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DNA maintainer dependent epigenetic inheritance of gene silencing and histone H3K9 

methylation 
 

Abstract 
 

             Epigenetic inheritance is critical for maintenance of gene expression patterns to 

safeguard cell identity. From fission yeast to mammals, histone H3 lysine 9 is methylated 

(H3K9me) to mediate gene silencing and heterochromatin formation. After DNA replication, 

parental histones are distributed randomly onto the two newly synthesized DNA strands and 

H3K9 methyltransferases, such as Clr4 in fission yeast, are thought to recognize the old histones 

with H3K9me and methylate the newly deposited histones. However, this “read-write” 

mechanism is opposed by H3K9me demethylation as, by itself, it can only mediate stable 

epigenetic inheritance in the absence of the gene encoding the putative H3K9 demethylase 

epe1+. This is in contrast to the native heterochromatin domain at the mating type (mat) locus in 

which genetic manipulation results in metastable ON and OFF expression states of a reporter 

gene that can be transmitted in cis through meiosis. It was therefore not clear how epigenetic 

states of gene silencing and H3K9me are inherited in epe1+ cells at native heterochromatic 

regions. My thesis research focused on exploring possible roles for local DNA sequences that 

may act together with the read-write mechanism to maintain epigenetic states in fission yeast.  

I found that, in epe1+ cells, stable epigenetic inheritance of H3K9me and gene silencing 

require two binding sites of the ATF/CREB family transcription factors Atf1/Pcr1 within their 

native chromosomal context. Therefore, stable epigenetic inheritance of H3K9me requires input 

from both genetic elements and the “read-write” mechanism of Clr4. 
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Using a combination of genetic and biochemical approaches, I discovered a minimal 

DNA element that mediates epigenetic inheritance but not de novo establishment of gene 

silencing and H3K9me. This minimal element, which we term a “maintainer”, has binding sites 

for another DNA binding protein, Deb1, and the origin recognition complex (ORC), in addition 

to the Atf1/Pcr1 binding sites. Deletion of epe1+ converts the maintainer to a silencer, suggesting 

that maintainer binding proteins can initiate silencing by recruiting Clr4. Together, these results 

have delineated the mechanisms of the contribution of genetic elements to stable cis epigenetic 

inheritance of histone modifications. 
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I. Epigenetic regulation and heterochromatin 
 
            The modern era of biology starts with the identification of the DNA double helix as the 

physical molecule to store and propagate genetic information in all organisms. Following this 

discovery, the “central dogma” emerged as the fundamental theory of modern biology, which 

explains how genetic information stored in DNA is read and translated to make the molecules 

that are required for life. The three stages of central dogma are 1) DNA is self-propagated in a 

semiconservative manner; 2) DNA is transcribed to messenger RNA (mRNA); 3) mRNA is 

translated to generate proteins that are collinear with the order of bases in DNA, the genetic 

code. In eukaryotic cells, DNA is packaged into a higher-order structure defined as chromatin, 

which controls the expression of genetic information coded in DNA. The basic unit of chromatin 

is the nucleosome, which consists of a 147bp DNA sequence wrapped by an octamer of four core 

histone proteins H2A, H2B, H3 and H4 (Luger et al., 1997).  It is now clear that the histone tails 

undergo a plethora of post-translational modifications, which are also known as the “histone 

code”, and help activate or silence gene expression (Jenuwein and Allis, 2001; Strahl and Allis, 

2000). Within chromatin, DNA itself can also be modified by methylation at cytosine (C) which 

plays a role in gene silencing. Chromatin can further be targeted by non-coding RNAs (ncRNA) 

which can help recruit histone modifications or DNA methylation. 

Chromatin can act as a platform that allows gene expression to be regulated in 

multidimensional layers, which facilitate the proper readout of the genetic information in 

different stage of biological processes. For example, in the process of development, a fertilized 

egg with a single genome can develop into an organism with more than 200 cytologically distinct 

cell types sharing identical genomes, which may not be possible without chromatin-based 

epigenetic mechanisms to control proper gene expression. 
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There are two classes of chromatin: euchromatin, which is associated with actively 

expressed genes and heterochromatin, which is associated with silent genes. Heterochromatin 

was initially identified by its denser staining and compact structure under the light microscope 

and was further found to be mainly localized at pericentromeric and telomeric repeat regions, 

and interspersed transposon-derived sequences, but sometimes also localizes to gene rich regions 

to silence functional genes such as in the case of the silenced X-chromosome and cell type-

specific developmental genes. In mammalian genomes, the great majority of heterochromatin-

associated sequences are composed of repetitive and noncoding DNA regions. Molecularly, 

heterochromatin is associated with histone H3 lysine 9 methylation (H3K9me), histone 

hypoacetylation, and 5-methylcytosine DNA methylation. In some organisms, H3K9me and 

DNA methylation can be coupled to each other to self-reinforce heterochromatin. H3K9me is 

catalyzed by Suppressor of Variegation 3-9 (Su(var)3-9) , Enhancer of zeste and trithorax (SET) 

domains of the histone–lysine N-methyltransferase (KMT) orthologues of the Drosophila 

melanogaster Su(var)3-9 proteins and Schizosaccharomyces pombe (S. pombe) cryptic loci 

regulator 4 (Clr4) (Eissenberg et al., 1990; Rea et al., 2000; Tschiersch et al., 1994). One of the 

key features of these enzymes is that they bind to the H3K9me mark that they catalyze to form a 

positive feedback loop, which is also required for the integrity of heterochromatin. The reader 

protein of heterochromatin is heterochromatin protein 1(HP1), which further recruits different 

downstream effectors leading to gene silencing (Bannister et al., 2001; Fischer et al., 2009; 

Lachner et al., 2001; Motamedi et al., 2008). These molecular characteristics suggest that once 

heterochromatin is established, it has the self-propagation machinery to mediate spreading and 

possibly epigenetic inheritance. For example, heterochromatin can spread to adjacent 

euchromatin regions in a sequence independent manner once nucleated. One of the earliest 
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example for this spreading was observed in Drosophila, in which a mosaic pattern of eye color is 

attributed to genome rearrangement that move the white gene to a locus that is adjacent to 

heterochromatin. This effect is known as positional-effect variation (PEV) (Wakimoto, 1998). 

PEV has also been observed in budding yeast and fission yeast. In budding yeast Saccharomyces 

cerevisiae (S. cerevisiae), insertion of a reporter gene ADE2 near telomeres results in stochastic 

silencing of ADE2 and formation of white-red sectored colonies, indicating the propagation of 

ON and OFF states in genetically identical cells (Gottschling et al., 1990). Similar effects have 

also been observed in the fission yeast S. pombe when the ade6+ gene is inserted into 

pericentromeric heterochromatin (Allshire et al., 1994). In addition to spreading (Zhang et al., 

2008), epigenetic inheritance of heterochromatin also requires the self-propagation mechanism 

involving recognition of H3K9me mark by the methyltransferase. This will be further discussed 

in detail in the following sections. 

Heterochromatin plays important roles in cellular functions such as genome defense. 

Studies in C. elegans have shown that deletion of the Piwi family Argonaute proteins, which are 

one of the key proteins functioning in coupling of nuclear RNAi and H3K9me heterochromatin 

pathways, leads to increased frequency of transposition of Tc3 transposon elements (Das et al., 

2008; Zeller et al., 2016). In addition, loss of H3K9 methyltransferase causes increased 

transcription of the Tc3 transposons, indicating that heterochromatin is required to suppress the 

activity of transposons which can jump to random locations in the genome. Another important 

role of heterochromatin in genome defense involves silencing of repetitive elements to prevent 

homologous recombination (Ellermeier et al., 2010; Janssen et al., 2016; Tsouroula et al., 2016). 

Homologous recombination of repetitive elements can lead to chromosome deletions and 

translocations, which are harmful to the cell. In mammalian cells, over half of the genome is 
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composed of repeat rich or repetitive elements such as retrotransposons and satellite repeats, 

which are enriched with heterochromatic marks (Henriksen, 2007). These studies suggest that 

heterochromatin plays an important role in preventing transposons to induce genome instability 

by keeping them “cold”. 

Another important function of heterochromatin is to safeguard centromere function to 

mediate stable inheritance of chromosomes in cell division. In most eukaryotic cells, centromeres 

are composed of repeat regions assembled into heterochromatin except for a small portion of the 

repeats, which assembles a specific nucleosome containing the histone H3-related centromere 

protein A (CENP-A) instead of H3 (McKinley and Cheeseman, 2016). Centromere-specific 

nucleosomes function as the site for the assembly of kinetochores, which mediate chromosome 

segregation during cell division. In S. pombe, heterochromatin has been shown to be essential for 

establishment but not maintenance of CENP-A domains on centromeric DNA (Folco et al., 2008; 

McKinley and Cheeseman, 2016). Deletion of heterochromatic proteins abolishes the 

establishment of CENP-A on the centromere of a mini-chromosome. The second function of 

heterochromatin at centromere is to recruit cohesin, which tethers sister chromatids together to 

promote faithful segregation of chromosomes during mitosis (Uhlmann, 2016). In S. pombe, 

cohesion is recruited through physical interaction with the HP1 protein Swi6 and deletion of 

Swi6 and other heterochromatin pathway proteins leads to increased frequency of chromosome 

loss and gain, indicating that this HP1-cohesin interaction is crucial for stable inheritance of 

chromosomes by embracing sister chromatids together until they are segregated in metaphase. 

(Bernard et al., 2001; Nonaka et al., 2002). 

In mammals, heterochromatin has been shown to play important roles in safeguarding 

cell identity. Cell type-specific heterochromatin has been found in different types of cells which 
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are marked by H3K9me (Chen et al., 2013; Soufi et al., 2012). Depletion of proteins required for 

maintenance of these heterochromatin domains facilitates reprogramming to pluripotent stem 

cells, indicating that the heterochromatin domains act as a “reprogramming barrier” possibly by 

silencing genes that could disrupt cell type specification (Cheloufi et al., 2015; Chen et al., 2013; 

Gurdon and Pasque, 2013; Sridharan et al., 2013). 

Abnormal heterochromatin function is also associated with different types of diseases. 

For example, the progeroid Werner syndrome caused by mutation in the WRN gene, which 

target heterochromatin and H3K9me proteins (Zhang et al., 2015). Human mesenchymal stem 

cells with WRN deletion show loss of heterochromatin domains in the genome, indicating a 

possible role for defective heterochromatin formation in pathogenesis of the disease. In mice, B 

cell-lymphomas and other cancers have been shown to correlate with mutations in Suv39H 

H3K9 methyltransferases (Bhaumik et al., 2007).  Heterochromatin mechanism can also be 

hijacked by viruses to manipulate their life cycle (Timms et al., 2016). Retroviral reporters in 

lymphocyte cell lines has been shown to be silenced in an H3K9me dependent manner. Human 

silencing hub (HUSH) complex, has been shown to associate with these domains and is required 

for their silencing via H3K9 methylation (Tchasovnikarova et al., 2015). This silencing of the 

retroviral genome may allow viruses to persist in host cells undetectable by the immune system 

and to become re-activated when triggered by certain types of signals.  In conclusion, 

heterochromatin, marked by histone H3K9 methylation is important for different biological 

processes and maintenance of cell identity.  

In the remainder of this introduction, I will expand my discussion to inheritance of 

epigenetic information and heterochromatin. In section II, I will discuss the current knowledge 

and proposed models of molecular mechanism of epigenetic inheritance. In section III, I will 
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review the molecular mechanism of establishment of heterochromatin in S. pombe, which is 

important for mechanistic dissection of epigenetic inheritance following establishment of 

heterochromatin. In Section IV, I will review recent progress in our understanding epigenetic 

inheritance of H3K9me in S. pombe and discuss open questions related to this process. 

II. Epigenetic Inheritance 
 

In multicellular organisms, cells with identical genomes can display distinct phenotypes 

with different transcriptomes. The distinct gene expression pattern and phenotypic states of 

genetically identical cells, which develop without change in DNA sequence and can persist 

independent of inducing signals, are defined as epigenetic states. One of the key feature of 

epigenetic states is that they can be stably inherited after cell division. It is well known that the 

genetic element, DNA, can be stably replicated by a semi conservative mechanism, in which 

each parental DNA strand act as a template to generate a new daughter strand. However, how the 

epigenetic states are stably inherited through cell division, is not well understood. Broadly, 

mechanisms mediating epigenetic inheritance can be divided into two classes, trans and cis 

(Moazed, 2011). The first class of mechanism requires diffusible factors such as transcription 

factors and siRNAs which can direct their own propagation though positive feedbacks. The 

second class of mechanism involves direct replication of epigenetic information such as DNA 

methylation and histone modifications. Remarkably, siRNAs can mediate both cis and trans 

epigenetic inheritance in different organisms. In this section, I will discuss the current knowledge 

about the molecular mechanisms that mediate stable epigenetic inheritance. I will discuss 

epigenetic inheritance mediated by transcription factors self-amplification loops and siRNAs as 

examples of trans epigenetic inheritance and chromatin-based epigenetic inheritance 

mechanisms as examples of cis inheritance.  
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A. Phage lambda repressor CI and Cro proteins 

Bacteriophage lambda, which can choose between lysogenic and lytic life cycles, 

provided an early model system to study epigenetic regulation mechanism of gene expression 

(Oppenheim et al., 2005). In the lysogenic state, the phage integrates its genome into the host 

bacterial chromosome and replicates passively with the host. Under certain stress conditions, the 

phage can switch to a lytic state in which it produces progeny phages and kills the host. In each 

of the states, different classes of genes are expressed and this gene expression pattern is inherited 

after decay of the stress trigger. It has been known since the 1960s that the major molecular 

driver of these bistable states are two repressor proteins, CI and Cro. CI is expressed from the 

lysogenic promoter and also binds to two other operators which repress the function of lytic 

promoter transcribing genes such as cro involved in lytic state. In addition, CI can also bind to its 

own promoter and activates the transcription of its own gene. Under stressed conditions, phage 

lambda switches to the lytic state in which Cro is expressed from the lytic promoter and at the 

same time, binds to the adjacent operator to repress the expression of CI. These Cro-CI double 

negative feedback and the CI positive feedback loops, provide the molecular basis for inheritance 

of each epigenetic state (Dodd et al., 2005; Ptashne, 1987). Since the proteins are diffusible and 

can repress the expression of the driver of the alternative state, inheritance of the epigenetic state 

occurs by a trans-acting mechanism, which cannot distinguish between alleles with identical 

DNA sequence. This is a major difference between the phage lambda epigenetic inheritance 

system and the chromatin-based mechanisms that I will discuss later. 

B. Fungal Wor1 protein 

Candida albicans is one of the most common human fungal pathogen which can cause 

life threatening infection in immunocompromised patients. One of the key feature of Candida 
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albicans that makes it different from other fungi is that it has the ability to switch between two 

distinct types of cells, white and opaque (Dodd et al., 2005; Slutsky et al., 1987). Each of the 

state is stable and the switching rate from one state to the other is approximately 1 in 104 cell 

divisions (Bergen et al., 1990; Rikkerink et al., 1988). Compared to opaque cells, white cells 

have approximately 400 genes (7% of the genome) that have significantly different levels of 

expression (Lan et al., 2002; Miller et al., 2003). These genes are involved in different aspect of 

the fungal life cycle such as metabolism, drug resistance and virulence. Phenotypically, white 

and opaque cells can be easily distinguished under the microscope, white cells are nearly 

spherical whereas opaque cells are larger and more elongated. It has been shown that opaque 

cells better colonize the surface of the skin while white cells are more adapted to bloodstream 

infection, indicating that these two epigenetically distinct states may play different roles in 

different states of infection in the host. These systems provide a great opportunity to study the 

mechanism of epigenetic inheritance of cell identity in a unicellular eukaryote. 

Studies have shown that the white opaque switching is regulated by the master regulator 

Wor1 (Zordan et al., 2006). Wor1 is a transcription factor which is required for white opaque 

switching. Moreover, ectopic expression of Wor1 is sufficient to drive the process of switching. 

Strikingly, when the construct expressing the ectopic Wor1 is turned off, the opaque cells are 

still able to produce opaque progeny for many cell divisions, indicating an epigenetic memory 

event independent of the initial trigger. The mechanism behind this epigenetic memory is that 

Wor1 can bind to its own promoter and activate its own expression which act as a positive 

feedback mechanism for this epigenetic switching. Activation of this positive feedback leads to a 

40-fold increase in transcript level of Wor1 in opaque cells compared to white cells (Zordan et 
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al., 2006). Therefore, this transcription factor self-amplification positive feedback loop is the 

major memory mechanism of this epigenetic state pattern observed in Candida albicans. 

C. siRNAs 

RNA interference (RNAi) was originally discovered in C. elegans in which injection of 

small amount of double-stranded RNA (dsRNA) induces strong genes silencing, whereas 

injection of single strand RNA does not lead to silencing (Fire et al., 1998). Later studies in C. 

elegans, S. pombe and Arabidopsis thaliana show that siRNA-induced gene silencing is a 

conserved mechanism involving self-amplification of the siRNA through a positive feedback 

loop (Holoch and Moazed, 2015). Conceptually, mechanism of siRNA mediated gene silencing 

involves three major steps: 1) Cleavage of dsRNA by Dicer proteins; 2) Loading of single 

stranded small RNA onto Argonaute (AGO) proteins leading to recognition of target transcript 

and its silencing, which can often be coupled to histone modifications or DNA methylation; 3) 

Self-amplification of siRNA which is often dependent on RNA dependent RNA polymerases 

(RdRP). The molecular basis of epigenetic inheritance mediated by siRNA-based mechanisms is 

that siRNAs can be self-amplified by RdRPs independently of the initial trigger RNA so that this 

positive feedback loop can propagate after multiple cell divisions or generations. The diffusible 

feature allows siRNA-based mechanism to mediate trans epigenetic inheritance because the self-

amplified siRNA from one allele will also target the other allele in a sequence specific manner, 

as has been observed in worms and plants. However, in some cases, such as in S. pombe, siRNA 

targeting is interdependent with histone modifications and the epigenetic inheritance mediated by 

siRNA is cis restricted, which will be discussed in detail in the chapter 4. 

In C. elegans, siRNA-mediated silencing of a GFP reporter can be epigenetically 

inherited for several generations (Buckley et al., 2012; Grishok et al., 2001). Upon entering 
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somatic cells, dsRNAs are cleaved by Dicer to generate primary siRNA which are loaded onto 

the RDE-1 AGO protein in the cytoplasm to mediate post transcriptional silencing by targeting 

mRNA (Yigit et al., 2006). Primary siRNAs are also amplified by RdRP to produce secondary 

siRNAs which are loaded onto NRDE-3, an AGO/PIWI family protein. NRDE-3 loaded siRNAs 

are further translocated into the nucleus to target the complementary nascent transcript and 

recruit NRDE-2, which inhibits elongation of RNA polymerase II and promotes H3K9 

methylation (Citovsky, 2008; Gu et al., 2012; Matzke, 2011). In the germline, the role of NRDE-

3 in siRNA induced transcriptional silencing is replaced by a different AGO protein, NRDE-1, 

which also recruits NRDE-2 (Ashe et al., 2012; Buckley et al., 2012). Interestingly, in the 

germline, another AGO protein CSR-1 binds to small RNAs that are complementary to 

endogenously expressed RNAs to protect endogenous loci from silencing by inhibiting the 

function of NRDE-1 (Claycomb et al., 2009; Seth et al., 2013; Wedeles et al., 2013). These 

RNAi mechanisms in the germline and somatic cells provide a mechanistic foundation for 

transgenerational epigenetic inheritance in C. elegans. Interestingly, although the RdRP siRNA 

amplification machinery is localized in the cytoplasm, nuclear RNAi is always required for this 

transgenerational epigenetic inheritance (Buckley et al., 2012), suggesting that nuclear RNAi 

may also contribute to self-amplification of siRNA. 

