbed (Fig. 1D).  This experiment 

demonstrated that the meu3+ sequence itself does not play a role in LTR-mediated regulation of 

neighboring transcripts, as ura4+ sense and antisense transcripts were suppressed by the adjacent 

LTR and accumulated to much greater levels in the absence of the LTR (Fig. 1D). 

 We next tested whether the LTR mediated suppression of meu3+ transcripts was subject 

to chromosomal position-effects by integrating meu3+ (including the putative TATA sequence 

that specifies the antisense RNA) and the adjacent LTR at an intergenic locus on chromosome 3.  

Indeed, LTR-mediated suppression of meu3+ sense and antisense transcripts was not subject to 

this change in chromosomal position as meu3+ sense and antisense transcripts were suppressed 

by the presence of the LTR at this locus as well (Fig. 1E). 

 Mapping of putative transcripts at the meu3+ locus in wild-type cells by 5’ RACE 

revealed the presence of a transcript that initiates in the LTR and reads through into meu3+ in 

addition to the previously mapped meu3+ transcript (data not shown).  Furthermore, the meu3+ 

antisense transcript reads through the LTR (data not shown).  This led us to investigate whether 

read-through transcription either into or from the LTR played a role in the suppression of meu3+ 

sense and antisense transcripts.  Thus, we inserted a transcriptional terminator in between the 

LTR and meu3+ in two orientations: one that terminates transcription initiated at the LTR 

(ltrTerm, Fig. 1F) and one that terminates antisense meu3+ transcription reading through into the 

LTR (meu3Term, Fig. 1F).  Remarkably these results revealed a role for read-through 

transcription into or from the LTR in suppression of meu3+ sense and antisense transcripts.  As 

such, in the ltrTerm strain meu3+ sense transcripts accumulated to greater levels than the wild-

type strain lacking the terminator (Fig. 1F).  Furthermore, in the ltrTerm strain meu3+ antisense 

transcripts accumulated to levels similar to that of the wild-type strain (Fig. 1F).  In addition, in 

138



the meu3Term strain, meu3+ antisense transcripts accumulated to levels much greater than the 

wild-type control strain lacking the terminator, whereas meu3+ sense transcripts accumulated to 

levels similar to wild-type (Fig. 1F).  Overall, these results suggest that transcription of the TF2 

LTR sequences themselves is required for LTR-mediated suppression of adjacent transcripts. 

In plants and mammals transposable elements are often associated with histone 

modifications typical of silenced genes and/or heterochromatin (Slotkin and Martienssen 2007).  

The canonical heterochromatic histone modification is H3 lysine 9 di- or tri-methylation 

(H3K9me2/3), which serves as a binding site for HP1/Swi6 (Bannister et al. 2001; Lachner et al. 

2001).  Chromatin immunoprecipitation (ChIP) analysis using primers specific for the Tf2 LTR 

adjacent to meu3+ demonstrated a lack of enrichment of H3K9me1/me2/me3 and also a lack of 

the heterochromatin binding protein Swi6 at this locus (Fig. 2), suggesting that the Tf2 exerts 

repression of meu3+ transcripts by a mechanism distinct from heterochromatic silencing. 

 Tf2 LTRs have recently been shown to recruit the CENP-B DNA binding protein, Abp1, 

which itself recruits the CENP-Bs Cbh1 and Cbh2 (Cam et al. 2008).  These DNA binding 

proteins in turn recruit histone deacetylases (HDACs) to deacetylate histones (Cam et al. 2008).  

Deacetylation mediated by HDACs has also been shown to reduce Pol II occupancy, thus we 

tested whether deletion of the LTR adjacent to meu3+ results in increased histone acetylation and 

Pol II occupancy at meu3+.  ChIP analysis demonstrated a modest increase in histone H3K9 and 

H3K14 acetylation at meu3+ in the Tf2 LTR deleted strain (Fig. 3).  Surprisingly, the deletion of 

the LTR did not result in increased Pol II occupancy (Fig. 3). 

 These results led us to investigate other mechanisms that would be distinct from Pol II 

transcriptional repression to could account for the increase in meu3+ sense and antisense 

transcripts in the absence of the adjacent LTR.   The lack of an increase in Pol II occupancy at 
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meu3+ in the absence of the LTR (Fig. 3), suggested that the TF2 LTR exerts its suppression of 

meu3+ transcripts via RNA turnover rather than Pol II repression.  Therefore, we tested whether 

genomic deletions of components of the nuclear (Rrp6) and cytoplasmic (Cid14) exosome or the 

RNAi nuclease, Dcr1, had any affect on the accumulation of meu3+ transcripts (Bernstein et al. 