What turned out to be RNA-mediated epigenetic inheritance was also observed in plants 

before the initial discovery of RNAi. The key phenotype in paramutation is that crossing of one 

allele (para mutable) with another allele (paramutagenic) results in non-segregating progenies 

with uniform phenotype, indicating that there is a trans heritable mechanism causing the para 

mutable allele to lose its activity (Hollick, 2017). Paramutation is best understood in maize, 

especially at 4 loci, r1(red1), b1(booster 1), pl1(purple plant 1) and p1(pericarp color 1) which 
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all encode genes involved in flavonoid pigment biosynthesis (Dooner, 1991; Hollick, 2017). 

Genetic screens identified the genes that are important for paramutation. One of these genes 

identified in the screen, mop1, encodes an orthologue of A. thaliana RDR2, which encodes an 

RNA-dependent RNA Polymerase (Alleman et al., 2006). This finding links paramutation with a 

role of siRNA acting in trans to direct chromatin modification. In A. thaliana, plant-specific 

RNA polymerase IV generates short transcripts which act as templates for RDR2 to synthesize 

dsRNAs (Blevins et al., 2015; Li et al., 2015; Zhai et al., 2015). dsRNAs are cleaved by Dicer 

proteins and loaded onto the AGO4 protein to target nascent transcript produced by RNA 

polymerase V, another plant-specific (Abrams, 2008; Wierzbicki et al., 2009). The targeting of 

AGO bound siRNA to nascent transcripts helps recruit cytosine methyltransferase to mediate the 

establishment of DNA methylation and gene silencing which is further augmented by H3K9me 

(Matzke et al., 2015). H3K9me could in turn promote recruitment of RNA polymerase IV to 

generate more transcripts thus forming a positive feedback loop (Law et al., 2013). RDR2 is an 

indispensable part of this positive feedback loop for siRNA production. Although the molecular 

mechanism of siRNA mediated silencing is still not clear, based on the molecular pathways in A. 

thaliana and observations made in maize, paramutation is likely to involve a positive feedback 

loop mediated by coupling of siRNA and histone or DNA methylation, which is able to act in 

trans. 

D. Histone modifications 

In contrast to epigenetic inheritance mediated by diffusible factors, chromatin 

modifications are thought to mediate cis epigenetic inheritance. Current models explaining 

epigenetic inheritance mediated by histone modifications are based on the fact that parental  
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Figure 1.1 Re-establishment of epigenetic states based on “read-write” mechanism. 

After DNA replication, parental histones and their posttranslational modifications are distributed 

randomly to the two newly synthesized DNA strands. It is proposed that modifications of 

parental histones can be copied to newly deposited histones by histone modification complexes 

recognizing the modification on parental histones and catalyzing the same modification on the 

newly deposited histones in an adjacent nucleosome.   
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Figure 1.1 (Continued)
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histones H3 and H4 are distributed randomly onto the two newly synthesized DNA strands after 

DNA replication, as revealed by the pulse-chase experiments (Jackson and Chalkley, 1974, 

1985; Sogo et al., 1986). Following recycling of preexisting histones, it is thought that epigenetic 

information can be re-established by histone modification enzyme complexes which can 

recognize the modification that they catalyzed, also known as the “read-write” mechanism 

(Figure 1.1) (Moazed, 2011). In this part of the introduction, I will discuss the molecular 

mechanism of current understanding of “read-write” based epigenetic inheritance of histone 

modifications. 

i. Mechanism of histone deposition after DNA replication 
 

As discussed above, parental histones deposition onto the newly synthesized DNA 

strands provide the molecular basis for epigenetic inheritance of histone marks. Without 

transferring parental histones H3-H4 ahead of the replication fork, parental histones will diffuse 

away so that epigenetic information is lost. Early evidence suggesting that the replisome may be 

connected to parental histone deposition was obtained in budding yeast in which Mcm2, a 

subunit of the MCM complex, was shown to contain a histone binding domain (HBD) (Ishimi et 

al., 1996, 1998, 2001). Mutation of this histone binding domain leads to defect in transcriptional 

gene silencing in budding yeast (Foltman et al., 2013), suggesting a possible role of this domain 

in parental histone transfer.  

More recent studies have shown that the molecular machineries that deposit parental 

histones to leading and lagging strands are different. In budding yeast, deletion of Dpb3 and 

Dpb4, which are two subunits of leading strand DNA polymerase ε, cause defect in parental 

histone transfer to the leading strands (Yu et al., 2018a). Mutations in Mcm2 as well as proteins 

involved in lagging strand DNA synthesis Ctf4 and Polα, lead to impairment of parental histone 
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transfer to lagging strands (Yu et al., 2018a; Petryk et al., 2018). Consistently, in mouse 

embryonic stem cells, mutations in MCM2 also cause asymmetric parental histone deposition to 

the leading and lagging strands (Petryk et al., 2018). Collectively, these results show that 

different molecular machineries transfer parental histones to the leading and lagging DNA 

strands. Although the detailed molecular mechanisms such as the downstream histone 

chaperones required for this process remain to be discovered, the concept of parental histone 

transfer and its role in epigenetic inheritance is now well-established. 

ii. Histone deacetylation 
 

 An example of a well-studied mechanism of gene silencing is the histone 4 lysine 16 

(H4K16) deacetylation mediated by Sir1, Sir2, Sir3 and Sir4 proteins in the budding yeast S. 

cerevisiae. In S. cerevisiae, silent heterochromatin is localized to the mating-type loci and 

telomeres (Gartenberg and Smith, 2016; Moazed, 2001; Rusche et al., 2003). Establishment of 

heterochromatin domain requires DNA binding proteins that recruit the SIR complex composed 

of the Sir2, Sir3, and Sir4 proteins. For example, the E and I silencers flanking the silenced 

homothallic mating type loci (HM) each consists of binding sites for 2 or 3 DNA binding 

proteins. The most typical combination of silencer binding proteins is transcription factors Rap1, 

Abf1 and the origin recognition complex (ORC) (Bell et al., 1993; Brand et al., 1985; Foss et al., 

1993; McNally and Rine, 1991; Shore and Nasmyth, 1987). At telomeres, silencers are 

composed of binding site for Rap1 and chromosomal ends, which recruits the Ku70 and Ku80 

proteins (Gasser and Cockell, 2001). Each of the silencer binding proteins on their own cannot 

establish silencing which indicates that the recruitment of Sir proteins involves the combinatorial 

activity of the silencer binding proteins. Biochemical experiments have shown that Rap1 and 

Orc1 can make direct interactions with Sir proteins in vitro (Luo et al., 2002; Moretti and Shore, 
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2001; Triolo and Sternglanz, 1996). Recruitment of Sir proteins causes H4K16 deacetylation, 

which promotes the spreading of the SIR complex along chromatin to create a silent chromatin 

domain (Rusche et al., 2003).  In the SIR complex, Sir2 and Sir4 form a heterodimer that stably 

associates with Sir3 (Hoppe et al., 2002; Moazed et al., 1997; Moretti et al., 1994; Rudner et al., 

2005; Strahl-Bolsinger et al., 1997). The Sir1 protein acts as an adaptor protein between the ORC 

complex and the Sir3 and Sir4 subunits, playing an important role in establishment of 

heterochromatin. The Sir2 protein is an NAD-dependent histone deacetylase, which catalyzes 

deacetylation at H4K16, the key modification mediating gene silencing (Imai et al., 2000; 

Landry et al., 2000). Sir3 binds to K16 deacetylated histone H4 or its amino terminal peptides 

via a conserved domain, called the BAH domain (Liou et al., 2005; Onishi et al., 2007). 

Therefore, these features of the SIR complex provide a molecular basis for mediating cis 

epigenetic inheritance: Sir2 is the writer while Sir3 is the reader, which can couple the 

recruitment of the Sir2 writer through a bridge, Sir4. As discussed above, after DNA replication, 

these Sir proteins can provide a possible epigenetic inheritance mechanisms by Sir3-mediated 

recognition of H4K16 deacetylated histones coupled to recruitment of the H4K16 deacetylase 

Sir2 to deacetylate newly deposited histone H4. 

There is some evidence supporting this model. For example, yeast cells carrying a 

reporter gene ADE2 near the telomere produce sectored colonies with ADE2 ON (white sector) 

and OFF (red sector). Stochastic switch between the OFF and ON states causes the sectored 

phenotype and indicates that after the switch there is an epigenetic memory event that propagates 

the new expression state (Aparicio et al., 1991). Similar phenotypes were also observed at the 

mating type loci in cells carrying a mutant Sir1(Aparicio et al., 1991; Pillus and Rine, 1989). 

However, in contrast to the model of epigenetic inheritance mediated by the SIR complex by 
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itself, deletion of silencers leads to loss of gene silencing and heterochromatin, suggesting that 

silent chromatin cannot be inherited without input from a DNA silencer. In these studies, strains 

were constructed in which FLP1 recombinase recognition sites flanked the E silencer at the 

mating type locus (Cheng and Gartenberg, 2000; Holmes and Broach, 1996). After induction of 

the FLP1 recombinase to delete the silencer, silencing was lost (Cheng and Gartenberg, 2000; 

Holmes and Broach, 1996). However, a major cellular function of heterochromatin is to prevent 

homologous recombination of repeats which brings up the caveat of this experiment that cells 

with weaker heterochromatin and silencing were selected in order to delete the silencer by a 

recombination based mechanism. It is not clear to what extent the parental nucleosome carrying 

epigenetic information were disrupted during the process of recombination. A model suggesting 

cooperativity between silencer binding proteins and pre-existing unacetylated histones has been 

proposed, which reconciles the above observations (Moazed 2011). However, as described later, 

until recently this model lacked experimental support due to lack of a system for separating 

heterochromatin establishment and maintenance. 

In mammalian cells, artificial tethering of histone deacetylase 4 (HDAC4) to an artificial 

chromosome induces gene silencing, which is lost immediately after the tethered enzyme is 

removed (Bintu et al., 2016). This result shows that mammalian histone deacetylation is not 

associated with a positive feedback mechanism that can propagate silencing. Instead, chromatin 

epigenetic information is stored by mechanisms that rely on histone or DNA methylation 

methylation, which will be further discussed in the next parts and sections. 

iii. Histone Lysine 27 methylation 
 

 Conserved from some yeast species to mammals, histone H3 Lysine 27 (H3K27) 

methylation, mediated by Polycomb Group proteins, plays important roles in gene silencing. 
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Biochemical purifications from Drosophila show that Polycomb protein can be divided into two 

main complexes, Polycomb repressive complex 1 (PRC1) and PRC2 (Czermin et al., 2002; 

Müller et al., 2002; Shao et al., 1999). The H3K27 methyltransferase EZH2 or EZH1 is a subunit 

of the PRC2 complex together with several other core proteins: EED, SUZ12 and CAF-1 histone 

binding proteins RBBP4 and RBBP7 (Holoch and Margueron, 2017). The PRC1 complex is an 

E3 ubiquitin ligase complex which catalyzes the monoubiquitylation of H2A on lysine 119 

(H2AK119u1). Canonical PRC1 complex is composed of the catalytic RINGA/B subunit, one of 

the six PCGF proteins, CBX and polyhomeotic subunits (Gao et al., 2012). Non-canonical PRC1 

complex contains the same proteins except that CBX component is replaced by RYBP or YAF2 

(Morey et al., 2012; Tavares et al., 2012). PRC1 and PRC2 complexes, together with the 

chromatin modifications catalyzed by them, H2AK119u1 and H3K27me, have been shown to 

largely co-localize at many genome regions (Ku et al., 2008; Mak et al., 2002; Napoles et al., 

2004; Plath, 2003). Consistently, there is accumulating evidence suggesting that H3K27me and 

H2AK119u1 can reinforce each other possibly by components of PRC1/2 recognizing the 

chromatin modification catalyzed by the other complex (Blackledge et al., 2014; Cooper et al., 

2014; Kalb et al., 2014; Ren et al., 2008).   

Recruitment of Polycomb proteins is best understood in Drosophila in which Polycomb 

response element (PRE) is sufficient to establish gene silencing mediated by H3K27 methylation 

(Sengupta et al., 2004). The PRE contains binding sites for different transcription factors 

including Pho, Phol, Trl/GAF, Spps, Dsp1 and Cg (Brown and Kassis, 2010; Déjardin et al., 

2005; Frey et al., 2016; Rio, 1999; Sing et al., 2009; Woo et al., 2010). None of these 

transcription factors alone can recruit PRC1/2 complexes, suggesting a combinatorial 

recruitment mechanism similar to budding yeast silencers. Although the existence of the PRE is 
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debatable mammals, a similar recruitment mechanism also has been suggested because certain 

transcription factors have been shown to play a role in H3K27 methylation mediated gene 

silencing. An alternative recruitment mechanisms of PRC1/2 recruitment involves long non-

coding RNAs (lncRNAs). For example, the XIST noncoding RNA has been shown to play a role 

in targeting Polycomb proteins to the inactive X chromosome during the process of dosage 

compensation (da Rocha et al., 2014). Although the silencing mechanism of Polycomb proteins 

is more complicated than Sir protein-mediated silencing, involving two complexes PRC1 and 

PRC2, as well as different establishment mechanisms, similar principles of epigenetic 

inheritance mechanism can also apply to H3K27 methylation. In the PRC2 complex, EED binds 

to H3K27 methylated histones, which allosterically activates the catalytic domain of EZH2 

(Margueron et al., 2009). In addition, the non-canonical PRC1 complex component RYBP, also 

contains a ubiquitin binding domain which recognize the H2AK119u1 (Arrigoni et al., 2006). 

These findings indicate that epigenetic inheritance of H3K27me can potentially be mediated by a 

similar read-write mechanism as the SIR systems.  

However, early studies in Drosophila suggested that deletion the PRE element by a 

recombinase based approach abolished gene silencing mediated by H3K27 methylation at an 

ectopic locus where silencing is established by the PRE (Sengupta et al., 2004). A later study 

showed that H3K27 methylation is diluted by each round of DNA replication and silencing is 

lost rapidly (Laprell et al., 2017). Blocking DNA replication after excision of the PRE element 

maintains gene repression and high level of H3K27 methylation. Although the same caveat 

discussed above also applies to this study, this result does not support the proposed model of 

H3K27 mediating epigenetic inheritance on its own by the read-write mechanism. Another 

recent study, in contrast, suggested that H3K27 methylation, can propagate its own mark after 
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multiple cell divisions following the deletion of a PRE element at the Drosophila HOX locus 

(Coleman and Struhl, 2017). But it was not clear whether additional sequences in the HOX locus 

promoted epigenetic inheritance of H3K27 methylation. In conclusion, these studies show that 

the read-write mechanism alone is not sufficient to mediate epigenetic inheritance of H3K27 

methylation. 

In mammalian cells, artificial tethering of the EED subunit of the PRC2 complex induces 

H3K27 methylation-dependent silencing (Bintu et al., 2016). Epigenetic inheritance after release 

of EED was observed on an artificial chromosome in a Chinese hamster ovarian (CHO) cell line, 

suggesting that epigenetic inheritance was mediated by the read-write mechanism. However, this 

experiment was done with a reporter gene inserted into an artificial chromosome and epigenetic 

inheritance of H3K27 methylation at endogenous loci in different cell lines remains to be tested. 

In summary, based on the evidence in Drosophila and mammalian cell lines, similar to the case 

of H4K16 deacetylation in budding yeast, H3K27 methylation mediated epigenetic inheritance 

has been observed but the detailed mechanism needs to be further studied in a system in which 

establishment and maintenance are separated.    

E. DNA methylation 

In mammals, DNA methylation occurs at CG sequences in about 70-80% of the CG 

dinucleotides in the genome. This methylation plays important roles in transposon silencing and 

gene imprinting. Establishment of DNA methylation requires the recruitment of the DNA 

methyltransferase (Dnmt) 3 via PIWI-interacting RNAs in the germline or unmethylated histone 

3 lysine 4 (H3K4) tails together with unknown factors in somatic cells (Law and Jacobsen, 2010; 

Ooi et al., 2007; Reik, 2007; Sasaki and Matsui, 2008). After DNA replication, each of the newly 

synthesized DNA strands is hemi-methylated, which provides the template for recruiting the 
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maintenance enzyme Dnmt1. By preferentially associating and methylating hemi-methylated 

DNA, Dnmt1 can re-establish DNA methylation patterns after DNA replication to mediate 

epigenetic inheritance of DNA methylation (Chuang et al., 1997). However, the stable 

association of Dnmt1 with chromatin also requires another protein, Ubiquitin-like PHD and 

RING finger domain 1(UHRF1) (Bostick et al., 2007; Sharif et al., 2007). Mutations in UHRF1, 

which specifically binds to hemi-methylated CG dinucleotides, cause significantly decreased 

level of DNA methylation, suggesting a model in which UHRF1 recruits Dnmt1 to chromatin 

(Arita et al., 2008; Avvakumov et al., 2008; Hashimoto et al., 2008). Moreover, later studies 

revealed that UHRF1 can also recognize H3K9 methylated histones, thus coupling epigenetic 

inheritance of DNA methylation with H3K9 methylation (Rothbart et al., 2012). In support of 

this model, transient tethering of Dnmt3 alone to a reporter gene does not induce heritable gene 

silencing, but when tethered together with H3K9 methyltransferases, the silencing can be stably 

maintained after the initiators are released (Amabile et al., 2016). This result suggests that 

epigenetic inheritance of DNA methylation in mammals requires coupling of two positive 

feedback loops, DNA methylation and H3K9 methylation. In plants, although the establishment 

of DNA methylation is through siRNA-based mechanisms, a similar concept involving the 

coupling of H3K9 methylation with DNA methylation also applies to epigenetic inheritance of 

DNA methylation (ref). 

 

III. Formation of heterochromatin in S. pombe 
 
A. RNAi-mediated heterochromatin establishment 

 
i. Core components of the RNAi machinery 
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The RNA-induced transcriptional silencing (RITS) complex was identified shortly after 

the discovery of a role for RNAi in heterochromatin silencing in S. pombe (Volpe et al., 2002). 

Affinity purification of the chromo-domain containing protein Chp1, which had been previously 

reported to bind to H3K9me domain and be important for pericentromeric silencing, showed that 

that it was associated with two other proteins, the Argonaute protein Ago1 and the GW-repeat 

protein Tas3 (Verdel et al., 2004).  This stable interaction was confirmed by purification of Tas3 

in which Ago1 and Chp1 were also co-purified. Consistent with the hypothesized role of RITS in 

mediating RNAi-dependent silencing, RITS was found to associate with siRNAs mapping to 

pericentromeric DNA repeats, dependent on the Dicer protein Dcr1, which cleaves double 

stranded RNA (dsRNA) and plays a crucial role in siRNA biogenesis (Verdel et al., 2004). 

Furthermore, RITS physically localized to heterochromatin region in an RNAi pathway-

dependent manner (Verdel et al., 2004). These findings clearly established that RITS is the major 

complex that mediates siRNA-dependent heterochromatin formation. Interestingly, although the 

RITS complex localizes to all heterochromatic loci, it is dispensable for silencing of 

heterochromatin at regions other than pericentromeric DNA, such as subtelomeric regions and 

the mating type locus, indicating that there are probably other parallel establishment mechanisms 

(Cam et al., 2005; Noma et al., 2004). RITS can also spread via two mechanisms. First, the 

chromo domain of Chp1 binds to H3K9 methylated histone which allow it to spread as Clr4 

catalyze H3K9 methylation spreads along the chromatin fiber (Partridge et al., 2002; Schalch et 

al., 2009). Moreover, this coupling of Chp1 binding to H3K9 methylated histones and 

recruitment of Clr4 provides a positive feedback loop. Secondly, the C-terminal alpha-helical 

motif of Tas3 can mediate its self-association (Li et al., 2009). Disruption of this self-association 

activity significantly reduces the silencing mediated by the RNAi machinery. 
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The second complex in the RNAi-mediated heterochromatin formation pathway is the 

RNA directed RNA polymerase complex, RDRC. Once RITS is loaded onto chromatin by base 

pairing of siRNA with specific sequences in noncoding pericentromeric transcripts, RDRC is 

recruited by RITS. RDRC is composed of the RNA-dependent RNA polymerase, Rdp1, RNA 

helicase, Hrr1, and polyA polymerase family protein, Cid12 (Motamedi et al., 2004). All of the 

proteins in RDRC complex are required for siRNA generation and RNAi-mediated 

heterochromatin formation, but the role of Cid12 can be bypassed by overexpressing Rdp1 

(Halic and Moazed, 2010). The association of RDRC complex with RITS is dependent on Dcr1 

and Clr4, suggesting a model in which nascent transcripts mediate the association of these two 

complexes. Consistent with these results, it has been shown that the adaptor protein Ers1, which 

links the HP1 protein Swi6 and the Hrr1 subunit of RDRC, contributes to RDRC recruitment. 

Ers1 interacts with Swi6 and Hrr1 both in vitro and in vivo, suggesting that H3K9 methylation 

directly stabilizes RDRC on chromatin (Hayashi et al., 2012; Rougemaille et al., 2012). 

However, deletion of swi6+ does not abolish siRNA generation, indicating that RITS by itself 

plays a critical role in RDRC recruitment (Motamedi et al., 2004). The role of RDRC is to 

synthesize dsRNA as a substrate for Dcr1 to generate more siRNA, forming a positive feedback 

loop. RDRC and Dcr1 physically interact by a mechanism that involves the C terminus of Rdp1 

and a perinuclear protein, Dsh1, which co-immunoprecipitates with both Dcr1 and Rdp1 

(Colmenares et al., 2007; Kawakami et al., 2012). Deletion of dsh1+ abolishes the interaction 

between Dcr1 and Rdp1 as well as heterochromatic silencing in pericentromeric region. The fact 

that Dsh1 is localized at the nuclear periphery may also suggest a role for sub-nuclear 

localization in RNAi-mediated heterochromatin establishment. The interaction between Dcr1 and 
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Rdp1 is also important because in vitro reconstitution experiments have shown that the activity 

of Rdp1 is stimulated by Dcr1 independent of its catalytic activity (Colmenares et al., 2007). 

Dcr1 and Rdp1 form a minimal in vitro system that can synthesize dsRNA and generate 

siRNA, suggesting a model in which Dcr1 stimulates the activity of Rdp1 and then uses the 

dsRNA product to generate more siRNA. The other complex that is recruited by RITS is the 

H3K9 methyltransferase complex, Clr4-Rik1-Cul4 (CLRC) complex. The core components of 

CLRC are Clr4, Rik1, Raf1, Raf2 and Cul4 (Hong et al., 2005; Horn et al., 2005; Jia et al., 2005; 

Li et al., 2005; Nakayama et al., 2001; Thon et al., 2005). Clr4 is the sole H3K9 

methyltransferase in S. pombe and, in addition to the catalytic SET domain contain, contains a 

chromo domain that binds to H3K9 methylation (Ivanova et al., 1998; Nakayama et al., 2001; 

Rea et al., 2000; Zhang et al., 2008). The H3K9 methylation binding activity of chromo domain 

of Clr4 is required for proper localization of Clr4 to heterochromatin and its spreading away 

from nucleation sites (Zhang et al., 2008). Deletion of Clr4 abolishes all the H3K9 methylation 

and most of the siRNA generation, indicating an interdependent relationship between the RNAi 

machinery and H3K9 methylation-dependent heterochromatin formation (Motamedi et al., 2004; 

Noma et al., 2004). 

The subunit composition of the CLRC complex resembles that of Cullin-RING ubiquitin 

ligases with Cul4 as the cullin E3 ubiquitin ligase. All components of the CLRC complex, as 

well as the catalytic activity of Cul4, are required for heterochromatin formation and H3K9 

methylation but the functions of ubiquitylation and the other subunits remain unknown. In 

addition, a ubiquitin like protein Nedd8, which conjugates to the Cul4 subunit to activate its 

ubiquitin ligase activity, is also required for heterochromatin formation (Jia et al., 2005; Pan et 

al., 2004). Cul4 mutants which cannot be neddylated disrupt heterochromatin formation and 
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mislocalize Clr4, a phenotype that cannot be rescued by Clr4 overexpression, indicating an 

important function for the ubiquitin ligase activity of Cul4 in heterochromatin formation (Jia et 

al., 2005). 

Two lines of evidence support a physical interaction between the CLRC and RITS 

complexes. First, an adaptor protein, Stc1, has been shown to be required for heterochromatic 

silencing at pericentromeric region and physically interacts with both CLRC and Ago1 (Bayne et 

al., 2010). The interaction with CLRC is RNAi independent while the interaction with Ago1 is 

CLRC independent, which suggest that Stc1 acts as a bridge to connect RITS and CLRC. Protein 

binding experiments show that Stc1 interact with the Raf2 subunit in the CLRC complex (ref). 

Consistently, artificially tethering of Stc1to DNA mediates the establishment of ectopic 

heterochromatin independent of the RNAi machinery (Bayne et al., 2010). Second, the Rik1 

subunit of CLRC has also been shown to interact with RITS because artificial tethering of Rik1 

results in gene silencing which is dependent on RITS and RDRC but surprisingly independent of 

Stc1 and other components of CLRC and H3K9 methylation (Gerace et al., 2010). This evidence 

suggest that Rik1 directly interacts with the RITS complex. 

ii. Mechanism of RNAi mediated heterochromatin establishment 
 

Because of the interdependency of the RNAi machinery and H3K9 methylation at 

pericentromeric region, it was not clear whether siRNA targeting or H3K9 methylation comes 

first in the process of RNAi-dependent heterochromatin assembly. However, several lines of 

evidence suggest that siRNAs can mediate the initiation step for RNAi-dependent 

heterochromatin formation. First, it has been shown that artificial tethering of the RITS complex 

to mRNA is sufficient to initiate heterochromatin and RNAi-dependent gene silencing (Bühler et 

al., 2006). This experiment was performed by inserting 5 BoxB sequences, which form binding 
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sites for the phage lambda RNA binding protein, lambdaN, downstream of the stop codon of a 

ura4+ reporter gene while expressing a lambdaN-Tas3 fusion protein. As controls, the insertion 

of the BoxB sites alone or with expression of the lambdaN-GFP protein failed to induce 

heterochromatin-dependent silencing. These results not only supported the idea that RITS targets 

RNA, but also provided the earliest evidence showing that RNAi can initiate heterochromatin-

dependent silencing (Bühler et al., 2006). At the native pericentromeric region, it is also likely to 

be the case because removal of Clr4 followed by its reintroduction fully restores 

heterochromatin, which suggest that RNAi can initiate de novo heterochromatin assembly at 

pericentromeric regions in the absence of pre-existing H3K9 methylation. Cells with ago1+ 

deletion also fail to re-establish heterochromatin at pericentromeric region, indicating that RNAi 

is the primary mechanism for heterochromatin establishment at these regions (Ragunathan et al., 

2015). 

Although siRNA generation and H3K9 methylation are largely interdependent, a class of 

siRNAs has been identified which are independent of the siRNA amplification machinery and 

targeting the nascent transcript. There are two major sources of these siRNAs, which are Dicer-

dependent and -independent. The Dicer dependent siRNAs originate from the cleavage of 

dsRNA resulting from bidirectional transcription at the pericentromeric region (Yu et al., 2014). 

Overexpression of Dicer causes increased level of siRNAs, which are independent of Rdp1, and 

map to pericentromeric regions. Similar observation of increased amount of siRNA under the 

condition of Dicer overexpression was also made at most euchromatic regions with convergently 

transcribed genes (Yu et al., 2014). These findings suggest that Dicer cleavage of Rdp1-

independent dsRNA can provide the source of trigger siRNAs that initiate the RNAi targeting 

process. Initially, it was assumed that all the siRNA was generated by Dicer, however, improved 
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sequencing technology allowed the detection of a class of Dicer-independent siRNAs, called 

primal RNAs (priRNA) (Halic and Moazed, 2010). priRNAs were observed in dcr1∆ cells by 

Ago1 pull down experiments followed by deep sequencing. Both the Dicer-dependent and 

independent siRNAs can be loaded onto RITS to target nascent transcript RNA in a sequence-

dependent manner. In summary, RITS recruits two complexes, CLRC and RDRC. Recruitment 

of CLRC causes establishment of local H3K9 methylation which further stabilizes the RITS 

complex to chromatin by interaction between the chromodomain of Chp1 and H3K9 

methylation. CLRC can also spread on chromatin mediated by its own chromodomain binding to 

H3K9 methylation. RDRC is recruited after the loading of RITS on chromatin and synthesizes 

dsRNA by using the nascent transcript as a template. dsRNAs are then cleaved by Dicer to 

produce more siRNA to be loaded onto the RITS complex. Notably, the HP1 protein Swi6 binds 

to chromatin by recognizing H3K9 methylation which further stabilizes the recruitment of 

RDRC through an interaction mediated by Ers1. Thus, the combination of multiple feedback 

loops working together mediates stable epigenetic silencing and heterochromatin formation 

(Holoch and Moazed, 2015). 

B. DNA binding protein dependent establishment of heterochromatin 

Although RNAi has been found to be important for heterochromatin establishment and 

gene silencing at pericentromeric region, it is dispensable for heterochromatin establishment at 

the mating type locus (mat) and subtelomeric regions, indicating that other mechanism mediate 

heterochromatin establishment at these regions. At the mating type locus, there is a 4.3 kb 

centromere homology (cenH) region that nucleates heterochromatin in an RNAi-dependent 

manner (Grewal and Klar, 1997; Hall et al., 2002), but the Atf1/Pcr1 transcription factor 

heterodimer plays a parallel role in heterochromatin establishment at this locus (Jia et al., 2004; 
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Kim et al., 2004). First, there are two Atf1/Pcr1 binding sites in the mating type locus. Second, 

deletion of ago1+ or atf1+/pcr1+ alone does not abolish heterochromatin establishment at the 

mating type locus, but combination of these deletions results in loss of heterochromatin 

establishment. However, whether deletion of the two binding sites also leads to heterochromatin 

establishment defect when combined with RNAi mutants has not been determined. This is 

important because Atf1/Pcr1 controls the transcription of many genes and plays important roles 

in normal cellular processes such as osmotic stress response and homologous recombination, and 

deletions of atf1+ or pcr1+ cause slow growth phenotypes. Although there is data suggesting that 

Atf1/Pcr1 may recruit Clr4, Swi6, Clr3 and Clr6 proteins, the results are not conclusive due to 

lack of negative controls such as mutantions in Atf1/Pcr1 proteins that disrupt these interactions 

(Jia et al., 2004; Kim et al., 2004; Yamada et al., 2005). Moreover, it is still unclear why these 

transcription factors promote gene silencing and heterochromatin formation at the mating type 

locus rather than transcription activation, as they do at euchromatic regions in the genome. 

Another DNA binding protein dependent heterochromatin establishment mechanism 

occurs at subtelomeric repeat regions. Although there are also RNAi dependent heterochromatin 

establishment mechanism in subtelomeric regions, deletion of components in the RNAi 

machinery does not abolish silencing of a reporter gene inserted into a subtelomeric region 

(Kanoh et al., 2005). Combination of RNAi deletion and deletion of Taz1, the telomere shelterin 

component DNA binding protein, results in loss of silencing at telomeric regions. These data 

suggest that Taz1 works together with the RNAi machinery to nucleate heterochromatin 

formation at telomeres by binding to telomeric DNA repeats. Later evidence also indicates that 

the deletion of other components in the shelterin complex can also phenocopy the loss of 

silencing phenotype caused by taz1+ deletion (Tadeo et al., 2013). However, the shelterin 
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complex alone does not seem to be sufficient to mediate de novo establishment of silencing 

because artificial tethering of the complex to an ectopic locus only induces gene silencing when 

the HP1 protein Swi6 is overexpressed (Tadeo et al., 2013). Consistently, Taz1 binding sites in 

euchromatic regions of the genome only induce weak H3K9me2 peaks but not robust silencing 

(Zofall et al., 2016), indicating the possibility of other factors work together with Taz1 to 

establish heterochromatin at telomeric regions. 

C. Mechanisms of heterochromatin mediated gene silencing 

 
i. HP1 and histone deacetylases (HDACs) and transcriptional silencing 
 

In fission yeast, H3K9 methylation by itself is not sufficient for heterochromatin-

mediated gene silencing because downstream factors binding to H3K9 methylation are also 

required. Two chromodomain-containing HP1 proteins Swi6 and Chp2, specifically localize to 

heterochromatic regions and are required for gene silencing but not establishment of H3K9 

methylation domains in region where there are strong nucleation mechanisms (Bannister et al., 

2001; Cam et al., 2005; Ekwall et al., 1995; Motamedi et al., 2008; Nakayama et al., 2001; Thon 

and Verhein-Hansen, 2000). Both these HP1 proteins also contain chromo shadow domains 

which mediate dimerization and protein-protein interactions. Swi6 is much more abundant than 

Chp2 and the balance of the relative amount of Swi6 and Chp2 is important for silencing (Sadaie 

et al., 2008). Mass spectrometry data suggested that Swi6 and Chp2 are important for recruiting 

the HDAC Clr3, which assembles into the SHREC complex (Sugiyama et al. 2007). Deletion of 

Clr3 leads to increased level of H3K14 acetylation and loss of transcriptional silencing (Fischer 

et al., 2009; Motamedi et al., 2008). ChIP experiments show that RNA polymerase II (Pol II) 

occupancy at heterochromatic regions increases dramatically when components of the SHREC 

complex are deleted, indicating that this HDACs complex mediates silencing by limiting access 
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to Pol II (Motamedi et al., 2008). In addition to Clr3, there are other HDACs important for 

heterochromatin-mediated transactional gene silencing because mutations of Clr6 or Sir2, which 

are both HDACs, also result in decreased heterochromatic silencing (Grewal et al., 1998; 

Shankaranarayana et al., 2003). How these HDACs are recruited to heterochromatin and more 

generally how deacetylation contributes to transcriptional gene silencing remain unknown. 

ii. Co-transcriptional gene silencing by the RNAi machinery 
 
          When heterochromatin is established by the RNAi machinery, co-transcriptional silencing 

can also happen because the RNAi machinery mediates the degradation of targeted transcripts. 

There are two conceivable mechanisms that can contribute to RNA degradation by the RNAi 

machinery. The first mechanism involves the processing of transcripts being to dsRNA by RdRP 

and further cleavage by the Dicer ribonuclease (Motamedi et al., 2004). The second mechanism 

is through the slicer activity of Ago1, which is important for both sRNA maturation and target 

RNA cleavage (Buker et al., 2007; Irvine et al., 2006). Although RNA cleavage by Ago1 is 

dispensable for RNAi-mediated heterochromatin assembly, it still may contribute to co-

transcriptional silencing (Irvine et al., 2006; Jain et al., 2016). Interestingly, a recent study 

showed that co-transcriptional silencing and transcriptional silencing are mediated by different 

H3K9 methylation states (Jih et al., 2017). H3K9me2 is sufficient for the function of RNAi 

machinery and co-transcriptional silencing but fully functional heterochromatin requires 

H3K9me3 mediated transcriptional silencing. These distinct functions of H3K9me2 and 

H3K9me3 result from different affinities of the downstream chromodomain proteins for each 

mark. Therefore, when heterochromatin is established by the RNAi machinery, a combination of 

transcriptional and co-transcriptional mechanisms mediates full gene silencing.   
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IV. Epigenetic inheritance of heterochromatin and H3K9 methylation in S. pombe 
 

The earliest evidence of cis epigenetic inheritance of heterochromatin and H3K9 

methylation was at the fission yeast mat locus (Grewal and Klar, 1996; Thon and Friis, 1997). At 

the mat locus, replacement of a 7kb region which contains the cenH heterochromatin nucleation 

center results in metastable ON and OFF expression states of a reporter gene. Both states can be 

stably inherited in cis for multiple generations with low switching frequency. This discovery was 

made before the identification of the role of H3K9 methylation in heterochromatin function, but 

the OFF state was clearly shown later to require proteins in the heterochromatin pathway but not 

the RNAi machinery (Hall et al., 2002). It was proposed at that time that the protein complex 

binding on chromatin has the ability to self-propagate after DNA replication to mediate its own 

maintenance. Similar phenotypes have also been observed for an ade6+ reporter gene inserted at 

the pericentromeric region. The HDAC inhibitor trichostatin A (TSA)-treated cells lose silencing 

of an ade6+ reporter gene inserted within pericentromeric DNA, resulting in generation of an 

ade6+ ON state. The ade6+ ON and OFF states can also be stably inherited in cis during meiosis 

(Ekwall et al., 1997). These early studies suggested that H3K9 methylation can mediate cis 

epigenetic inheritance. However, it was not clear whether the observed epigenetic inheritance 

required any additional input from specific DNA sequences. To clearly test whether H3K9 

methylation itself can direct its own epigenetic inheritance, approaches of reversible tethering 

Clr4 to euchromatic loci were used to separate heterochromatin establishment from its 

maintenance (Audergon et al., 2015; Ragunathan et al., 2015). The reporter gene ade6+ with 

binding sites for 10 tetracycline operators (10XtetO-ade6+) upstream of the promoter region was 

inserted into a euchromatin locus in cells that expressed a fusion of the catalytic domain of Clr4 

to the tetracycline repressor (TetR-Clr4-ΔCD) so that Clr4 could be artificially tethered at the 
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ectopic locus to establish heterochromatin. This TetR-Clr4-ΔCD fusion protein lacks the 

chromodomain that recognizes H3K9me. Upon adding tetracycline to the growth medium, TetR-

Clr4-ΔCD is released and maintenance mediated by H3K9 methylation can be analyzed. In wild-

type cells, dramatically decreased levels of H3K9 methylation and loss of gene silencing is 

observed after tetracycline-mediated release of TetR-Clr4-ΔCD, indicating that H3K9 

methylation cannot mediate stable epigenetic inheritance on its own. However, deletion of the 

putative H3K9 demethylase, Epe1, enables H3K9 methylation to direct its own inheritance at 

this locus. Most importantly, the epigenetic inheritance observed is dependent on the 

chromodomain of Clr4 (Jih et al., 2017; Ragunathan et al., 2015). Deletion or mutation of the 

chromodomain, which abolishes the ability of Clr4 to bind to H3K9 methylation, causees loss of 

maintenance. Interestingly, blocking the replication of DNA does not rescue the loss of 

maintenance in epe1+ cell, indicating that H3K9 methylation removal is a combination of Epe1-

promoted demethylation and dilution of the parental histones during DNA replication (Audergon 

et al., 2015). Therefore, in the case of ectopically induced heterochromatin, the “read-write” 

mechanism of Clr4, is not sufficient to overcome the loss of H3K9 methylation unless Epe1 is 

removed. 