2001; Buhler et al. 2007).  We also tested an Abp1 deletion strain and genomic deletions for the 

HDAC Clr3, and Alp13, a component of the Clr6 HDAC complex; these two HDACs have been 

proposed to be recruited by Abp1.   Remarkably, these results demonstrated that in an rrp6Δ 

mutant both meu3+ sense and antisense transcripts accumulated to essentially identical levels as 

the LTR deletion strain (Fig. 4).  Interestingly, this effect was specific for the nuclear exosome as 

cid14Δ had little effect on meu3+ transcripts (Fig. 4).  Furthermore, RNAi did not play a role in 

suppression of meu3+ transcripts as dcr1Δ also had little effect on meu3+ transcripts. 

Interestingly, clr3Δ, alp13Δ, and abp1Δ only had modest effects on the accumulation of meu3+ 

sense transcripts (Fig. 4).  Although these proteins have recently been proposed to silence genes 

adjacent to LTRs, clr3Δ, alp13Δ, and abp1Δ mutants did not pheno-copy the LTR deletion and 

also had very little effect on the accumulation of antisense meu3+ transcripts (Fig. 4 and 5). 

Overall, these results suggest a role for the nuclear exosome in targeting transcripts adjacent to a 

TF2 LTR for degradation. 

 We next tested whether Tf2 LTR mediated suppression of adjacent transcripts was a 

conserved feature of other Tf2 LTRs.  We deleted the Tf2 LTRs at loci adjacent to meu19+ and 

meu4+ by replacing the LTRs with ura4+.  In both cases we find upregulation of the adjacent 

meu19+ and meu4+ transcripts (Fig. 6) suggesting that LTR mediated suppression of adjacent 

transcripts is conserved at other loci in the fission yeast genome. 
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Figure 6.  Tf2 LTRs control the accumulation of meu4+ and meu19+ transcripts. 
qRT-PCR analysis for sense and antisense meu4+ or meu19+ transcripts in 
wild-type or strains in which the adjacent LTR has been deleted (Tf2LTRΔ).  
Relative expression is calculated as the fold change in expression of meu4+ or 
meu19+ transcripts relative to wild-type (set as 1.0), using act1+ sense expres-
sion as an internal control.
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 The data presented here define a new mechanism whereby LTRs contribute to silencing 

of nearby genes by RNA turnover via the exosome. As LTRs are widespread throughout the 

genome, we hypothesize that retroelements that have transposed into intergenic regions could 

lead to the quelling of spurious intergenic transcripts—a mechanism that would presumably be 

evolutionarily favorable; whereas transposition of retroelements near genes can also lead to 

regulation of these genes via the exosome as shown here.   
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Materials and Methods 

Growth of Yeast Strains 

S. pombe was cultured at 33˚ C in non-selective YEA. Strains used are listed in Appendix 1. 

 

Construction of Strains 

Deletion mutants were generated using a two-step PCR method with previously described vector 

templates.  Long ~300 bp. “adaptamers” were generated by PCR and then used in a second PCR 

reaction with vectors that either delete the gene of interest with a kanMX marker. Each deletion 

PCR product was then stably integrated by standard S. pombe transformation and each strain was 

confirmed using PCR with primers outside the genes.  

 

RNA extraction and RT-PCR 

RNA was extracted according to standard fission yeast protocols.  Briefly, 50 ml S. pombe 

cultures were grown to an O.D.600 of ~0.5, pelleted, and frozen at – 80˚ C.  Frozen pellets were 

extracted with a solution of 50 mM sodium acetate, 10 mM EDTA, 1% SDS,  and three 

extractions of phenol::chloroform (1:1) equilibrated in DEPC treated water.  RNA was 

precipitated with sodium acetate and ethanol.  To make cDNA, 1 µg of RNA was DNAse treated 

with 2 Units of  DNAse RQ1 (Promega), with the buffer supplied by the manufacturer at 37˚ C 

for 60 minutes.  Purified RNA was then used in a cDNA reaction with 100 units of SuperScript 

III (Invitrogen), using buffer supplied by the manufacturer and primed with random 9-mers or 

strand-specific primers.  cDNA reactions were incubated at 42˚ C and then the enzyme was 

inactivated at 85˚ C for 5 minutes.  
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Chromatin Immunoprecipitation 

Chromatin immunoprecipitation was performed as previously described.  Three microliters of the 

following antibodies were used per 500ul of chromatin:   α-H3K9me3 (Upstate Biotechnology 

#07-442), α-Swi6 (Abcam #14898). 