            Another question regarding the epigenetic inheritance of H3K9 methylation is whether 

the coupling of H3K9 methylation and RNAi can lead to heritable silencing. This will not 

become a problem if the mRNA transcript and non-coding pericentromeric transcript behave 

identically, because it is known that the RNAi machinery can mediate even de novo 

heterochromatin establishment at pericentromeric DNA regions. However, it turns out that 

siRNAs generated from a hairpin construct that targets a euchromatic gene, fail to mediate 

heterochromatin establishment, suggesting that certain mRNAs features protect them from 
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aberrant silencing mediated by the RNAi machinery (Audergon et al., 2015; Iida et al., 2008). 

Artificial tethering of the RITS complex to ura4+ reporter gene also does not silence another 

copy of the ura4+ inserted at another chromosome location (Bühler et al., 2006). Later studies 

showed that deletions of the 3’ untranslated region (3’UTR) or the transcription elongation factor 

Paf1 allow gene silencing and ectopic siRNA-mediated heterochromatin establishment at 

euchromatic genes (Kowalik et al., 2015; Yu et al., 2014, 2018b). For example, a reporter gene 

ade6+ inserted at the trp1+ locus can only be silenced by siRNA originating from an ade6+ 

hairpin when genes encoding subunits of the Paf1 complex are mutated or deleted (ref). 

However, the silencing is lost when the transcript is artificially cleaved by a Ribozyme after 

transcription in paf1+ mutant background. These results agree with a model in which 

euchromatic transcripts are processed and transported following transcription which will not 

provide enough retention time on chromatin for siRNA-mediated heterochromatin establishment.  

V. Overview of the thesis 
 

As discussed above, one of the most important open questions regarding the epigenetic 

inheritance of H3K9 methylation is to reconcile the observations that H3K9 methylation can 

mediate stable cis inheritance at a native heterochromatic locus (the mat locus in fission yeast) 

but not at a euchromatic locus. These observations raised the possibility that specific DNA 

sequences at native heterochromatic loci work together with preexisting H3K9 methylation to 

mediate stable epigenetic inheritance. However, due to difficulties in separating heterochromatin 

establishment and maintenance, prior to the work described in this dissertation, the role of DNA 

sequence in cis epigenetic inheritance had not been addressed. Furthermore, the identities of 

minimal DNA sequences and the proteins that bind to them to mediate heterochromatin 

establishment and maintenance at the mating type locus had not been determined. Regarding 
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siRNA mediated-epigenetic inheritance, recent evidence from our laboratory suggests that the 

siRNA positive feedback loop can couple with H3K9me to mediate epigenetic inheritance of 

gene silencing (Yu et al., 2018b). In chapter 2, I will provide evidence supporting the hypothesis 

that specific DNA sequences are required for cis epigenetic inheritance of histone H3K9 

methylation and gene silencing. In chapter 3, I will present the discovery of a DNA element, 

which we have termed a “maintainer”. The maintainer can only mediate maintenance but not 

establishment of H3K9 methylation. Further, I will report the discovery of proteins that bind to 

the maintainer element and the mechanism of maintainer action. In chapter 4, I will report the 

finding of epigenetic inheritance coupled by RNAi and H3K9me and present my contributions to 

dissecting the mechanism siRNA-mediated epigenetic inheritance, demonstrating that the nature 

of the siRNA source affects the heritability of gene silencing (Yu et al., 2018b). 
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Abstract 
 

Epigenetic inheritance mechanisms play fundamental roles in maintaining cellular 

memory of gene expression states.  In fission yeast, domains of histone H3 lysine 9 methylation 

(H3K9me), a conserved marker of heterochromatin, can be epigenetically inherited when epe1+, 

which promotes H3K9 demethylation, is deleted.  How native epigenetic states are stably 

maintained in epe1+ cells remains unknown.  Here we develop a system to examine the role of 

DNA sequence and genomic context in propagation of a cis-heritable H3K9me-dependent OFF 

state.  We show that in epe1+ cells, in addition to sequence-independent mechanisms that 

propagate H3K9me, epigenetic inheritance of the OFF state requires binding sites for sequence-

dependent ATF/CREB family transcription factors within their native chromosomal context. 

Thus, specific DNA sequences contribute to cis inheritance of H3K9me and silent epigenetic 

states. 
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Introduction 
 

Silent chromatin or heterochromatin is a conserved feature of eukaryotic chromosomes 

and plays central roles in maintenance of genome stability and regulation of gene expression 

(Richards and Elgin, 2002) . The formation of heterochromatic domains is associated with 

specific histone posttranslational modifications and their transmission during cell division is 

thought to involve sequence-independent cis copying mechanisms associated with chromatin 

assembly during DNA replication and chromosome duplication (Margueron and Reinberg, 2010; 

Moazed, 2011; Probst et al., 2009; Radman-Livaja et al., 2011).  In support of this hypothesis, 

several groups have recently demonstrated that sequence-dependent establishment of 

heterochromatin can be uncoupled from its subsequent epigenetic maintenance (Audergon et al., 

2015; Bintu et al., 2016; Hathaway et al., 2012; Ragunathan et al., 2015).  However, 

heterochromatin formation and maintenance also often require a continuous input from 

specificity factors, such as site-specific DNA-binding proteins, which recruit histone-modifying 

complexes to target specific chromosome regions (Busturia et al., 1997; Cheng and Gartenberg, 

2000; Holmes and Broach, 1996; Sengupta et al., 2004) . 

The fission yeast, Schizosaccharomyces pombe, contains extensive domains of 

heterochromatin at its pericentromeric, telomeric, and mating type chromosome regions (Wang 

et al., 2016).  These domains share key features with heterochromatin in multicellular organisms, 

including histone H3K9 methylation, which is catalyzed by Clr4, the homolog of human 

SUV39H1 and SUV39H2 enzymes, association with HP1 proteins, perinuclear clustering, and 

epigenetic heritability (Moazed, 2011; Wang et al., 2016).  Two distinct mechanisms involving 

the RNA interference (RNAi) machinery and site-specific DNA-binding proteins recruit Clr4 

and mediate heterochromatin establishment in S. pombe (Verdel et al., 2004; Volpe et al., 
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2002).  At the mating type (mat) locus, in addition to RNAi, Activating Transcription Factor 

(ATF)/CREB family transcription factors, the Atf1/Pcr1 heterodimer, and its cognate binding 

sites, are required for heterochromatin establishment (Jia et al., 2004). However, whether or not 

these pathways also participate in epigenetic maintenance of heterochromatin, which is 

transmitted in cis at both the mating type and pericentromeric DNA regions (Ekwall et al., 1997; 

Grewal and Klar, 1996), has not yet been addressed. 

Results 
 
Construction of a modified mating-type (mat) locus that allows examination of the role of 

specific DNA sequences in maintenance of cis epigenetic states 

Ectopic recruitment of the Clr4 H3K9 methyltransferase to a normally euchromatic 

region results in the formation of a silent domain of H3K9me, which is unstable and rapidly 

decays unless epe1+, which encodes a JmjC domain demethylase family member, is deleted 

(Audergon et al., 2015; Ragunathan et al., 2015).  This is in contrast to the native 

heterochromatic domain at the mat locus in which replacing the cenH or K region with a reporter 

gene results in stable ON and OFF expression states of the reporter gene that can be transmitted 

in cis through meiosis (Grewal and Klar, 1996).  In order to gain insight into how epigenetic 

states are stably maintained under conditions of normal H3K9me turnover, we generated cells 

that allow inducible heterochromatin establishment at the mat locus by replacing the cenH region 

of the mat locus with a ura4+ reporter gene containing cognate binding sites for the bacterial 

TetR protein inserted upstream of the ura4+ gene (cenH∆::9xtetO-ura4+), and a DNA fragment 

encoding TetR-Clr4∆CD (referred to TetR-Clr4-Initiator or TetR-Clr4-I) inserted at the trp1+ 

locus (Ragunathan et al., 2015) (Figure 2.1A).  The binding of TetR-Clr4-I to the above reporter 

can be reversed by the addition of tetracycline (Tetoff).  First, to confirm that the cenH∆::9xtetO-
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ura4+ strains displays a cis-inheritance phenotype in the absence of TetR-Clr4-I, we inserted 

different 30 base pair barcodes downstream of the 3’UTR of the ura4+ reporter (-B1 and -B2) in 

order to be able to track the genotype of ura4+ ON and OFF epialleles using allele-specific PCR 

(Figure 2.1A).  Consistent with previous results (Grewal and Klar, 1996), following crosses 

between ON and OFF cells, diploid formation, and sporulation, the ON and OFF states were 

maintained and segregated faithfully to the meiotic progeny with the expected 2:2 ratio (Figure 

2.1C), and histone H3K9me2 at both ura4+ and adjacent mat sequences was specifically 

associated with the OFF alleles (Figure 2.1D-E).  

DNA sequence within the mating type locus and binding sites for ATF-CREB transcription 

factors mediate cis inheritance of silencing and H3K9me 

We used the above inducible system to determine the role of specific DNA sequences in 

epigenetic maintenance.  We constructed a series of strains in which the entire region between 

the IR-L and IR-R boundary elements was deleted, or in addition to cenH, either mat3 and 

flanking regions or mat2 and flanking regions were deleted and replaced with 9xtetO-ura4+ 

(Figure 2.2A). We then induced heterochromatin formation and silencing by introduction of 

TetR-Clr4-I into cells containing each of the above deletions (Figure 2.2A, B).  As a control, we 

also introduced TetR-Clr4-I into cells in which the euchromatic ura4+ locus was modified by the 

insertion of 9 upstream tetracycline operators (ura4∆::9xtetO-ura4+ cells)(Figure 2.2A).  As 

expected, TetR-Clr4-I induced silencing at both the endogenous ura4+ and the mat locus as 

evidenced by robust growth on 5-FOA-containing medium lacking tetracycline (FOA-tet, Fig. 

2.2B, rows 1 and 2). However, upon release of TetR-Clr4-I by growth on tetracycline-containing 

medium, silencing was only maintained at the mat locus, indicating that sequences within the 

mat locus contributed to epigenetic maintenance (Fig. 2.2B, row 2, cenH∆::9xtetO-ura4+).  
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Figure 2.1 Construction of a modified mating type (mat) locus that allows examination of 
the role of specific DNA sequences in maintenance of cis epigenetic states. 
(A) Schematic diagram of the mat locus in which the cenH RNAi-dependent heterochromatin 
nucleation region is replaced with 9 tetracycline operators located upstream of the ura4+ 
promoter and coding region (cenH∆::9xtetO-ura4+).  30 base pair barcodes were inserted 
downstream of ura4+ 3’UTR, (ura4+-B1) or (ura4+-B2) to allow identification by PCR.  
(B) Silencing assays showing that the expression states of a cenH∆::9xtetO-ura4+-B1 ON allele 
and a cenH∆::9xtetO- ura4+-B2  OFF allele.  Ethidium bromide stained gel on the right shows 
PCR-based genotyping of the meiotic progeny. N/S, non-selective medium, 5-FOA, 5-
Fluoroorotic acid-containing medium, -Ura, medium lacking uracil. 
(C) Upper panel: Schematic diagram of the experimental design for crossing cenH∆::9xtetO-
ura4+-B1 ON with cenH∆::9xtetO- ura4+-B2  OFF allele to test cis epigenetic inheritance of 
silencing and H3K9me. Lower panel: Silencing assays showing that the epigenetic expression 
states of a cenH∆::9xtetO-ura4+-B1 ON allele and a cenH∆::9xtetO- ura4+-B2  OFF alleles can 
be inherited in cis after mating, diploid formation, and meiosis.  
(D) and (E) ChIP-qPCR assays showing H3K9me2 at ura4+ (D) and adjacent mat region 
(E)associated with the epigenetic OFF state in the meiotic progeny of the cross shown in panel 
C. 
Error bars in (D) and (E) indicate SD for three biological replicates.
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(Figure 2.1 Continued) 
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Consistent with this observation, deletion of the entire region between the boundary elements 

weakened establishment, but completely abolished epigenetic maintenance (Fig. 2.2B, row 3, 

mat∆::9xtetO-ura4+).  On the other hand, deletion of either the mat2-cenH or the cenH-mat3 

regions allowed both robust establishment and maintenance of silencing, indicating that 

redundant sequences within the mat locus contributed to epigenetic maintenance (Fig. 2.2B, rows 

4 and 5, cenH-mat3∆::9xtetO-ura4+ and mat2-cenH∆::9xtetO-ura4+).  The mat locus contains 2 

seven-base pair Atf1/Pcr1 binding sites, s1 and s2, which are located to the left of mat3 and have 

previously been shown to be required for establishment of silencing (Fig. 2.2A)(Jia et al., 

2004).  To determine whether these binding sites play a role in epigenetic maintenance, we made 

precise deletions of each 7-nucleotide binding site in mat2-cenH∆::9xtetO-ura4+ cells.  Deletion 

of these binding sites dramatically reduced epigenetic maintenance as indicated by loss of 

growth on FOA medium containing tetracycline (Figure 2.2B, row 6, mat2-cenH∆::9xtetO-ura4+ 

s1∆s2∆). Consistent with the silencing assays, after release of TetR-Clr4-I by growth on 

tetracycline-containing medium (+tet), ChIP-qPCR showed that H3K9me2 and H3K9me3 at 

ura4+ and adjacent mat sequences were only efficiently maintained at the locus that contained 

the Atf1/Pcr1 binding sites (Figure 2.2C, D and S2A, B; compare s1+s2+ with s1∆s2∆).  As a 

control, H3K9me levels at the centromeric dg repeats did not change in any of the above strains 

(Figure 2.2E).  Furthermore, ChIP-qPCR experiments showed that similar levels of Atf1-3XFlag 

were associated with the s1 and s2 sites of ura4+ ON and OFF alleles, as well as with an 

euchromatic target of Atf1/Pcr1 (SPCC320.03) in cenH∆::9xtetO-ura4+ strain (Figure 

2.2F).  These results indicate that once heterochromatin is established at the mat2-cenH∆-mat 

locus, its epigenetic inheritance requires the Atf1/Pcr1 binding sites, even though similar levels 

of Atf1/Pcr1 are bound in the ON and OFF states.  
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The Atf1/Pcr1 binding sites and the surrounding DNA region have weak maintenance 

activity at the ectopic locus 

We next investigated whether the Atf1/Pcr1 binding sites and surrounding DNA region were 

sufficient to confer epigenetic maintenance at an ectopic locus (Figure 2.3A).  As shown 

previously for inheritance of ade6+ reporter gene silencing (Ragunathan et al., 2015), the silent 

state of ura4∆::9xtetO-ura4+ was lost after release of TetR-Clr4-I in epe1+ cells, while it could 

be epigenetically maintained in epe1∆ cells (Figure 2.3B, FOA+tet, rows 1 and 2).  The insertion 

of the 4.6 kb mat3 DNA fragment, spanning the region between cenH and the IR-R boundary 

element, and containing both Atf1/Pcr1 binding sites, into the native ura4+ locus in epe1+ cells 

expressing the TetR-Clr4-I initiator (ura4∆::9xtetO-ura4+-mat3, s1+s2+, epe1+) resulted in some 

growth on FOA+tet medium, which was above the background observed in the parental cells 

lacking the 4.6 kb insertion (Figure 2.3B, FOA+tet, compare rows 3 and 1).  This demonstrates 

that the mat3 DNA fragment containing the Atf1/Pcr1 binding sites has weak maintenance 

activity when located outside the mating type locus and suggests that additional features at the 

mat locus are likely to also play important roles.  Consistent with this hypothesis, deletion of the 

IR-L and IR-R boundary elements resulted in weaker epigenetic maintenance of silencing at the 

mat2-cenH∆::9xtetO-ura4+ locus (Figure 2.3C-D; compare rows 1 and 2).  The degree of 

maintenance at the mat locus lacking the boundary elements was similar to that conferred by the 

4.6 kb mat2 insertion at the ura4+ locus (Figure 2.3D, compare rows 2 and 3).  Together these 

results strongly suggest that the mat region containing the s1 and s2 Atf1/Pcr1 binding sites has 

similar epigenetic maintenance activity at the mat and ectopic ura4+ loci and that strong 

epigenetic maintenance at the mat locus requires the Atf1/Pcr1 binding sites as well as the 

boundary elements. 
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Figure 2.2 Sequences within the mating type locus and binding sites for the ATF/CREB 
transcription factors mediate cis inheritance of silencing and H3K9me. 
(A) Schematic diagram of the mating type (mat) locus and its modifications used for analysis of 
the role of Atf1/Pcr1 binding sites in cis epigenetic inheritance. 
(B) Silencing assays using cells with the indicated genotypes showing that deletion of specific 
sequences within the mating type locus abolishes epigenetic inheritance of silencing upon TetR-
Clr4-I release with tetracycline.   
(C, D) ChIP-qPCR assays showing Atf1/Pcr1 binding site-dependent maintenance of H3K9me3 
upon release of TetR-Clr4-I.  
(E) ChIP-qPCR assays showing that tetracycline-mediated release of TetR-Clr4-I does not affect 
H3K9me3 at the centromeric dg repeats, cen-dg. 
(F) ChIP-qPCR assays showing that s1/s2 site-dependent binding of Atf1-Flag in both the ON 
and OFF states in cenH∆::9xtetO-ura4+ cells.  
Error bars in (C), (D), (E), and (F) indicate SD from three biological replicates. 
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Figure 2.2 (continued) 
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The read-write mechanism of Clr4 is also required for sequence-dependent epigenetic 

inheritance of gene silencing and H3K9me 

The chromo domain of Clr4 is required for epigenetic maintenance of ectopically-

induced heterochromatin in epe1∆ cells by a read-write mechanism involving chromo domain-

mediated recognition of H3K9me (Ekwall et al., 1997; Ragunathan et al., 2015).  To determine 

whether this read-write mechanism also contributes to sequence-dependent epigenetic 

maintenance, we compared the maintenance of silencing and H3K9me in cenH∆::9xtetO-ura4+, 

tetR-clr4-I cells expressing either wild type or chromo domain mutant Clr4 proteins. As shown 

in Figure 2.4A, cells that expressed Clr4 with either a point mutation in the chromo domain 

(clr4W31G), which disrupts H3K9me recognition, or a chromo domain deletion (clr4∆CD) failed to 

grow on FOA+tet medium, indicating an inability to maintain silencing after release of TetR-

Clr4-I, which correlated with loss of H3K9 methylation (Figure 2.4B-C).  Thus both sequence-

dependent and Clr4 chromo domain sequence-independent mechanisms are required for 

epigenetic maintenance of silencing at the mat locus.  We next investigated whether deletion of 

epe1+ could circumvent the requirement for s1 and s2 sites in inheritance of silencing and 

H3K9me at the mat locus. We observed efficient maintenance of silencing (Figure 2.4D, 

compare rows 2 and 3, FOA+tet) and H3K9me in epe1∆ cells that lack the Atf1/Pcr1 binding 

sites (Figure 2.4E-F).  Deletion of epe1+ can therefore suppress the continuous requirement for 