Quantitative PCR 

Quantitative PCR was performed on an MJ Research / BioRad Chromo4 Thermocycler using 

Opticon 3.0 software. The optimum annealing temperature and efficiency of the qPCR reaction 

for each primer set was determined empirically.  The thermocycling conditions were as follows:  

an initial denaturation at 95˚ C for 3 minutes followed by 40 cycles of 95˚ C for 10 seconds, 50-

60˚ C for 30 seconds, and 72˚ C for 1 minute.   Quantitative PCR reactions were performed in 

duplicate.  Fold enrichments and relative expressions were calculated using the Pfaffl method on 

GeneEx software (BioRad). Raw Ct values for each primer were input using either act1+ (for 

expression) or gpd3+ (for ChIP) as reference genes and normalized to wild-type controls. 

Essentially this methodology normalizes the background enrichment from immunoprecipitations, 

represented by the Ct value obtained for either gpd3+, relative to the Ct value obtained by 

immunoprecipitation using a primer set of interest.  This value is then normalized to the ratio of 

Ct values for the DNA isolated from input samples for the primer set of interest to input samples 

of the gpd3+ control.  This yields fold enrichment that is simplified as follows and analogous to 

standard semi-quantitative methods:  (immunoprecipitated primer set / immunoprecipitated 

gpd3+) / (input primer set / input gpd3+) Primers are listed in Table 1. 
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Table 1.  Oligonucleotides used in this study 
 
ID# Sequence Purpose 
   
C7 TGTGCCTCGTCAAATTATCATCCATCC cen3 primers 
C8 ACTTGGAATCGAATTGAGAACTTGTTATGC  
   

Meu3rt5’ GGCTACCCTCTTTTGGTTACTTCC meu3+ primers 
Meu3rt3” GCCAGATATTGCCATTGTTTTGACC  
   
B86 AATTCGCAGACATTGGAAATACC ura4+ primers 
B87 TGTGATATGAGCCCAAGAAGC  
   
Meu19rt5’ GGCTACCCTCTTTTGGTTACTTCC meu19+ primers 
Meu19rt3’ TTACAATGGAGACGAGTTACC  
   
Meu4rt5’ CAAATGCTGTGAGAAGAAGAAACC Meu4+ primers 
Meu4rt3’ AAATATGTGATGGGACCAGTAACG  
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CHAPTER VI 

 

Conclusions and Future Perspectives 
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The work described in this thesis offers new insights into the mechanisms of RNA silencing in 

the organism S. pombe.  First, we demonstrated obvious differences in the regulation of the 

forward and reverse transcripts at centromere repeats.  The regulation of the reverse dh transcript 

seems to be under the control of a novel translational silencing mechanism.  Next we described a 

RNAi-mediated trans silencing pathway in S. pombe that induces transcriptional silencing of a 

target mRNA via the recruitment of heterochromatin.  In addition, we describe a class of Rdp1 

dependent secondary siRNAs required for the amplication of the RNAi pathway.  Finally, we 

uncover a new silencing mechanism linking Tf2 LTRs to the transcriptional control of non-

coding RNAs. 

 

The first comprehensive analysis of centromere transcript regulation by RNAi, RNA-turnover, 

and histone modification pathways is described in chapter two.  The regulation of the centromere 

transcripts synthesized from both DNA strands of outer dg and dh sequences has not been fully 

investigated.  We therefore used ura4+ reporter genes under the regulation of endogenous 

centromere promoters to analyze centromere transcript regulation in S. pombe.  Our results 

reveal both strand-specific and locus dependent differential regulation of heterochromatic repeats 

and reveal for the first time that homologous centromere repeat sequences are subject to distinct 

repression pathways.  Interestingly, we also detected a novel silencing mechanism contributing 

to the silencing of the ura4+integrated at the dh repeat at centromere three in the reverse 

orientation.  A novel translational inhibition mechanism controlled by the exosome component 

Cid14 may be required for ura4+ silencing.  Other possible mechanisms to explain these 

observations include nuclear retention of mRNA, RNA deadenylation, or decapping of RNA, 

which could all be mediated by the exosome.  Further investigation into these possible 

151



mechanisms may uncover additional components necessary for silencing at the centromeres.  In 

addition, the various ura4+ reporters created for use in this study will provide a valuable tool for 

future studies involving differential regulation of the dg and dh outer repeat transcripts of the S. 

pombe centromeres, including possible variations in cell cycle regulation of the forward and 

reverse transcripts.  

 

Chapter three describes a novel mechanism of RNAi-mediated targeting of heterochromatin in 

trans, and demonstrates a novel role for CENP-B proteins in the establishment of 

heterochromatin domains in S. pombe.  Double stranded transcripts from initiator ura4+ reporters 

at cen3 are processed into siRNAs, which are then loaded into the RITS complex and 

subsequently targeted to the target ura4+ at cen1.  Not only do we detect nucleation of 

heterochromatin, but remarkably we also observe spreading of heterochromatin from the site of 

nucleation at the target ura4+.  Thus, heterochromatin can be targeted by the RITS complex and 

subsequently spread to establish large heterochromatin domains.  Chp1 recruitment (and likely 

RITS) occurs in trans even in the absence of Swi6, Clr3, or Abp1 and this recruitment is not 

dependent on H3K9 methylation. H3K9me3, however, seems to be necessary to maintain a 

stable silent state.  Our results suggest a linear pathway whereby CENP-B proteins recruit Swi6, 

which in turn recruits Clr3 to deacetylate histones in order for H3K9me3 to occur.  

 

Interestingly, only the forward ura4+ initiator was able to target in trans.  It is possible that sense 

ura4+ siRNAs loaded into RITS are unable to target the nascent sense mRNA at the target locus 

whereas antisense ura4+ siRNAs from the “forward” initiator can. This data also suggests that 

siRNAs loaded into RITS target the homologous mRNA and not the DNA.  Targeting of RITS to 
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double stranded DNA should work with either sense or antisense siRNAs.  Furthermore, a 

deletion of the target ura4+ promoter to eliminate a ura4+ transcript, would also directly test 

whether RITS is targeting the RNA or DNA.  Presumably, Chp1 and H3K9me3 would still be 

targeted in the absence of a transcript if RITS was targeted to the DNA.  Studies have also 

suggested that RNAi-directed transcriptional gene silencing does not affect changes in RNA 

polymerase II occupancy at the target locus (Buhler et al. 2006).  However, we see a significant 

decrease in the enrichment of Pol II at the target ura4+ when heterochromatin is targeted in trans 

suggesting an inhibition of transcription leading to silencing.  The data presented herein provide 

the first insight into the establishment of a stable heterochromatin domain via RNAi in trans, and 

will provide a system for future studies involving RNAi-directed heterochromatin establishment. 

 

Contrary to recent work suggesting that Rdp1 (RNA-dependent RNA polymerase) is required for 

the production of dicer dependent siRNAs in the intiation of the RNAi pathway, this work 

suggests that a discrete class of primary siRNAs is present in the absence of Rdp1 at fission yeast 

centromeres.  Interestingly, as the primary siRNAs we have detected are very low in abundance, 

this suggests that the majority of siRNAs in fission yeast are secondary siRNAs, as is the case for 

C. elegans (Pak and Fire 2007; Sijen et al. 2007).  Mapping of primary versus secondary siRNAs 

by sequencing populations of siRNAs from rdp1Δ strains compared to wild-type strains across 

the genome would distinguish areas of initiation and amplification in the RNAi pathway.  

Overall, this study lays the groundwork for future investigations into mechanisms of the coupling 

of secondary siRNA biogenesis and heterochromatin assembly.  
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The data presented in chapter five defines a new mechanism whereby LTRs contribute to 

silencing of nearby genes by RNA turnover via the exosome.  A recent study has implicated 

Abp1 in recruiting the HDACs Clr3 and Clr6 to LTRs to silence adjacent genes (Cam et al. 