Atf1/Pcr1 binding sites in epigenetic maintenance of silencing and H3K9me at the mat locus. 
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Figure 2.3 Atf1/Pcr1 binding sites and surrounding DNA region have weak epigenetic 
maintenance activity at an ectopic locus. 
(A) Schematic diagram of experimental design. A 4.6 kb sequence spanning the region between 
cenH and IR-R, and containing the Atf1/Pcr1 binding sites, was inserted downstream of 9xtetO-
ura4+ at the ura4+ locus in cells expressing TetR-Clr4-I. 
(B) Silencing assay showing that the 4.6 kb sequence including the s1 and s2 Atf1/Pcr1 binding 
sites had weak epigenetic maintenance activity.  
(C) Schematic diagram showing construction of a mat locus with a deletion of the IR-L and IR-R 
boundary elements. 
(D) Silencing assays using cells with the indicated genotypes showing that deletion of the 
boundary elements disrupts epigenetic maintenance.  Note that the maintenance activity of the 
4.6 kb region containing the s1 and s2 Atf1/Pcr1 binding-sites is similar at the endogenous mat 
locus lacking the boundary elements and the ectopic ura4+ locus. 
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Figure 2.4 Contributions of chromatin versus sequence-dependent mechanisms to cis 
inheritance of silencing and H3K9me. 
(A) Silencing assays for cells with the indicated genotypes showing that mutations of the Clr4 
chromo domain abolish maintenance of cenH∆::9xtetO-ura4+ silencing after release of TetR-
Clr4-I by addition of tetracycline. 
(B, C) ChIP-qPCR experiments showing requirement for the Clr4 chromo domain in 
maintenance of H3K9me2 upon release of TetR-Clr4-I with tetracycline at ura4+, B, and mat, C.  
(D) Silencing assays showing that deletion of epe1+ suppresses the requirement for Atf1/Pcr1 
binding sites (s1+s2+ versus s1∆s2∆). 
(E, F) ChIP-qPCR assays showing that deletion of epe1+ allowed efficient epigenetic 
maintenance of H3K9me2 in the absence of Atf1/Pcr1 binding sites (s1∆s2∆). 
Error bars in (B) and (C), (E) and (F) indicate SD from three biological replicates. 
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Figure 2.4 (Continued) 
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Transiently induced TetR-Clr4-I recruitment and H3K9me establishment can only be 

epigenetically inherited in the presence of Atf1/Pcr1 binding sites 

During development, transient external or cell intrinsic signals can establish epigenetic 

states that are then stably propagated in the absence of the initial signaling event (Ringrose and 

Paro, 2004).  By analogy, we investigated whether heterochromatin established after transient 

recruitment of TetR-Clr4-I could be maintained in an Atf1/Pcr1 site-dependent manner.  We first 

erased heterochromatin in mat2-cenH∆::9xtetO-ura4+, tetR-clr4-I cells by growth on medium 

containing the histone deacetylase inhibitor trichostatin A (TSA), in addition to tetracycline, to 

prevent TetR-Clr4-I mediated heterochromatin establishment.  We then allowed H3K9me and 

heterochromatin to recover for various times by growth on medium lacking both TSA and 

tetracycline (Figure 2.5A).  As indicated by growth on FOA–tet medium, heterochromatin 

reestablishment occurred slowly, but a 16-24 hour period of recruitment was sufficient to 

establish ura4+ silencing in nearly all cells, whether the locus contained (s1+s2+) or lacked 

(s1∆s2∆) Atf1/Pcr1 binding sites (Figure 2.5B).  The rate of establishment was slower for the 

locus that lacked the Atf1/Pcr1 binding sites, which is consistent with the previously reported 

role of Atf1/Pcr1 and their binding sites in heterochromatin establishment at the mat locus (Jia et 

al., 2004).  In contrast to establishment, maintenance of ura4+ silencing on FOA+tet medium 

was only observed when the locus contained Atf1/Pcr1 binding sites (Fig. 2.5B, right side rows, 

compare s1+s2+ with s1∆s2∆).  ChIP-qPCR experiments verified that the TSA and tetracycline 

treatment resulted in complete erasure of H3K9me at ura4+ and adjacent mat region, which was 

then reestablished and epigenetically maintained after growth on tetracycline-containing medium 

in mat2-cenH∆::9xtetO-ura4+, s1+s2+ cells (Figure 2.5C-D).  As a control, H3K9me levels at the 

centromeric dg repeats were reestablished after removal of TSA during the erasure period in 
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which growth on tetracycline was expected to specifically prevent TetR-Clr4-I-mediated 

reestablishment at the cenH∆::9xtetO-ura4+ locus (Figure 2.5E).  We therefore conclude that 

Atf1/Pcr1 binding sites can act as components of an epigenetic switch that mediates the 

inheritance of heterochromatin after a transient establishment period. This observation suggest 

that Atf1/Pcr1 binding sites can act as components of an epigenetic switch that mediates the 

inheritance of heterochromatin after a transient establishment period. 

Discussion 
 

The role of specificity factors in maintenance of epigenetic states is likely to be broadly 

conserved.  A requirement for DNA sequence in maintenance of silencing has been previously 

described in S. cerevisiae and Drosophila where binding sites for factors that initiate silencing, 

silencers and Polycomb response elements (PREs), respectively, are continuously required to 

maintain the silent state (Busturia et al., 1997; Cheng and Gartenberg, 2000; Holmes and Broach, 

1996; Sengupta et al., 2004).  Our findings demonstrate a novel role for sequence-dependent 

mechanisms in cis inheritance of epigenetic states.  Considering the requirement for analogous 

networks of histone modifications and histone-binding proteins in the yeast and Drosophila 

systems, both silencing mechanisms probably also involve cis inheritance. Although the 

mechanisms by which transcription factor binding sites contribute to cis inheritance remain to be 

elucidated, our findings can be explained by models that posit a role for transcription factors in 

creating a permissive context for read-write mechanisms to restore epigenetic states following 

DNA replication (Figure 2.6).  In conclusion, we propose that the requirement for specific DNA 

sequences in stable epigenetic inheritance of histone modifications, which have profound effects 

on gene expression, serves as a crucial mechanism that couples their propagation to site-specific 

recruitment and reduces the frequency of spurious epigenetic inactivation events.  
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Figure 2.5 Transiently induced TetR-Clr4-I recruitment and H3K9me establishment can 
only be epigenetically inherited in the presence of Atf1/Pcr1 binding sites. 
(A) Experimental scheme for erasure of H3K9 methylation and its establishment by transient 
recruitment of TetR-Clr4-I. To investigated whether heterochromatin established after transient 
recruitment of TetR-Clr4-I could be maintained in an Atf1/Pcr1 site-dependent manner, we first 
erased heterochromatin in mat2-cenH∆::9xtetO-ura4+, tetR-clr4-I cells by growth on medium 
containing the histone deacetylase inhibitor trichostatin A (TSA), in addition to tetracycline, to 
prevent TetR-Clr4-I mediated heterochromatin establishment.  We then allowed H3K9me and 
heterochromatin to recover for various times by growth on medium lacking both TSA and 
tetracycline and then assay for maintenance. 
(B) Growth assays showing that following treatment with trichostatin A (TSA) silencing at both 
the mat2-cenH∆::9xtetO-ura4+ and mat2-cenH∆::9xtetO-ura4+, s1∆s2∆ alleles can be 
reestablished following recruitment of TetR-Clr4 (FOA-tet) after 16 to 24 hours.  The rate of 
establishment was slower for the locus that lacked the Atf1/Pcr1 binding sites, which is 
consistent with the previously reported role of Atf1/Pcr1 and their binding sites in 
heterochromatin establishment at the mat locus (Jia et al., 2004).  In contrast to establishment, 
maintenance of ura4+ silencing on FOA+tet medium was only observed when the locus 
contained Atf1/Pcr1 binding sites, after 24 hours of exposure to TetR-Clr4-I; s1+s2+ versus 
s1∆s2∆. 
(C, D) ChIP-qPCR experiments showing erasure and epigenetic maintenance of H3K9me2 after 
transient recruitment of TetR-Clr4-I for 24 hours.  U, Untreated; E, Erasure; M, 24h, 
Maintenance on +tet medium from cells in which H3K9me was recruited to the locus for 24 
hours. 
(E) ChIP-qPCR experiments showing that H3K9me2 at the cen-dg repeats is not affected by 
growth on tetracycline.  Note H3K9me levels at the centromeric dg repeats were reestablished 
after removal of TSA during the erasure period in which growth on tetracycline was expected to 
specifically prevent TetR-Clr4-I-mediated reestablishment at the mat2-cenH∆::9xtetO-ura4+ 
locus.  U, E, and M, 24h as described for C and D.  
Error bars in (C), (D), and (E) indicate SD from three biological replicates. 
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Figure 2.5 (Continued) 
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One of the difficulties of dissecting cis sequences within heterochromatin that may be 

involved in epigenetic inheritance is lacking a system in which maintenance can be separated 

from establishment. As discussed in chapter 1, previous experiments addressing this problem in 

fly and budding yeast were based on a system in which silencing is established by silencers. 

Deletions of such silencers by recombinase based mechanism then results in loss of silencing 

(Busturia et al., 1997; Cheng and Gartenberg, 2000; Holmes and Broach, 1996; Sengupta et al., 

2004). The major caveat of this type of approach is that DNA recombination may disrupt the 

nucleosomes that carry epigenetic information. In addition, one of the major functions of 

heterochromatin is to prevent homologous recombination between repetitive DNA sequences.  It 

is therefore possible that cells with weaker heterochromatin were selected in the process of DNA 

recombination. Here, I used the TetR-Clr4-ΔCD mechanism in which heterochromatin 

maintenance can be completely separated from establishment, allowing the analysis of the role of 

cis DNA sequence in epigenetic inheritance without ambiguity. Further, this approach also 

allowed me to identify a DNA element which can only mediate epigenetic inheritance but not de 

novo establishment of heterochromatin and H3K9me, which will be presented in chapter 3.  

DNA binding proteins provide one mechanism to mediate cis epigenetic inheritance of 

H3K9me. Alternatively, epigenetic inheritance of H3K9me can also be mediated by coupling the 

read-write mechanism of the H3K9 methyltransferase with another positive feedback loop. For 

example, as discussed in chapter 1, in mammals, H3K9me and DNA methylation are coupled to 

each other via UHRF1, which recognizes H3K9me and hemi methylated DNA, to recruit Dnmt1 

(Rothbart et al., 2012). Therefore, the two read-write positive feedback loops of H3K9 

methyltransferase and DNA methyltransferase are coupled together and reinforce each 

other.  Another example of epigenetic inheritance mediated by coupling two positive feedback 
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loops will be discussed in chapter 4, in which a discovery of epigenetic inheritance mediated by 

coupling of siRNA self-amplification loop and read-write mechanism of Clr4 is reported. 

 

 

 

 
Figure 2.6 Models for sequence-dependent cis epigenetic inheritance of chromatin 
modifications. 
(A) Following DNA replication, the Atf1/Pcr1 heterodimers, bound to their cognate binding 
sites, directly participate in recruitment of the Clr4/SUV39H H3K9 methyltransferase complex, 
which also interacts with “old” parentally inherited nucleosomes containing H3K9me (filled red 
circles) via the chromo domain (CD) of Clr4.  This cooperative recruitment leads to methylation 
of H3K9 on newly deposited nucleosomes.  Blue rectangle with question mark represents other 
context-dependent control elements that contribute to epigenetic maintenance.  Other sequences 
at the mat locus (blue rectangle) also participate in epigenetic maintenance.   
(B) The Atf1/Pcr1 heterodimer contributes to cis epigenetic inheritance without directly 
participating in Clr4/SUV39H recruitment.  Atf1/Pcr1 may create a permissive context indirectly 
by recruiting other modifying enzymes or activities that may either impede the loss of H3K9me 
on parental histones or facilitate the methylation of H3K9 on newly deposited H3 so that they 
can be more readily methylated by Clr4/SUV39H bound to parentally inherited nucleosomes. 
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Abstract 
 

Epigenetic inheritance mechanisms play important roles in controlling gene expression 

patterns and safeguarding cell identity. In fission yeast, stable epigenetic inheritance of histone 

lysine 9 methylation (H3K9me) requires both sequence independent propagation mechanisms 

and input from DNA sequence, but the role of DNA sequence in epigenetic inheritance is poorly 

understood. Here, we found that in addition to the previously identified Atf1/Pcr1 binding sites, 

additional sequences within a 130 base pair DNA element are required for epigenetic inheritance 

of H3K9me. Despite its robust activity in maintenance of H3K9me, the130 base pair sequence 

cannot mediate de novo gene silencing. We therefore termed this element a “maintainer” of 

epigenetic information. We show that the maintainer contains binding sites for another DNA 

binding protein, Deb1, and the origin recognition complex (ORC). Mutations in Atf1, Deb1 and 

ORC, or their binding sites, result in loss of maintainer function. Furthermore, deletion of the 

putative H3K9 demethylase epe1+, converts the maintainer to a silencer capable of de novo 

recruitment of H3K9me. These results suggest that the maintainer functions through 

combinatorial action of Atf1/Pcr1, Deb1 and ORC to recruit the H3K9 methyltransferase Clr4, 

but only in the context of pre-existing H3K9me. The identification of a specific maintainer DNA 

element that can mediate the epigenetic inheritance of a pre-existing chromatin state has 

implications for mechanisms that have evolved to propagate induced changes in chromatin 

structure and gene expression. 
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Introduction 

Heterochromatin is composed of large domains of chromatin in the genome, which 

mediate transcriptional gene silencing of transposon and DNA repeats, and play important roles 

in maintenance of genome stability (Allshire and Madhani, 2018). Specific histone modifications 

are associated with heterochromatin formation and can be stably propagated after cell division. 

Establishment of heterochromatin requires sequence specific factors such as siRNA targeting of 

non-coding transcript and DNA sequence-dependent recruitment of DNA binding proteins on 

chromatin (Allshire and Ekwall, 2015). DNA sequences that establish heterochromatin and gene 

silencing are defined as silencers, which usually contain multiple binding sites for different 

DNA-binding proteins (Moazed, 2011). The combinatorial binding of silencer-binding proteins 

leads to recruitment of histone modification enzymes to establish silencing. The best understood 

silencer is found in the budding yeast Saccharomyces cerevisiae in which one of the strongest 

silencers, composed of binding sites for transcription factors Abf1, Rap1, and the origin 

recognition complex (ORC) establishes constitutive heterochromatin (Bell et al., 1993; Brand et 

al., 1985; Foss et al., 1993; McNally and Rine, 1991; Shore and Nasmyth, 1987). These proteins 

act combinatorially to recruit a complex containing a histone deacetylase to mediate gene 

silencing and heterochromatin formation. 

Following establishment, heterochromatin can be stably inherited after multiple cell 

divisions. It has been proposed that histone modification-mediated gene silencing can be stably 

inherited in cis in a sequence-independent manner through copying of modifications in 

preexisting histones, after DNA replication, by the recognition of the posttranslational 

modifications by the enzymes that catalyze these modifications (Margueron and Reinberg, 2010; 

Moazed, 2011; Probst et al., 2009; Radman-Livaja et al., 2011). Indeed, this copying mechanism 

has been shown to be able to mediate epigenetic memory lasting for a few cell divisions, but long 
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term epigenetic memory generally requires input from genetic elements such as silencers 

(Audergon et al., 2015; Langridge and Struhl, 2017; Laprell et al., 2017; Ragunathan et al., 2015; 

Wang and Moazed, 2017). It is also not clear whether the establishment activity of a silencer 

DNA element can be separated from its role in epigenetic inheritance of histone modifications.  

In the fission yeast Schizosaccharomyces pombe, heterochromatin is localized at the 

pericentromeric DNA repeats, telomeric regions, and the mating type locus (mat). These 

domains are associated with histone H3K9 methylation (H3K9me), which is conserved from 

fission yeast to mammals. At the mat locus, the RNA interference (RNAi) machinery and 

transcription factor heterodimer Atf1/Pcr1 act in parallel to mediate the establishment of 

heterochromatin (Jia et al., 2004; Verdel et al., 2004; Volpe et al., 2002). Epigenetic inheritance 

of an H3K9me domain, established by artificial tethering of the H3K9 methyltransferase Clr4, is 

only stable in cells lacking the putative H3K9 demethylase Epe1 (Audergon et al., 2015; 

Ragunathan et al., 2015), which is in contrast to the observed stable cis epigenetic inheritance 

that has been observe at the mat locus when the RNAi nucleation sequence cenH is deleted 

(Grewal and Klar, 1996). We have previously shown that the DNA sequence within the mat 

locus including two binding sites for the Atf1/Pcr1transcription factors are required for 

epigenetic inheritance of H3K9me and silencing (Wang and Moazed, 2017). However, the 

minimal sequences that mediate epigenetic inheritance of H3K9me at this locus are unknown. 

Here, we report that a minimal 130 base pair (bp) DNA sequence is necessary and sufficient to 

mediate epigenetic inheritance but not de novo establishment of H3K9me and gene silencing at 

the mat locus. We term this minimal element a “maintainer”. Further, we show that the 

maintainer is composed of binding sites for the Atf1/Pcr1 and Deb1 transcription factors, and the 

ORC. Deletion of the putative H3K9 demethylase Epe1 converts the maintainer to a silencer, 
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suggesting that Atf1/Pcr1, Deb1 and ORC can act combinatorially to recruit the H3K9 

methyltransferase Clr4. The identification of the maintainer and the demonstration of DNA 

sequence-dependent epigenetic inheritance have broad implications for our understanding of 

mechanisms that propagate changes in chromatin modification and transcription in response to 

environmental or developmental signals. 

Results 
 
Identification of a 130 bp DNA element as a maintainer of epigenetic information 

Previously we have shown that the two Atf1/Pcr1 binding sites s1 and s2 are required for 

epigenetic inheritance of gene silencing and H3K9me when cenH and mat2 flanking regions are 

deleted (Wang and Moazed, 2017). This observation raised the question of whether the two 

Atf1/Pcr1 binding sites at the mat locus are sufficient to mediate epigenetic inheritance of H3K9 

methylation and whether other sequences within this region also contribute. To address this 

question, I deleted the entire region between the IR-L and IR-R boundary elements but kept the 

s1 and s2 Atf1/Pcr1 binding sites downstream the 9xtetO-ura4+ reporter gene (Figure 3.1A). The 

reporter gene is silenced by heterochromatin established by TetR-Clr4-I and maintenance of 

silencing is reflected by growth on FOA+ tetracycline plates, as tetracycline promotes the release 

of TetR-Clr4-I and only cells that have maintained ura4+ silencing can grow on FOA-containing 

medium. As shown in Figure 3.1A, the two Atf1/Pcr1 binding sites were not sufficient to 

maintain H3K9 methylation at the mat locus, indicating that maintenance requires other 

sequences in addition to s1 and s2. Previous studies have shown that there are two repressor 

elements, repressor element II (REII) and repressor element III (REIII) which are located 

immediately upstream of the mat2 and mat3 genes, respectively (Ayoub et al. 2000; Thon et al. 

1999; Hansen et al. 2011). The REIII element contains the s2 Atf1/Pcr1 binding site. These 
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repressor elements mediate silencing of the mat2 and mat3 and can promote silencing at an 

ectopic locus (Hansen et al. 2011). I hypothesized that REII and/or REIII works together with the 

s1 and s2 sites to mediate epigenetic inheritance of H3K9 methylation. To test this hypothesis, I 

constructed strains with REII, REIII, s1 and s2 downstream of the 9xtetO-ura4+ reporter gene at 

the mat locus and tested whether these sequences were sufficient for maintenance of silencing. 