2008).  Our analysis of clr3Δ, alp13Δ (a component of the Clr6 HDAC complex), and abp1Δ 

mutants showed little effect of these mutants on the accumulation of meu3+ transcripts.  Thus, it 

is possible that mechanisms distinct from those previously characterized are acting at the meu3+ 

locus.  Furthermore, double mutants for clr3Δ abp1Δ and alp13Δ abp1Δ resulted in additive 

meu3+ transcript accumulation relative to the respective single mutants, suggesting that the 

HDACs and Abp1 act in distinct pathways at this locus; however our results are consistent with 

genomewide mapping of Clr3 and Abp1 which shows that Clr3 and Abp1 occupancy throughout 

the S. pombe genome is only rarely coincident (Cam et al. 2005).  Additionally, rrp6Δ clr3Δ and 

rrp6Δ alp13Δ double mutants actually resulted in less meu3+ transcript accumulation than the 

rrp6Δ single mutant suggesting that Clr3 and Alp13 act in a distinct pathway from Rrp6.  This 

observation also suggests Clr3 and Alp13 antagonize Rrp6.  In contrast, an rrp6Δ abp1Δ double 

mutant resulted in non-additive meu3+ transcript accumulation relative to the respective single 

mutants suggesting that if Abp1 has a function at this locus it is in the same pathway as Rrp6.  

This result further suggests that Abp1 acts in a pathway distinct from Clr3 and Alp13 at the 

meu3+ locus.  The investigation into the silencing of the meu3+ non-coding RNA has helped to 

shed light on the separable functions of proteins previously described in S. pombe 

retrotransposon silencing pathways. 

 

Collectively, the work presented in this thesis contributes to the understanding of RNA silencing 

mechanisms in S. pombe.  The architecture of the centromeres as well as heterochromatin 
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structures in S. pombe are similar to mammalian systems, therefore the studies described herein 

are applicable to higher eukaryotes.  A developing class of diseases has begun to emerge 

involving defects in the molecular components of the RNAi and heterochromatin assembly 

pathways.  Consequently, ongoing studies of the molecular mechanisms of both pathways will be 

essential to the understanding and effective treatment of these diseases.  In addition, many 

pharmaceutical and biotechnology companies have declared an interest in RNAi-based 

therapeutics to silence disease associated genes.  However, the effective use of RNAi as a 

therapeutic requires a comprehensive knowledge of the basic pathways activating silencing.  

Continuing studies similar to those presented in this thesis, utilizing basic model systems, will 

undoubtedly be necessary for the understanding of silencing pathways in higher eukaryotes. 
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Chapter Two 

Strain Relevant Genotype Source 

   

CK833 cen3dg(3)::ura4+ ade6Δ ura4Δ h+ This Study 

CK190 cen3dg(3)::ura4+ ago1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK889 cen3dg::ura4+ dcr1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK890 cen3dg::ura4+ rdp1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK845 cen3dg::ura4+ chp1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK843 cen3dg::ura4+ tas3Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK849 cen3dg::ura4+ rik1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK847 cen3dg::ura4+ clr4Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK841 cen3dg::ura4+ swi6Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK836 cen3dg(1)::ura4+
Inv ade6Δ ura4Δ h- This Study 

CK423 cen3dg(1)::ura4+
Inv  ago1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK337 cen3dg::ura4+
Inv  dcr1Δ::kanMX6 ade6Δ ura4Δ h+ This Study 

CK883 cen3dg::ura4+
Inv  rdp1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK349 cen3dg::ura4+
Inv  chp1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK507 cen3dg::ura4+
Inv  tas3Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK527 cen3dg::ura4+
Inv  rik1Δ::kanMX6 ade6Δ ura4Δ h+ This Study 

CK388 cen3dg::ura4+
Inv  clr4Δ::kanMX6 ade6Δ ura4Δ This Study 

CK509 cen3dg::ura4+
Inv  swi6Δ::kanMX6 ade6Δ ura4Δ This Study 

CK326 cen3dh(4)::ura4+ ade6Δ ura4Δ h- This Study 

CK302 cen3dh(4)::ura4+ ago1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK715 cen3dh::ura4+ dcr1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK894 cen3dh::ura4+ rdp1Δ::kanMX6 ade6Δ ura4Δ h+ This Study 

CK885 cen3dh::ura4+ chp1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK1037 cen3dh::ura4+ tas3Δ::kanMX6 ade6Δ ura4Δ This Study 

CK722 cen3dh::ura4+ rik1Δ::kanMX6 ade6Δ ura4Δ This Study 
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CK887 cen3dh::ura4+ clr4Δ::kanMX6 ade6Δ ura4Δ This Study 

CK892 cen3dh::ura4+ swi6Δ::kanMX6 ade6Δ ura4Δ This Study 

CK918 cen3dh(4)::ura4+
Inv ade6Δ ura4Δ h- This Study 

CK480 cen3dh(3)::ura4+
Inv ago1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK714 cen3dh::ura4+
Inv dcr1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK973 cen3dh::ura4+
Inv rdp1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK976 cen3dh::ura4+
Inv chp1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1033 cen3dh::ura4+
Inv tas3Δ::kanMX6 ade6Δ ura4Δ This Study 

CK975 cen3dh::ura4+
Inv rik1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK1070 cen3dh::ura4+
Inv clr4Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK1029 cen3dh::ura4+
Inv swi6Δ::kanMX6 ade6Δ ura4Δ This Study 

CK900 cen1dg::ura4+
Inv  ade6Δ ura4Δ h+ This Study 

CK859 cen1dg::ura4+
Inv  ago1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK934 cen1dg::ura4+
Inv  dcr1Δ::kanMX6 ade6Δ ura4Δ h+ This Study 

CK932 cen1dg::ura4+
Inv  rdp1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK924 cen1dg::ura4+
Inv  chp1Δ::kanMX6 ade6Δ ura4Δ- This Study 

CK928 cen1dg::ura4+
Inv  tas3Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK953 cen1dg::ura4+
Inv  rik1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK926 cen1dg::ura4+
Inv  clr4Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK930 cen1dg::ura4+
Inv  swi6Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK896 cen1dh::ura4+
 ade6Δ ura4Δ h- This Study 

CK855 cen1dh::ura4+ ago1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK948 cen1dh::ura4+ dcr1Δ::kanMX6 ade6Δ ura4Δ h+ This Study 

CK946 cen1dh::ura4+ rdp1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK955 cen1dh::ura4+ chp1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1031 cen1dh::ura4+ tas3Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1069 cen1dh::ura4+ rik1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK949 cen1dh::ura4+ clr4Δ::kanMX6 ade6Δ ura4Δ h- This Study 
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CK951 cen1dh::ura4+ swi6Δ::kanMX6 ade6Δ ura4Δ This Study 

CK936 cen1dh::ura4+
Inv  ade6Δ ura4Δ h+ This Study 

CK921 cen1dh::ura4+
Inv  ago1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK958 cen1dh::ura4+
Inv  dcr1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK961 cen1dh::ura4+
Inv  rdp1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK965 cen1dh::ura4+
Inv  chp1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK960 cen1dh::ura4+
Inv  tas3Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1072 cen1dh::ura4+
Inv  rik1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK967 cen1dh::ura4+
Inv  clr4Δ::kanMX6 ade6Δ ura4Δ This Study 

CK963 cen1dh::ura4+
Inv  swi6Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1195 cen3dg::ura4+ rrp6Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1107 cen3dg::ura4+ cid14Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1191 cen3dg::ura4+
Inv rrp6Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1201 cen3dg::ura4+
Inv cid14Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1196 cen3dh::ura4+ rrp6Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1102 cen3dh::ura4+ cid14Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1177 cen3dh::ura4+
Inv rrp6Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1118 cen3dh::ura4+
Inv cid14Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1175 
cen3dh::ura4+

Inv dcr1Δ::kanMX6 rrp6Δ::kanMX6  ade6Δ 
ura4Δ This Study 

CK1173 
cen3dh::ura4+

Inv dcr1Δ::kanMX6 cid14Δ::kanMX6  ade6Δ 
ura4Δ This Study 

CK1176 
cen3dh::ura4+

Inv clr4Δ::kanMX6 rrp6Δ::kanMX6  ade6Δ 
ura4Δ This Study 

CK1174 
cen3dh::ura4+

Inv clr4Δ::kanMX6 cid14Δ::kanMX6  ade6Δ 
ura4Δ This Study 

CK1204 cen3dg(1)::ura4+ ade6Δ ura4Δ  This Study 

CK401 cen3dg(1)::ura4+ ago1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK1220 cen3dg(2)::ura4+ ade6Δ ura4Δ  This Study 

CK1216 cen3dg(2)::ura4+ ago1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK1203 cen3dg(3)::ura4+ ade6Δ ura4Δ  This Study 
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CK1217 cen3dg(3)::ura4+ ago1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK396 cen3dg(4)::ura4+ ade6Δ ura4Δ  This Study 

CK1197 cen3dg(4)::ura4+ ago1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK1312 cen3dg(2)::ura4+
Inv ade6Δ ura4Δ  This Study 