As shown in Figure 3.1B, REII, REIII, s1 and s2 were sufficient for maintenance of silencing. As 

a control, replacement of the REII and REIII with equal length of control DNA from the ORF of 

a euchromatin gene, sib1+, did not support maintenance (Figure 3.1B). This result suggests that 

other proteins recruited by REII and REIII work together with Atf1/Pcr1 to mediate epigenetic 

inheritance of gene silencing and H3K9 methylation. To further analyze the minimal DNA 

sequences required for maintenance, I constructed a series of strains with deletions of REII-REIII 

and found that while REII together with S1 and S2 sites could not maintain silencing, REIII 

together with the s1 and s2 sites, was sufficient to maintain silencing (Figure 3.1B). To test 

whether this 130bp DNA sequence could also establish heterochromatin at the mat locus, I 

constructed cells with exactly the same genotype as the above-mentioned strains at the mat locus 

but without TetR-Clr4-I (Figure 3.1C). Growth silencing assays showed that cells with REII, 

REIII, s1 and s2 could mediate de novo establishment of gene silencing at the mat locus at a very 

low rate (Figure 3.1C, ~0.05%). In contrast, REIII or the 130 bp minimal sequence plus the s1 

and s2 sites failed to establish heterochromatin, as indicated by the absence of growth on FOA-

containing medium (Figure 3.1C). Thus, since REIII and the minimal 130 bp DNA sequence 

were only able to mediate maintenance but not establishment of H3K9 methylation, we defined 

them as an “epigenetic maintainer” elements. 
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Figure 3.1 Identification of the minimal maintainer sequence at the mat locus. 
(A) Schematic diagram and silencing assay of the modified mating type (mat) locus for testing 
whether the Atf1/Pcr1 binding sites are sufficient to mediate epigenetic inheritance of H3K9 
methylation at mat locus.  
(B) Schematic diagram and silencing assay of the modified mat locus for identification the 
minimal sequences that are required for epigenetic inheritance of gene silencing. 
(C) Silencing assays showing that REIII and the 130bp maintainer sequence are not able to 
establish heterochromatin at the mat locus.
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Figure 3.1 (Continued) 
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Identification of Deb1 as a maintainer-binding protein required for mediating epigenetic 

inheritance of H3K9me and gene silencing  

I hypothesized that additional DNA sequence within the 130bp region recruits other DNA 

binding proteins to work together with Atf1/Pcr1. To identify what DNA binding proteins are 

recruited by the maintainer sequence apart from Atf1/Pcr1, I constructed cells carrying a series 

of sequence deletions within the maintainer and found that a 32 bp region other than the 

Atf1/Pcr1 binding sites was required for maintenance of silencing (Figure 3.2 A-B). Deletion of 

this region also led to decreased level of H3K9me3 after tetracycline-mediated release of TetR-

Clr4-I (Figure 3.2C). To identify the protein(s) that binds to this 32 bp sequence, I used an 

oligonucleotide pull down approach. I incubated 5’-biotinylated oligonucleotides bound to 

streptavidin beads with cell lysate and submitted the bound proteins for analysis by mass 

spectrometry (Fig 3.3A).  5’-biotinylated oligonucleotides with the wild type (s1) and mutant (s1 

mutated) Atf1/Pcr1 binding sites served as positive and negative control for this experiment, 

respectively. As expected, Flag-tagged Atf1 was only pulled down by s1, but not mutant s1 or 

other control oligonucleotides (Figure 3.3A). Mass spectrometry result of the 32 bp 

oligonucleotide (oligo1) pull down identified the Deb1 transcription factor as the most highly 

enriched protein (Figure 3.3B). Consistent with loss of maintenance of H3K9 methylation 

(Figure 3.2C), the 32 bp deletion also led to loss of Flag-Deb1 binding to the region as indicated 

by ChIP (Figure 3.3C). Deb1 is an essential transcription factor and has been previously reported 

to bind to the promoter region of the rhp51+ gene (Shim et al. 2000) (Figure 3.3D). I mutated the 

putative Deb1 binding site in the 32 bp region, which shares homology with the known Deb1 

binding sites, in the 130 bp minimal maintainer and found that it was required for maintenance of 



 85 

silencing (Figure 3.3E). Collectively, these data demonstrate that Deb1 is a second DNA-binding 

protein that is required for maintainer function of the 130 bp element. 

 

Figure 3.2 Identification of a 32bp sequence required for maintainer function. 
(A) Upper panel: Schematic diagram of the modified mating type (mat) locus showing the 
position of a 32 bp sequence deletion. Lower panel: DNA sequence of the 130 bp minimal 
maintainer. Blue: Atf1/Pcr1 binding site. Purple: 32 bp sequence deletion. 
(B) silencing assay showing that the 32 bp deletion results in loss of maintenance, which 
correlates with (C) decreased levels of H3K9me3. 
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Figure 3.3 Identification of Deb1 as a maintainer binding protein. 
(A) Left, Sequence of the double strand DNA used in the oligo pull down experiment. Blue, 
Atf1/Pcr1 consensus binding site. Red, mutated nucleotides in the Atf1/Pcr1 binding site. Purple, 
32 bp sequence important for maintainer function. Right, Western blot showing that only the 
oligo with the sequence of Atf1/Pcr1 binding site s1 pulled down Flag-tagged Atf1 from cell 
lysate.  
(B) Mass spectrometry results of 32 bp oligonucleotide (oligo 1) pull down normalized to the s1 
oligonucleotide pulldown. All enriched proteins are shown. 
(C) ChIP of Deb1-3xFlag and the effect of deleting the 32 bp sequence, required for maintenance 
of silencing, on the Deb1-3xFlag enrichment. rph5+ and fpb1+ serve as positive and negative 
controls, respectively. 
(D) DNA sequence comparison of the two previously reported Deb1 binding sites and the 
putative Deb1 binding site in the 32 bp sequence. Sequences with blue and purple colors are the 
two known binding sites. Sequences showing similarity with the putative Deb1 binding site in 
the maintainer are underlined.   
(E) Upper panel: DNA sequence of the mutated Deb1 binding site highlighted by yellow color. 
 Lower panel:  Silencing assays showing that mutation of the Deb1 binding site in the maintainer 
caused loss of maintainer function. 
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Figure 3.3 (Continued) 
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Identification of the Origin Recognition Complex (ORC) as a maintainer-binding complex 

required for epigenetic inheritance of gene silencing  

Further deletions of the 130bp maintainer sequence to 80bp, which still contained both 

Atf1/Pcr1 and Deb1 binding sites, led to weaker maintenance (Figure 3.4A-B). This observation 

indicated that at least one or more other DNA-binding protein(s) was required for full maintainer 

function. To identify the potential DNA binding protein(s), I designed two 50 bp 

oligonucleotides that contained the additional sequences required for maintainer function (Figure 

3.5A). I also conducted the oligonucleotide pull down experiments with the same controls 

described above for identification of Deb1. Mass spectrometry identification of the proteins 

bound to these oligonucleotides showed that the top enriched protein, which was shared in two 

pull downs, was Orc4 (Figure 3.5B-C). Orc4 is a subunit of the S. pombe ORC, which contains 6 

subunits, Orc1-Orc6, and binds directly to DNA (Kong and DePamphilis 2001; Lee et al. 2001; 

Moon et al. 1999). Orc4 does not have a consensus genomic binding site and is thought to bind 

to AT-rich regions, usually spanning several hundred base pairs of DNA (Takahashi et al. 2003; 

Moon et al. 1999; Kong and DePamphilis 2001). The region of the 130 bp maintainer used on 

the above pull downs is highly AT-rich (Figure 3.5A). To test the importance of these AT-rich 

sequences as parts of a putative Orc4/ORC binding site, I made a series of AT to GC mutations 

within the region (Figure 3.5D, highlighted in yellow). As shown by growth silencing assays, AT 

to GC mutations within the maintainer phenocopied the effect of deletion of the entire 50 bp 

region (Figure 3.5D). If an ORC binding site were required for maintainer function, other ORC 

binding sites might be expected to be able to replace the putative ORC binding site in the 50bp 

endogenous sequence. To test this possibility, I constructed cells in which the putative 

endogenous ORC binding sites in this maintainer region were replaced by a 250 bp ARS3002 
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sequence, which has been shown previously to bind to ORC (Kong and DePamphilis 2001) 

(Figure 3.5E). The results showed that this 250 bp ARS sequence was able to rescue the 

maintenance defect resulting from the deletion of the endogenous ORC binding sites. Therefore, 

I conclude that ORC is the third DNA-binding protein complex that is required for maintainer 

function.  

 

 

 

Figure 3.4 Identification of sequences other than Atf1/Pcr1 and Deb1 binding sites that are 
required for maintainer function. 
(A) Upper panel: Schematic diagram of the modified mating type (mat) locus showing that 
deleting the indicated 50 bp sequence in the maintainer leads to defects in epigenetic inheritance. 
Lower panel: DNA sequence of the 130 bp minimal maintainer. Blue: Atf1/Pcr1 binding site. 
Purple: Deb1 binding site. Green: 50 bp sequence deletion. 
(B) Silencing assays showing that deletion of the 50 bp sequence results in defective 
maintenance. 
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Figure 3.5 Identification of ORC as a maintainer binding protein complex. 
(A) DNA sequence of the oligonucleotides used for pull down experiments. Target oligo 2 
contains sequence with red color and target oligo 3 contains sequence with underlined letters. 
(B and C) Mass Spectrometry results of target oligo 2 (B) and target oligo 3 (C) pull downs 
normalized to the s1 oligo. 
(D) Upper panel: Mutation of the putative ORC binding site by mutations of several AT 
sequences to GC. Mutated sequences are highlighted by yellow color. Lower panel: Silencing 
assays showing that the mutation of the 50 bp putative ORC binding site phenocopies deletion of 
this region.  
(E) Silencing assays showing that the function of 50 bp in maintenance could be replaced by a 
280 bp ARS sequence that recruit ORC. 
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Figure 3.5 (Continued) 
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Mutations in Atf1/Pcr1, Deb1 and Orc1 result in loss of maintainer function 

The above results suggest that the maintainer components are Atf1/Pcr1, Deb1 and ORC. 

I would therefore expect that certain mutations in these DNA binding proteins will abolish 

maintainer function. I constructed a strain in which the ura4+ reporter gene at the mat locus was 

replaced with an ade6+ reporter gene, followed by the REIII maintainer. This allowed me to use 

an assay based on colony color to perform a genetic screen for mutations in the above factors 

that abolish maintainer function. Since cells lacking Atf1 are viable, I first made strains with a 

series of different truncation in Atf1 and found that deletion of amino acids 63-202 caused loss 

of maintainer function (Figure 3.6). Deb1 and ORC are both essential for viability. I therefore 

performed a PCR based mutagenesis screens to identify mutant alleles of these proteins that 

abolish maintenance of silencing (Figure 3.7A). I successfully obtained point mutations in Deb1 

and Orc1 subunit of the ORC complex that abolished maintenance but did not affect growth 

(Figure 3.7B-C). Interestingly, Orc1 mutations with severe maintenance defects were localized to 

the Bromo adjacent homology (BAH) domain, which is the same domain that mediates the 

silencing activity of ORC in budding yeast, suggesting that the silencing function of ORC may 

be conserved (Zhang et.al 2002). In summary, these results provide further support roles for 

Atf1/Pcr1, Deb1 and ORC as maintainer binding proteins required for epigenetic maintenance. 

Deletion of the putative H3K9 demethylase, Epe1, converts the maintainer to a silencer 

The next question I addressed was the mechanism of maintainer function. As discussed 

above, two possible models can explain maintainer function: 1. the maintainer-binding proteins 

work together with pre-existing methylated histones to recruit the H3K9 methyltransferase Clr4 

in a cooperative manner. 2. The maintainer proteins create a permissive condition by 

antagonizing  
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Figure 3.6 Truncations of Atf1 leads to loss of maintainer function. 
Upper panel: Diagram showing the position of DNA binding domain in the Atf1 protein 
Lower panel: Silencing assay testing the influence of different Atf1 truncation on maintenance 
mediated by REIII maintainer.  
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Figure 3.7 Mutations of Deb1 and Orc1 leads to loss of maintenance mediated by 
maintainer. 
(A)  Diagram showing the screening approach to identify mutations in Deb1 or ORC subunits 
that abolish maintenance. Genes encoding Deb1 or ORC subunits were cloned into a vector 
containing a selection marker. Genes encoding Deb1 and ORC were subcloned into vectors. 
Random PCR mutagenesis was performed and the PCR products were transformed into 
corresponding strains. Strains with derepression of the reporter gene ade6+ on tetracycline-
containing (+tet) were selected and the mutations were identified by sequencing.  
(B)  Upper panel: Diagram showing the position of zinc finger DNA binding domains in the 
Deb1 protein. 
Lower panel: Silencing assays showing the identified point mutations in Deb1 that abolish 
maintenance mediated by REIII maintainer. 
(C)  Upper panel: Diagram showing the position of the Bromo adjacent homology (BAH) and 
the AAA+ ATPase domains in the Orc1 protein. 
Lower panel: Silencing assays showing the identified point mutations in the BAH domain of 
Orc1 that abolish maintenance mediated by a 170bp maintainer derived from REIII. 
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Figure 3.7 (Continued) 
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increases the threshold Clr4 activity required to initiate ectopic H3K9me. As shown in Figure 

3.8A, deletion of epe1+ converted the 130 bp maintainer to a silencer. This silencing correlated 

with increased level of H3K9me3, shown by ChIP experiments, at the mat locus but not a control 

locus (Figure 3.8B-C). These results suggest that the maintainer binding proteins can recruit the 

CLRC complex to initiate H3K9me and silencing. 

The maintainer is sufficient for epigenetic inheritance of gene silencing and H3K9me at an 

ectopic locus  

Considering the role of the boundary sequences in epigenetic inheritance mediated by the 

maintainer containing sequence as shown above, it seems unlikely that the maintainer can 

function at an ectopic locus on its own. Indeed, the 130 bp maintainer alone only mediates weak 

maintenance of gene silencing at euchromatin ura4+ locus unless flanked by the boundary 

sequences (Figure 3.9A). Therefore, with the presence of boundary element, maintainer is 

sufficient to function independently of chromosomal location. However, it is possible that 

increasing the copy number of the maintainer will allow it to bypass the role of boundary 

sequences to mediate epigenetic inheritance of silencing. To test this possibility, I constructed 

strains with different copy numbers of the maintainer followed by the 9xtetO-ura4+ reporter 

gene, inserted at the euchromatin ura4+ locus. Indeed, although a single copy of the maintainer 

only mediated weak maintenance, three copies of the maintainer showed strong maintenance 

activity at the ectopic locus, indicating that the role of boundary sequences can be bypassed with 

increased recruitment activity of the maintainers (Figure 3.9A). To test whether increased copy 

number of maintainers may convert it to silencer, I constructed the same strains with 2 or 3 

copies of maintainers at the ura4+ but without expressing TetR-Clr4-I. Interestingly, increased 

copy numbers failed to turn maintainers to an efficient silencer, as indicated by lack of growth on  
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Figure 3.8 Deletion of the putative demethylase Epe1 converts the maintainer to a silencer. 
(A) Silencing assays showing that deletion of epe1+ leads to de novo establishment of gene 
silencing mediated by maintainer.  
(B and C) ChIP experiments showing that in epe1D cell the maintainer can mediate de novo 
establishment of H3K9me3 at ura4+ reporter gene inserted in the (B) mat locus but not the (C) 
fbp1+ control locus. 
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Discussion 
 

Epigenetic inheritance mechanisms play important role in cellular function and 

safeguarding cell identity. It is thought that epigenetic inheritance of histone modification is 

mediated by the self-copying mechanism of histone modification enzymes. However recent 

studies have shown that long-term stable epigenetic inheritance also requires input from genetic 

elements (Coleman and Struhl 2017; Laprell et al. 2017; Wang and Moazed 2017; Ragunathan et 

al. 2015). Here I identified a genetic element defined as a maintainer, which can only mediate the 

epigenetic maintenance but not the establishment of H3K9me-dependent gene silencing. The 

maintainer has binding site for transcription factors Atf1/Pcr1 and Deb1, and ORC. Deletion of 

epe1+ converts the maintainer into a silencer, indicating that the maintainer-binding proteins can 

recruit Clr4, but are functionally distinct from silencers in that their activity can be regulated by a 

putative demethylase. 

One of the key questions raised by this study is how DNA binding proteins can work 

together with pre-existing histone modifications to mediate epigenetic inheritance but not 

establishment. A possible explanation is that the maintainer-binding proteins, although providing 

a combinatorial surface that directly or indirectly recruits Clr4, are still weak recruiters in the 

absence of input from pre-existing H3K9me. I have shown that the maintainer can establish low 

levels of H3K9me, but not gene silencing, unless the gene encoding Epe1 is deleted. These 

observations demonstrate that the maintainer is functionally distinct from traditional silencers 

discovered in other systems. In addition, my results suggest that the maintainer works together 

with preexisting H3K9me to achieve a threshold level of newly deposited H3K9me required for 

reestablishment of silent chromatin. The presence or absence of demethylase activity would then 

change this threshold and impact maintainer function. Each the  
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Figure 3.9 The role of boundary sequences and maintainer copy number in epigenetic 
inheritance of gene silencing. 
(A) Silencing assays showing that increasing the copy number of the maintainer bypasses the 
role of boundary sequences and is associate with stronger maintenance of silencing. Purple: 
130bp maintainer. Blue: 80bp maintainer with 280bp ARS3002 sequence. 
(B) Silencing assays showing that increasing the copy numbers of the maintainer does not 
convert it into a silencer. 
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mechanism will require biochemical approaches to reconstitute the binding of CLRC to defined 

chromatin templates in vitro. 

If evolutionarily conserved in multicellular organisms, maintainer-based mechanisms can 

act as sensors for epigenetic information which can determine whether a specific gene can carry 

a certain type of epigenetic memory or not. When there is no additional signal to deposit 

H3K9me, genes with maintainers will still be expressed. However, when H3K9me mark is 

deposited and turns the maintainer-containing gene off, the gene will be able to “memorize” this 

epigenetic information and will be kept silenced for multiple cell divisions. Thus, DNA 

maintainers may provide a potential mechanism for cells to differentiate between genes that need 

to be developmentally regulated and genes that need to be always turned on. 

From this study, we can speculate that there are potentially three ways to regulate 

epigenetic inheritance of histone modifications in multicellular organism. First, the level of a key 

demethylase can determine whether a maintainer can be converted to silencer. Second, 

maintainer function can be regulated by the expression of maintainer-binding proteins. Since the 

maintainer functions through combinatorial binding of different transcription factors and DNA 

binding proteins, each of the components is crucial for maintainer activity. Thus, cells can 

regulate maintainer function through changing the expression level of one or multiple maintainer 

binding proteins which also provide possibilities for regulation of maintainer function, or 

conversion of a silencer to a maintainer. Third, maintainer function can also be regulated through 

chromatin context such as the boundary sequences that impact the stability of silent domain. In 

conclusion, the mechanisms uncovered in this study may provide insight into mechanisms of 

epigenetic inheritance in multicellular organisms.  
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Abstract 
 

Histone posttranslational modifications (PTMs) are associated with epigenetic states that 

form the basis for cell type specific gene expression (Margueron and Reinberg, 2010; Moazed, 

2011). Once established, histone PTMs can be maintained by positive feedback involving 

enzymes that recognize and catalyze the same modification on newly deposited histones. Recent 

studies suggest that in wild-type cells, histone PTM-based positive feedback is too weak to 

mediate epigenetic inheritance in the absence of other inputs (Audergon et al., 2015; Coleman 

and Struhl, 2017; Laprell et al., 2017; Ragunathan et al., 2015; Wang and Moazed, 2017) . 

RNAi-mediated histone H3 lysine 9 methylation (H3K9me) and heterochromatin formation 

define a potential epigenetic inheritance mechanism in which positive feedback involving small 

interfering RNA (siRNA) amplification can be directly coupled to histone PTM positive 

feedback (Law and Jacobsen, 2010; Luteijn and Ketting, 2013; Motamedi et al., 2004; Sienski et 

al., 2015; Verdel et al., 2004; Volpe et al., 2002; Yu et al., 2015). However, it remains unknown 

whether such a coupling of two feedback loops can maintain epigenetic silencing independently 

of DNA sequence and in the absence of enabling mutations that disrupt genome-wide chromatin 

structure or transcription (Iida et al., 2008; Kowalik et al., 2015; Yu et al., 2014). Here using 

fission yeast S. pombe, we show that siRNA-induced H3K9me and silencing of a euchromatic 

gene can be epigenetically inherited in cis during multiple mitotic and meiotic cell divisions in 

wild-type cells. This inheritance involves the spreading of secondary siRNAs and H3K9me3 to 

the targeted gene and surrounding areas and requires both RNAi and H3K9me, suggesting that 

siRNA and H3K9me positive feedback loops act synergistically to maintain silencing. In 

contrast, when maintained solely by histone PTM positive feedback, silencing is erased by H3K9 

demethylation promoted by Epe1, or by interallelic interactions following mating to cells 
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containing an expressed epiallele even in the absence of Epe1. These findings demonstrate that 

the RNAi machinery can mediate transgenerational epigenetic inheritance independently of DNA 

sequence or enabling mutations and reveal a role for the coupling of siRNA and H3K9me 

positive feedback loops in protection of epigenetic alleles from erasure. 
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Introduction 
 

The RNAi machinery is required for the establishment of heterochromatin at native 

pericentromeric heterochromatic loci to silence DNA repeats in S. pombe (Motamedi et al., 2004; 

Verdel et al., 2004; Volpe et al., 2002). However, mRNAs in euchromatin are protected from 

RNAi-mediated gene silencing. Artificial tethering of the RITS complex to the reporter gene 

ura4+ results in heterochromatin-dependent gene silencing and production of siRNAs mapping 

to ura4+, but these siRNAs cannot act in trans to silence another copy of ura4+ (Buhler et al., 

2006). Consistently, siRNA generated from Dicer cleavage of a long hairpin RNA also fails 

induce silencing of reporter gene that is targeted by siRNA (Iida et.al., 2008; Yu et.al., 2014; 

Kowalik et.al., 2015). However, deletion of the 3’ untranslated region (UTR) region of the 

mRNA leads to gene silencing and heterochromatin formation mediated by ectopic siRNA (Yu 

et al., 2014). Later studies revealed that siRNAs derived from a synthetic ade6+ hairpin RNA or 

insertion of the ade6+ gene within pericentromeric DNA repeats could target a euchromatic copy 

of the ade6+ gene and establish heterochromatin dependent silencing when components in the 

Paf1 complex are deleted (Kowalik et al., 2015; Yu et al., 2014). These studies provided 

evidence suggesting that rapid transcription termination and release of the mRNA from the site 

of transcription prevent mRNAs from becoming targets for siRNA-mediated heterochromatin 

formation. Silencing induced by the siRNAs derived from the hairpin RNA can be stably 

inherited in the absence of the hairpin which provides the initial trigger of silencing (Kowalik 

et.al, 2015). This suggest that siRNA-dependent H3K9 methylation can be stably propagated by 

coupling of H3K9 methylation with RNAi to form a feedback loop. However, this epigenetic 

inheritance is only observed in Paf1 complex mutant background. Therefore, it is not clear that 

whether H3K9me can be stably maintained by coupling with RNAi in wild type cells.  
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Results 
 
Establishment of siRNA-mediated silencing at the euchromatic ade6+ locus  

To determine whether siRNA positive feedback loops participate in allele-specific 

inheritance of epigenetic states, we used a cen::ade6+ transgene, which is epigenetically silenced 

and produces abundant ade6+ siRNAs (Figure 4.1A) (Allshire et al., 1994; Volpe et al., 2002). 

Silencing of ade6+ causes cells to grow red on medium with limiting adenine (Low Ade) (Figure 

4.1B, top), providing a visual assay for silencing. Previous studies have shown that the ability of 

siRNAs to mediate de novo silencing in trans is antagonized by mRNA 3’UTR processing 

pathways (Kowalik et al., 2015; Yu et al., 2014). Consistently, we found that a second copy of 

ade6+ located at its native euchromatic locus (hereafter referred to as ‘endogenous ade6+’) 

remained refractory to silencing by siRNAs produced from the cen::ade6+ transgene, as cells 

with both copies of ade6+ always formed white colonies (Figure 4.1B, middle). However, 

deletion of a subset of genes that influence mRNA transcription, 3’ end processing, or export 

resulted in the appearance of red colonies at a frequency of 0.5-12%, indicating establishment of 

silencing at the endogenous ade6+ allele (Figure 4.1C, white arrows). When isolated and re-

plated, these red colonies produced mostly red colonies (~85%, Figure 4,1C), indicating that the 

silent state was stably inherited. Silencing was accompanied by spreading of H3K9me at the 

endogenous ade6+ locus into the adjacent vtc4+ gene (Figure 4.1D-E). 

To further investigate the mechanism of ade6+ silencing, we determined whether trigger 

cen::ade6+ siRNAs induced the generation of secondary siRNAs at endogenous ade6+ by small 

RNA sequencing (sRNA-seq) in cen::ade6+ ade6+ mlo3∆ cells that expressed (ON/white) or 

silenced (OFF/red) ade6+. As shown in Figure 4.1F, we observed spreading of siRNAs outside 

the region of homology with cen::ade6+ (denoted by the grey shaded area) for both the ON and 
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OFF epigenetic states, but siRNAs only spread to adjacent vtc4+ in ade6+-OFF cells. We 

observed no siRNA spreading in cen::ade6+ ade6+ or cen+ ade6+ mlo3∆ cells, indicating that the 

biogenesis of secondary siRNAs required trigger centromeric ade6+ siRNAs and mlo3∆ (Figure 

4.1F, top 2 tracks). siRNA spreading correlated with the spreading of H3K9me2 and H3K9me3 

into vtc4+ only in ade6+-OFF cells (Figure 4.1D-E). These results indicate that in mlo3∆ cells, 

siRNAs produced from a centromeric transgene can act in trans to silence a euchromatic copy of 

the gene, and that this silencing is accompanied by the generation of euchromatic secondary 

siRNA and H3K9me. Furthermore, even though silencing is established at a low frequency, it is 

maintained at a high frequency, suggesting that maintenance of silencing involves epigenetic 

memory. 

Epigenetic inheritance of the acquired silent state in wild-type cells and its dependency on 

RNAi and Clr4 

          To investigate whether epigenetic memory at the endogenous ade6+ locus could be 

maintained in the absence of the mlo3∆ enabling mutation or cen::ade6+ siRNAs, we introduced 

silent mutations into the endogenous ade6+ allele (ade6BC+, barcoded allele) so that it could be 

distinguished from cen::ade6+ or ade6+ by PCR (Figure 4.2A). We crossed cen::ade6+ mlo3∆ 

ade6+-OFF/red to cen+ ade6BC+-ON/white cells and analyzed the haploid meiotic progeny. As 

shown in Figure 4.2B-C, the OFF state was stably transmitted to wild-type progeny, whether 

cen::ade6+ was present or not. Furthermore, the acquired silent state was remarkably stable, as 

nearly 50% of the cen+ ade6+ cells remained red after 32 generations (Figure 4.2c, right). 

Importantly, analysis of the red and white progeny by allele-specific PCR showed that all 

OFF/red progeny of the cross contained the parental ade6+-OFF allele, indicating that the silent  
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Figure 4.1 Establishment of siRNA-mediated silencing at the euchromatic ade6+ locus is 
associated with local siRNA generation and H3K9 methylation.  
(A) Schematic of the cen::ade6+ siRNA driver (left) and euchromatic ade6+ target (right) loci.  
(B) Expected phenotypes of cells containing the silenced cen::ade6+ locus alone or in 
combination with the euchromatic ade6+ in either expressed (ON/red) or silenced (OFF/red) 
states. 
(C) cen::ade6+ mlo3∆ cells were plated on low adenine medium. ~0.5% of cells formed red or 
pink colonies, indicating silencing of euchromatic ade6+ (white arrow).  
(D-E) ChIP-qPCR assays showing H3K9me2 (d) or H3K9me3 (e) in ade6+-OFF (red) compared 
to ade6+-ON (white) cells at vtc4+. Sample means +/- SD from 3 (wt, clr4∆) or 9 (mlo3∆) 
biological replicates (reflecting 3 independent clones); p values resulting from a 2-tailed 
Student’s t-test. 
(F) Left, siRNA-sequencing showing increased secondary siRNA generation in ade6+-OFF 
compared to ade6+-ON cells. Note that for the ade6+ gene itself and the immediately flanking 
sequences, the siRNA and H3K9me signals at the euchromatic and centromeric copies cannot be 
distinguished (shaded area represent sequence identity). Right, siRNAs mapping to the 
pericentromeric repeats (dgII and dhII) of chromosome 2 shown as controls.  
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Figure 4.1 (Continued) 
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state was transmitted in an allele-specific manner (Figure 4.2B). 

 To determine the genetic requirements for maintenance of the silent allele, we performed 

the above cross with cells lacking key RNAi genes (ago1∆, dcr1∆, rdp1∆) or the H3K9 

methyltransferase (clr4∆). The results indicated that silencing of endogenous ade6+ required 

both the RNAi pathway and Clr4 (Figure 4.2D-G). Thus cis silencing of ade6+ is maintained 

epigenetically by an RNAi- and H3K9 methylation-dependent mechanism, independently of the 

initial cen::ade6+ siRNA trigger or any mutation that disrupts normal RNA processing. 

The source of trigger siRNAs is crucial for RNAi-mediated epigenetic inheritance of 

H3K9me and gene silencing 

To investigate whether differences in the siRNA trigger or the enabling mutation account 

for the difference in heritability, we compared maintenance of silencing at the endogenous ade6+ 

locus using either cen::ade6+ or hairpin ade6+ trigger siRNAs in leo1∆ cells which does not 

have the functional Paf1 complex. As shown in Fig 4.3A, both siRNA triggers induced 

endogenous ade6+ silencing. We crossed cells with the above silent ade6+ alleles to cells lacking 

both the siRNA trigger and the enabling leo1∆ mutation and examined silencing in the meiotic 

progeny. In contrast to cen::ade6+-triggered silencing, hairpin-triggered ade6+ silencing was lost 

in the leo1+ segregants (Figure 4.3B-C). Furthermore, unlike cen::ade6+, which induced a broad 

domain of secondary siRNAs, the hairpin triggered very low levels of secondary siRNAs that 

were restricted to the ade6+ coding region (Figure 4.3D). ChIP-seq and experiments showed that 

unlike the cen::ade6+ trigger, which induced broad domains of H3K9 methylation at the ade6+ 

locus, the hairpin trigger induced more restricted domains (Figure 4.3E-F). In particular, 

H3K9me3 levels were very low when silencing was induced by the hairpin and did not extend 

significantly beyond ade6+ (Figure 4.3E-F). In this regard, we recently demonstrated that  
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Figure 4.2 Maintenance of acquired silencing in wild-type cells and its dependence on RNAi 
and Clr4. 
(A) Top, the barcoded ade6BC+ allele was functional as shown by formation of a white colony on 
Low Ade medium; ade6+ served as a control. Bottom, sequences of the ade6+ and ade6BC+ 
alleles, base changes indicated in red. Allele-specific PCRs distinguish barcoded and wild-type 
alleles.. 
(B) cen::ade6+ ade6+-OFF mlo3∆ cells were crossed to cen+ ade6BC+-ON cells followed by 
random spore analysis (RSA). The frequency with which silencing in the progeny with the 
indicated genotypes was maintained is shown. n, number of progeny analyzed. Repeated 3 times. 
(C) The progeny from the cross in panel b were grown for 0 or 32 generations and plated on Low 
Ade medium. Heritable silencing, as indicated by the growth of red/pink colonies, for both cen+ 
and cen::ade6+ progeny is apparent for 32 generations.  
(D-G) cen::ade6+ mlo3∆ ade6+-OFF cells were crossed to cen+ mlo3+ ade6BC+-ON cells with 
deletions of key RNAi components (D-F), or H3K9 methyltransferase clr4+ (G), followed by 
RSA. All ade6+-OFF progeny were RNAi+ and clr4+. Bars indicate number of ade6+-OFF 
meiotic progeny for each genotype.    
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Figure 4.2 (Continued) 
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H3K9me3 is required for transcriptional gene silencing and epigenetic inheritance, while 

H3K9me2 is sufficient for RNAi-mediated co-transcriptional gene silencing (Jih et al., 2017). 

We therefore conclude that the nature of the siRNA trigger, but not the enabling mutation, plays 

a critical role in spreading of secondary siRNAs and H3K9me that determines heritability of the 

epiallele. 

Cis inheritance of the silent ade6+ epiallele and its association with H3K9me3 and 

secondary siRNA generation 

Epigenetic states in yeast and animal cells can be transmitted in cis during cell division 

(Gaydos et al., 2014; Grewal and Klar, 1996). To address whether the siRNA positive feedback 

loop, which generates high levels of siRNA that can potentially act globally, could discriminate 

between identical target sequences to mediate cis (allele-specific) inheritance of epigenetic 

states, we took advantage of the ade6BC+ allele, which is genetically identical to ade6+ except for 

a few silent nucleotide substitutions (Figure 4.2A). We crossed wild-type cells carrying the 

siRNA-dependent ade6+-OFF allele to wild-type cells carrying the ade6BC+-ON allele (Figure 

4.2D-G, Figure 4.4A), analyzing the meiotic progeny to determine whether silencing was 

inherited in an allele-specific manner. As shown in Figure 4.4A, the OFF/red and ON/white 

expression states segregated with a 2:2 Mendelian ratio. Moreover, allele-specific PCR showed 

that the OFF/red progeny contained the parental ade6+-OFF allele and the ON/white progeny 

contained the parental ade6BC+-ON allele, indicating that each state was stably and independently 

transmitted following meiosis. In agreement with the tetrad dissection data, random spore 

analysis showed that 97.5% of OFF/red progeny contained the parental OFF allele (Figure 4.4B). 

These results therefore demonstrate that an acquired silent state can be preferentially propagated 

in cis as an epiallele by an siRNA-dependent mechanism. The acquired silent state was  
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Figure 4.3 The siRNA driver locus is critical for establishing a heritable silent epiallele. 
(A) cen::ade6+ leo1∆ (left) or ade6+ hairpin (HP) leo1∆ (right) cells were plated on low adenine 
medium. ~12% of cen::ade6+ leo1∆ (left) and 100% of ade6+ HP leo1∆ (right) cells formed red 
or pink colonies, indicating silencing of endogenous ade6+. Repeated twice.  
(B-C) cen::ade6+ ade6+-OFF leo1∆ cells (b) or ade6+ HP ade6+-OFF leo1∆ (c) cells were 
crossed to cen+ ade6BC+-ON cells followed by random spore analysis (RSA). Number of progeny 
matching each indicated genotype and phenotype is shown. 80 red and 80 white colonies were 
genotyped by PCR. Results reflect two independent crosses.  
(D) siRNA-sequencing showing limited secondary siRNA generation in ade6+ HP leo1∆ ade6+-
OFF cells, compared with more extensive secondary siRNA spreading to neighboring genes 
bub1+ and vtc4+ in cen::ade6+ leo1∆ ade6+-OFF cells. Shaded areas represent sequence identity 
to ade6+ HP (top 3 rows) or cen::ade6+ (bottom 3 rows). Two independent clones shown for 
each experimental sample. 
(E-F) H3K9me2 (E) and H3K9me3 (F) ChIP-seq reads mapping to the endogenous ade6+ locus 
in cells with the indicated genotypes and expression states. Shaded areas represent sequence 
identity to ade6+ HP (top 3 rows) or cen::ade6+ (bottom 3 rows). Two independent clones 
shown for each experimental sample. 
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Figure 4.3 (Continued) 
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Figure 4.3 (Continued) 
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furthermore stable through multiple meiotic cell divisions (Figure 4.3C). This, together with the 

continuous dependence of silencing on RNAi (Figure 4.2D-F), suggests that maintenance of 

silencing and heterochromatin relies on a continuous RNAi-dependent amplification mechanism. 

We next investigated how siRNAs and H3K9me work together to maintain silencing at the ade6+ 

epiallele. ChIP-seq analysis showed that silencing correlated with high levels of H3K9me2 and 

H3K9me3 at ade6+ and the immediately downstream vtc4+ and rpl3402+ genes (Figure 4.4D, 

compare OFF and ON tracks for cen+ cells). Thus, consistent with the requirement for the Clr4 

H3K9 methyltransferase, the silent ade6+ epiallele was associated with high levels of H3K9me2 

and H3K9me3. Sequencing of siRNAs showed that silencing in ade6+-OFF cells correlated with 

accumulation of vtc4+ and rpl3402+ siRNAs (Figure 4.4E, rows 4-7). In cells containing 

cen::ade6+, we also observed secondary siRNA accumulation upstream of ade6+, to tandem 

gene bub1+, and about 10kb downstream of ade6+ (Figure 4.4E, rows 4-5), which correlated with 

increased spreading of H3K9me3 (Figure 4.4D-E  colored asterisks highlight regions where 

H3K9me3 and siRNA reads correlate). Surprisingly, in cells lacking cen::ade6+, we observed 

very few siRNA reads that mapped to ade6+-OFF (Figure 4.4E, rows 6-7), and the vast majority 

of siRNA detected were produced from the adjacent vtc4+ and rpl3402+ genes. We therefore 

tested whether vtc4+ and rpl3402+ were required for maintenance of the ade6+-OFF state, and 

found that ade6+ silencing in vtc4-rpl3402∆ cells was only maintained in cells carrying the leo1∆ 

enabling mutation (Figure 4.5). These results indicate that an siRNA positive feedback loop, 

which forms at the adjacent vtc4+ and rpl3402+ genes, is required for epigenetic inheritance of 

the silent ade6+ epiallele in wild-type cells. Consistent with a requirement for vtc4+ in epigenetic 

inheritance of ade6+ silencing, secondary siRNAs and H3K9me3 associated with non-heritable 

hairpin-induced silencing did not spread to the vtc4+ gene (Figure 4.3). Together with the 
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observation that the silencing activity of siRNAs is restricted to the epiallele that already 

possesses H3K9me (Figure 4.4A-B), these results suggest that the mutual dependence of 

H3K9me and siRNA generation on each other underlies the mechanism of cis epigenetic 

inheritance. 

Heritable silencing mediated by coupling of RNAi and H3K9me of a KanR-ade6+ transgene 

inserted at 4 different genomic loci 

To test possible effects of genomic context on siRNA-triggered silencing and its 

epigenetic inheritance, we inserted the ade6+ gene together with a selectable marker (KanR-

ade6+) at different euchromatic loci in cells containing the cen::ade6+ siRNA trigger and an 

enabling mutation. We observed silencing at 4 transgene insertions (mal1+::KanR-ade6+, 

efm3+::KanR-ade6+, meu10+::KanR-ade6+, and mrp1+::KanR-ade6+), indicated by growth of 

red colonies on low adenine medium (Figure 4.6A-D). Furthermore, after diploid formation and 

sporulation, we observed epigenetic maintenance of the OFF state at each locus in meiotic 

progeny lacking both the siRNA trigger and the enabling mutation (Figure 4.6E-H). The 

resulting OFF epialleles were stably maintained upon further mitotic propagation (Figure 4.6I), 

were associated with H3K9me3 (Figure 4.6J), and required Ago1 and Clr4 for epigenetic 

inheritance (efm3+::KanR-ade6+ and meu10+::KanR-ade6+ OFF/red epialleles) (Figure 4.6K-L). 