CK1311 cen3dg(2)::ura4+
Inv  ago1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK1011 cen3dg(3)::ura4+
Inv ade6Δ ura4Δ  This Study 

CK436 cen3dg(3)::ura4+
Inv  ago1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK1199 cen3dg(4)::ura4+
Inv ade6Δ ura4Δ h- This Study 

CK442 cen3dg(4)::ura4+
Inv  ago1Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1200 cen3dh(2)::ura4+ ade6Δ ura4Δ  This Study 

CK1212 cen3dh(2)::ura4+ ago1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK1313 cen3dh(3)::ura4+ ade6Δ ura4Δ  This Study 

CK1314 cen3dh(3)::ura4+ ago1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK1206 cen3dh(1)::ura4+
Inv ade6Δ ura4Δ  This Study 

CK1207 cen3dh(1)::ura4+
Inv ago1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK1255 cen3dh(2)::ura4+
Inv ade6Δ ura4Δ  This Study 

CK1210 cen3dh(2)::ura4+
Inv ago1Δ::kanMX6 ade6Δ ura4Δ  This Study 

CK1205 cen3dh(3)::ura4+
Inv ade6Δ ura4Δ  This Study 

CK875 cen3dh(4)::ura4+
Inv ago1Δ::kanMX6 ade6Δ ura4Δ  This Study 
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Chapter Three 
 
Strain Relevant Genotype Source 
   
CK326 cen3dh::ura4+ ade6Δ ura4Δ h- This Study 
CK715 cen3dh::ura4+ dcr1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK918 cen3dh::ura4+
inv ura4Δ h- This Study 

CK714 cen3dh::ura4+
inv  dcr1Δ::kanMX6 ade6Δ ura4Δ h- This Study 

CK327 cen3dh::ura4+ ade6Δ h- This Study 

CK1046 cen3dh::ura4+
inv  This Study 

CK1101 dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ ura4Δ h- This Study 
CK1097 dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+

inv ura4Δ This Study 

RL699 dh1RindHNEΔ::ura4+ dh1::kanMX6 ura4Δ h+ This Study 

CK1186 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ dcr1Δ::kanMX6 
ura4Δ h- This Study 

CK1265 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ ago1Δ::kanMX6 
ura4Δ This Study 

CK1188 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ rdp1Δ::kanMX6 
ura4Δ h+ This Study 

CK1263 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ chp1Δ::kanMX6 
ura4Δ This Study 

CK1266 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ swi6Δ::kanMX6 
ura4Δ h- This Study 

CK1254 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ clr3Δ::kanMX6 
ura4Δ This Study 

CK1222 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ abp1Δ::leu2+ 
ura4Δ h+ This Study 

CK1259 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ cbh1Δ::kanMX6 
ura4Δ This Study 

CK1258 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ cbh2Δ::kanMX6 
ura4Δ This Study 

CK1288 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ swi6Δ::kanMX6  
abp1Δ::leu2+ ura4Δ This Study 

CK1237 cen3dh::ura4+ kanMX6::P3nmt1-3HA-ago1 ade6Δ ura4Δ  This Study 

CK1249 
cen3dh::ura4+ dcr1Δ::KanMX  kanMX6::P3nmt1-3HA-ago1  ade6Δ 
ura4Δ  This Study 

CK1262 
dh1RindHNEΔ::ura4+ dh1::KanMX cen3dh::ura4 abp1Δ::leu2+  
kanMX6::P3nmt1-3HA-ago1 ura4Δ  This Study 

CK1145 cen3dh::ura4+  abp1Δ::leu2+ ura4Δ This Study 

CK1146 cen3dh::ura4+ cbh1Δ::kanMX6 ura4Δ This Study 

CK1149 cen3dh::ura4+ cbh2Δ::kanMX6 ura4Δ This Study 
CK1296 dh1RindHNEΔ::ura4+ dh1::kanMX6 clr3-myc::kanMX6 ura4Δ This Study 

CK1297 dh1RindHNEΔ::ura4+ dh1::KanMX6 cen3dh::ura4+ clr3- This Study 
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myc::kanMX6 ura4Δ 

CK1298 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ clr3-
myc::kanMX6 swi6Δ::kanMX6 ura4Δ This Study 

   

CK1299 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ clr3-
myc::kanMX6 abp1Δ::leu2+  ura4Δ This Study 

CK1023 KdgΔ::ura4+ ura4Δ This Study 
CK1090 KdgΔ::ura4+ cen3dh::ura4+ ura4Δ This Study 

CK1228 KdgΔ::ura4+ cen3dh::ura4+ dcr1Δ::kanMX6  ura4Δ h+ This Study 

CK1226 KdgΔ::ura4+ cen3dh::ura4+ abp1Δ::leu2+  ura4Δ This Study 
CK1283 Kabp1bsΔdgΔ::ura4+ ura4Δ This Study 

CK1282 Kabp1bsΔdgΔ::ura4+ cen3dh::ura4+ ura4Δ This Study 

CK1223 cen3dh::ura4+
inv  kanMX6::P3nmt1-3HA-ago1  ade6Δ ura4Δ This Study 

CK306 wild-type h+ 975 
CK1315 dh1RindHNEΔ::ura4+ dh1::kanMX6 dcr1Δ::kanMX6 ura4Δ  This Study 

CK1316 
dh1RindHNEΔ::ura4+ dh1::kanMX6 cen3dh::ura4+ eri1Δ::kanMX6 
ura4Δ  This Study 

CK1317 cen3dh::ura4+ eri1Δ::kanMX6 This Study 
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Chapter Four 
 
Strain Relevant Genotype Source 
   

RL323 bgs4+/sal3+(IGR)::ura4+ dgNucH ura4Δ  h- This study 
RL346 dcr1Δ::KanMX bgs4+/sal3+(IGR)::ura4+-dgNucH ura4Δ  h+ This study 
RL349 rdp1Δ::KanMX bgs4+/sal3+(IGR)::ura4+-dgNucH ura4Δ  This study 
RL275 otr1(sph1)::ura4+  ura4Δ  ade6-210 h+ This study 
RL286 dcr1Δ::KanMX  otr1(sph1)::ura4+  ura4Δ  ade6-210 h+ This study 
RL303 clr4Δ::KanMX  otr1(sph1)::ura4+  ura4Δ  ade6-210 h+ This study 
RL107 rik1Δ::KanMX  otr1(sph1)::ura4+  ura4ds/e  ade6-210 h+ This study 
RL174 rdp1Δ::KanMX  otr1(sph1)::ura4+  ura4Δ  ade6-210 h- This study 
NOTE (IGR) denotes intergenic region  
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Chapter Five 
 

Strain Relevant Genotype Source 

   

CK100 Wild-type TV281 

CK573 Tf2LTR Δ,  ura4Δ This Study 

CK615 Tf2LTR D::vector,  ura4Δ This Study 

CK711 meu3+::ura4+, ura4Δ This Study 

CK745 meu3+::ura4+, Tf2LTR Δ,  ura4Δ This Study 

CK852 bgs4+/sal3+(IGR):: meu3+/Tf2LTR Δ,  meu3+/tf2LTR::ura4+, ura4Δ This Study 

CK780 bgs4+/sal3+(IGR):: meu3+/Tf2LTR,  meu3+/tf2LTR::ura4+, ura4Δ This Study 

CK755 meu3+/tf2LTR::ltrTerm, ura4Δ This Study 

CK782 meu3+/tf2LTR::meu3Term, ura4Δ This Study 

CK613 Tf2LTR Δ (meu19+),  ura4Δ This Study 

CK614 Tf2LTR Δ (meu4+),  ura4Δ This Study 

RL34 clr3Δ::kanMX6, ura4Δ This Study 

CK621 alp13Δ::kanMX6, ura4Δ This Study 

CK1226 KdgΔ::ura4+ cen3dh::ura4+ abp1Δ::leu2+  ura4Δ This Study 

CK1118 cen3dh::ura4+
Inv cid14Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1177 cen3dh::ura4+
Inv rrp6Δ::kanMX6 ade6Δ ura4Δ This Study 

CK1126 dcr1Δ::kanMX6, ura4Δ This Study 

CK674 clr3Δ::kanMX6, alp13Δ::kanMX6, ura4Δ This Study 

RL807 clr3Δ::kanMX6, abp1Δ::leu2+, ura4Δ This Study 

RL808 alp13Δ::kanMX6, abp1Δ::leu2+, ura4Δ This Study 

RL809 rrp6Δ::kanMX6, clr3Δ::kanMX6, ura4Δ This Study 

RL810 rrp6Δ::kanMX6, alp13Δ::kanMX6, ura4Δ This Study 

 rrp6Δ::kanMX6, abp1Δ::leu2+  ura4Δ This Study 
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