Furthermore, like the euchromatic endogenous ade6+ locus, secondary siRNA generation 

extended to surrounding transcription units specifically in the OFF state (Figure 4.7). Therefore, 

the ability of siRNA-coupled H3K9me to mediate epigenetic inheritance is not restricted to a 

particular locus. 
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Figure 4.4 Cis inheritance of the silent ade6+ epiallele and its association with H3K9me3 
and secondary siRNA generation. 
A, ade6+-OFF cells crossed to ade6BC+-ON cells, followed by tetrad dissection on Low Ade 
medium (top) and genotyping using allele-specific PCRs (bottom), showed the 2:2 segregation of 
the OFF and ON states and cis transmission of each state.  
B, ade6+-OFF cells were crossed to ade6BC+-ON cells, followed by random spore analysis. 80 
out of 220 haploid meiotic progeny (36%) maintained silencing of ade6+, largely in cis (78 out 
of 80 cells).  
C, ade6+-OFF progeny of repeated ade6+-OFF x ade6BC+-ON crosses were selected and crossed 
again, showing stability of the ade6+-OFF allele over five meiotic generations. n, number of 
meiotic progeny analyzed.  
D, H3K9me3 ChIP-seq reads mapping to the euchromatic ade6+ locus in cells with the indicated 
genotypes and expression states. Colored asterisks indicate ChIP- and sRNA- sequencing (shown 
in panel e) of the same clones. Shaded area, region of sequence identity with cen::ade6+. 2-3 
independent clones were analyzed for each ON and OFF meiotic progeny. 
E, sRNA-seq reads mapping to the ade6+ locus in cells with the indicated genotypes and 
expression states at the euchromatic ade6+ locus (left) and the pericentromeric repeats of 
chromosome 2 (dgII and dhII) (right). Shaded area and colored asterisks as described in panel d 
legend. 2 independent clones were analyzed for each OFF progeny. 
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Figure 4.4 (Continued) 
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Figure 4.5  vtc4+ and rpl3402+ are critical for inheritance of silencing at the endogenous 
ade6+ locus.  
(A) Schematic of the siRNA driver cen::ade6+ locus on chromosome 1 (upper) and the 
endogenous ade6+ locus (lower) in which the vt4+ and rpl3402+ genes were replaced with the 
ura4+ gene ( vtc4-rpl3402∆::ura4+).  
(B) Frequency of silencing establishment at endogenous ade6+ in cen::ade6+ leo1∆ vtc4-
rpl3402∆ cells. Repeated twice.  
(C) cen::ade6+ leo1∆ vtc4-rpl3402∆ ade6+-OFF cells were crossed to cen+ leo1+ ade6BC+-ON 

cells followed by random spore analysis (RSA) to test the epigenetic maintenance of the OFF 
state in the absence of the cen::ade6+ siRNA driver and the leo1∆ enabling mutation. The 
number of progeny matching each genotype and phenotype are shown. 80 white and 80 red 
progeny were genotyped. Results reflect two independent crosses. 
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Figure 4.6 Heritable silencing of a KanR-ade6+ transgene inserted at 4 different genomic 
loci.  
(A-D) Schematic diagrams of kan-ade6+ insertions at the mal1+ (A), efm3+ (B), meu10+ (C), and 
mrp1+ (D) loci.  
(E-H), KanR-ade6+-OFF cells of the indicated genotypes were crossed to cen1+ ade6-M210 cells 
followed by random spore analysis. The number of progeny matching each genotype and 
phenotype are shown. Total red or white colonies genotyped are indicated for each cross. For red 
cells, the first number indicates kanamycin-resistant colonies (indicating presence of the KanR-
ade6+-OFF transgene) and second number indicates total red colonies (the remainder of which 
possess the endogenous ade6-M210 mutant allele).  
(I) cen+ KanR-ade6+ mlo3+ leo1+ progeny of the crosses in (E-H) were plated on media 
containing low adenine to test for stability of each epiallele during mitotic growth. Performed 
once.  
(J) ChIP-qPCR assay showing enrichment of H3K9me3 at KanR-ade6+ epialleles in the cen+ 
mlo3+ leo1+ progeny of the crosses in (E-H). Sample mean +/- SD from 3 biological replicates. 
(K-I), efm3::KanR-ade6+-OFF (K) or meu10::KanR-ade6+-OFF (I) cells were crossed to ade6-
M216 ago1∆ (left) or clr4∆ (right), followed by RSA. All ade6+-OFF progeny were ago1+ and 
clr4+. Bars indicate the number of ade6+-OFF meiotic progeny for each genotype. Total red or 
white colonies genotyped are indicated for each cross. For red cells, the first number indicates 
kanamycin-resistant colonies (reflecting the presence of the KanR-ade6+-OFF transgene) and the 
second number indicates the total red colonies (the remainder of which possess only the ade6-
M210 allele). 
  

 

 

 

 

 



 125 

Figure 4.6 (Continued) 
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Figure 4.6 (Continued) 
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Figure 4.6 (Continued) 
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Figure 4.7 Heritable silencing of KanR-ade6+ transgenes correlates with local secondary 
siRNA generation.  
(A-C) Zoomed in (upper) or zoomed out (lower) sRNA-seq reads mapping to the indicated 
KanR-ade6+ transgenes in cen+ mlo3+ leo1+ meiotic progeny of the crosses in Figure 4.6E-G. In 
(C), two different red clones are shown, corresponding to clone #1 (upper) and clone #2 (lower) 
in Figure 4.6I. In these clones, the magnitude of locally hopped siRNAs (not mapping to KanR-
ade6+) correlates with the magnitude and efficiency of inherited silencing.  
(D) Zoomed in view of sRNA-seq reads mapping to the endogenous ade6+ locus. Sequencing 
was performed once, but for ade6+-OFF meu10::kanMX, which represented a strong silent 
epiallele, small RNAs from 2 independent clones (#1 and #2) were analyzed. 
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Figure 4.7 (Continued) 
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Figure 4.7 (Continued) 
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RNAi protects an acquired silent state against erasure by Epe1 or activation by an 

expressed homologous allele 

We previously demonstrated that artificial tethering of TetR-Clr4 upstream of an ade6+ 

gene inserted at the ura4+ locus (ura4∆::10XtetO-ade6+) results in H3K9me and silencing 

(Ragunathan et al., 2015). This RNAi-independent silencing can be inherited epigenetically after 

deletion of the TetR-Clr4 initiator, but only when H3K9 demethylation is decreased by deletion 

of epe1+, which encodes a JmjC domain demethylase family member (Ragunathan et al., 2015; 

Trewick et al., 2005). We therefore investigated whether deletion of epe1+ could suppress the 

requirement for RNAi machinery in epigenetic maintenance of the ade6+-OFF state. Crossing 

cen::ade6+ mlo3∆ ade6+-OFF cells to cen+ ago1∆ epe1∆ ade6+-ON cells produced 46 ago1∆ 

epe1∆ haploid progeny, 2 of which formed pink or red colonies (Figure 4.8A). Upon re-plating, 

these red colonies formed a mixture of red and white colonies, indicating that deletion of epe1+ 

partially suppressed the requirement for RNAi in maintenance of the silent ade6+ epiallele 

(Figure 4.8A, right side). In contrast, all ago1∆ epe1+ progeny lost ade6+ silencing, 

demonstrating that RNAi counteracts Epe1-mediated erasure of the silent ade6+ epiallele. 

We next investigated whether the RNAi-independent OFF state of the ura4∆::10XtetO-

ade6+ epiallele could be transmitted in cis in cells lacking the TetR-Clr4-I initiator (Ragunathan 

et al., 2015), as is the case with the RNAi-dependent ade6+-OFF allele (Figure 4.4A). Consistent 

with previous findings (Ragunathan et al., 2015), crossing an epe1∆ ura4∆::10XtetO-ade6+-

OFF/red allele to another OFF/red allele produced haploid progeny that retained the OFF/red 

state at a high frequency (48%, Figure 4.8B). However, when we crossed an epe1∆ 

ura4∆::10XtetO-ade6+-OFF/red allele to a genetically identical epe1∆ ura4∆::10XtetO-ade6+-

ON/white allele, the resulting haploid progeny were mostly white, indicating that they had lost  
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Figure 4.8 RNAi protects an acquired silent state against erasure by Epe1 or activation by 
an expressed homologous allele. 
(A) cen::ade6+ mlo3∆ ade6+-OFF cells were crossed to cen+ ago1∆ epe1∆ ade6+-ON cells, 
followed by random spore analysis. Number and phenotype of mlo3+ progeny with the indicated 
genotypes and phenotypes are shown. mlo3∆ progeny were excluded. On the right, growth on 
Low Ade medium indicated meiotic progeny showing maintenance of the ade6+-OFF state in 
ago1∆ epe11∆ cells. All ago1∆ epe1+ progeny formed white colonies indicating loss of the silent 
state. n, number of meiotic progeny analyzed. 
(B-D) epe1∆ ura4∆::10xtetO-ade6+-OFF cells were crossed to either epe1∆ ura4∆::10xtetO-
ade6+-OFF (B) or epe1∆ ura4∆::10xtetO-ade6+-ON (C) cells, followed by tetrad dissection 
(top) or random spore analysis (bottom). Quantification of ON and OFF states in the progeny is 
shown in D. Silencing was initiated by siRNA-independent TetR-Clr4-I. n, total progeny. 
(E) Mating of a ura4∆::ade6+-OFF epe1∆ allele with either an OFF or ON allele, followed by 
diploid formation and sporulation (meiosis), showing that when silencing is established in an 
siRNA-dependent manner (cen::ade6+ leo1∆), the OFF state is protected from pairing-induced 
erasure. n, total progeny. 
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the silent state (0.01% ade6+-OFF/red, Figure 4.8C-D). Since the OFF x OFF ura4∆::10XtetO-

ade6+ cross produces many (48%) ade6+-OFF/red progeny, the epigenetic erasure event in the 

OFF x ON cross is not caused by a general change in chromatin structure during meiosis and is 

likely due to the proximity of the OFF and ON alleles during homolog pairing prior to or during 

meiosis. Consistent with this hypothesis, ura4∆::10XtetO-ade6+ silencing was maintained, 

although at a lower frequency than in an OFF x OFF cross, in a cross in which we disrupted 

homolog pairing by replacing 10XtetO-ade6+ with the non-homologous ura4+ gene (Figure 4.9). 

To determine whether siRNAs could protect a silent epiallele from homolog-induced erasure, as 

suggested in OFF x ON crosses involving the RNAi-dependent endogenous ade6+ locus (Figure 

4.2 and 4.4), we induced silencing at the ura4∆::ade6+ locus using cen::ade6+ siRNAs instead 

of TetR-Clr4-I (Figure 4.10). In contrast to the RNAi-independent TetR-Clr4-I induced 

ura4∆::10X-tetO-ade6+ silent epiallele, which was erased in the progeny of the OFF x ON cross 

(Figure 4.8D), the siRNA-induced ura4∆::ade6+ silent epiallele was maintained in nearly 40% 

of the meiotic progeny of the OFF x ON cross (Figure 4.8E). Therefore, in addition to protection 

against Epe1-dependent erasure (Figure 4.8A), siRNAs protect a silent epiallele against erasure 

by an expressed epiallele during homolog pairing. 

Discussion 
 

The ability of siRNAs to act as required components for allele-specific cis maintenance 

of an epigenetic state in S. pombe can be explained by the dual requirement for both siRNAs and 

histone H3K9me in recruitment of the RNAi-induced transcriptional silencing (RITS) complex, 

which in turn recruits Clr4. Recently, a role for site-specific DNA binding proteins in epigenetic 

maintenance of H3K9me and silencing was also described (Ragunathan et al., 2015; Wang and 

Moazed, 2017). In contrast to site-specific DNA binding proteins, which limit epigenetic  
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Figure 4.9 Erasure of the silent state during diploid formation and meiosis requires 
interallelic pairing.  
(A) Mating of a ura4∆::10XtetO-ade6+ epe1∆ OFF allele with an identical OFF allele, followed 
by diploid formation and sporulation (meiosis) produces progeny in which the OFF state is 
maintained at a high frequency (47%). Repeated twice.  
(B) Mating of the ura4∆::10XtetO-ade6+ epe1∆ OFF allele with a genetically identical ON allele 
results in erasure of the OFF state in nearly all of the resulting meiotic progeny. Repeated twice. 
(C) Partial disruption of pairing by replacement of ura4∆::10XtetO-ade6+ with ura4+ partially 
restores the epigenetic maintenance of the OFF state. Repeated once. 
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Figure 4.9 (Continued) 
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Figure 4.10 Strategy for siRNA-induced silencing at the ura4∆::ade6+ locus.  
(A) The ura4+ coding sequence was replaced with ade6+ to generate a ura4∆::ade6+ allele in 
cen::ade6+ leo1∆ade6-M210 cells.  Formation of red colonies on low adenine medium indicated 
ura4∆::ade6+ silencing.  
(B) cen::ade6+ leo1∆ ura4∆::ade6+-OFF cells were crossed to cen+ura4∆::ade6+-ON cells to 
demonstrate that the resulting ura4∆::ade6+-OFF state is stable in the absence of the cen::ade6+ 
siRNA trigger or the leo1∆ enabling mutation.  
(C-D) Crosses showing that the ura4∆::ade6+-OFF epigenetic state depends on Ago1 (C) and 
Clr4 (D).  
(E) Cross for generating an epe1∆ ura4∆::ade6+-OFF epiallele (top) and comparison of RNAi-
independent (TetR-Clr4-I-induced) and RNAi-dependent (cen::ade6+-induced) ade6+-OFF 
epialleles. Same results were obtained with independent clones. 
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Figure 4.10 (Continued) 
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inheritance precisely to DNA sequences that contain their cognate binding sites, the siRNA-

dependent epigenetic inheritance mechanism described here acts in a less sequence-dependent 

manner and can potentially transmit epigenetic silencing at any locus that allows autonomous 

siRNA amplification. However, RNAi-mediated epigenetic inheritance is sensitive to the 

properties of the targeted transcript. For example, at the endogenous ade6+ locus, the vtc4+ 

transcript is the key determinant for RNAi-mediated epigenetic inheritance. Deletion of vtc4+ 

abolishes the maintenance and spreading of siRNA and H3K9me to vtc4+ and provides an 

explanation for why trigger siRNA establishing silencing make a difference in RNAi mediated 

maintenance. It still remains unclear what specific properties on a transcript make it a suitable 

siRNA target. However, differences between mRNAs and noncoding pericentromeric repeat 

transcripts are likely responsible for the latter being good targets for the RNAi machinery. 

Furthermore, in contrast to purely H3K9me-dependent epigenetic inheritance in epe1∆ 

mutant cells (Audergon et al., 2015; Ragunathan et al., 2015), the coupling of siRNA- and 

H3K9me-dependent recruitment protects the epigenetic state from erasure mechanisms, which 

may involve either locus-specific activation signals or signals from an expressed homolog during 

meiosis. The latter is reminiscent of transvection in Drosophila, or interallelic interactions 

recently described in budding yeast, in which homolog pairing in diploid somatic cells allows 

positive regulatory elements on one homolog to activate gene expression on the other (Chen et 

al., 2002; Ronshaugen and Levine, 2004; Wong and Struhl, 2011). Considering the critical roles 

of specificity factors in inheritance of highly conserved heterochromatic DNA domains in S. 

pombe, we anticipate that future studies will identify roles for different classes of specificity 

factors, DNA-binding proteins as well as small and large noncoding RNAs, as integral 

components of most, if not all, epigenetic inheritance mechanisms.  
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Input from genetic elements is required for epigenetic inheritance of histone modifications 
 

Histone modifications are one of the most important regulatory mechanisms that control 

gene expression patterns and cell identity. It is generally thought that histone modifications can 

direct their own epigenetic inheritance because of the fact that parental histones are distributed 

randomly on to the two newly synthesized DNA strands and histone modification enzymes can 

“read” and “write” their own mark. The experiments that I have presented in this dissertation 

have demonstrated roles for specific DNA sequences, termed maintainers, and siRNAs in 

epigenetic inheritance of H3K9me. The DNA maintainers and siRNAs work together with the 

self-copying enzyme-dependent mechanism. I have uncovered roles for DNA sequence such as 

transcription factor binding sites in cis epigenetic inheritance of gene silencing and H3K9me, 

and defined DNA maintainer element as sequences that can only mediate epigenetic inheritance 

but not de novo establishment of gene silencing and H3K9me. In addition, I have provided 

evidence showing that the local properties of transcripts targeted by siRNAs are key 

determinants of RNAi-mediated epigenetic inheritance of H3K9me, which is a mechanism less 

dependent on DNA sequence. Below, I will discuss the implications from my work and further 

experiments to characterize the molecular mechanism of stable memory of epigenetic 

information. 

Potential role of maintainers in epigenetic memory during development of multicellular 

organisms 

The maintainer sequence described in my studies was derived from the DNA sequence in 

the mating type locus of fission yeast, which is constitutively silenced. The physiological role of 

the maintainer sequence is to work together with the RNAi mediated heterochromatin nucleation 

sequence cenH to stably maintain silencing at the mating type locus. The regulation of mating 
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type in S. pombe does not involve epigenetic regulation or switching between silenced and 

expressed states of the mating type locus. Instead, mating type information is copied from the 

silent region into an active region that determines the mating type of the cell. Indeed, as a 

unicellular organism, fission yeast does not appear to use H3K9me-dependent heterochromatin 

as an epigenetic mechanism to switch its gene expression patterns. Deletion of clr4+, to erase 

H3K9me and heterochromatin, followed by its reintroduction restores all the native H3K9me and 

heterochromatic domains in fission yeast, suggesting that all the H3K9me domains are 

reestablished by sequence-dependent recruitment of Clr4 (Ragunathan et al., 2015). However, 

the discovery of the maintainer can provide important perspective to epigenetic switching and 

memory in multicellular organisms because the molecular machineries of histone modification-

mediated gene silencing between eukaryotic organisms are conserved. For example, in 

Drosophila, the PRE/Polycomb system is a silencer at genes that were not turned on during early 

embryogenesis but has no silencer activity at the genes which were turned on (Ringrose and 

Paro, 2004). Considering the fact that the PRE is also composed of sites for multiple DNA 

binding proteins, insights from the fission yeast maintainer are likely to apply to the epigenetic 

switch in this system (Brown and Kassis, 2010; Déjardin et al., 2005; Frey et al., 2016; Rio, 

1999). One possible explanation for the epigenetic switch properties of the PRE is that it acts as 

developmental signal-dependent silencer to establish H3K27me and gene silencing early during 

development. As the protein products of the developmental signal decays, the PRE becomes a 

maintainer sequence, which works together with pre-existing H3K27me to mediate stable 

epigenetic inheritance. As to the nature of the developmental signal, one possible explanation is 

that it acts as, or regulates, an additional PRE-binding protein required for the PRE to act as a 

silencer. Candidates for such factors include embryonic specific PRE-binding proteins. 
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Alternatively, the activity of a chromatin modifier, such as a demethylase may be regulated so 

that the PRE acts as a silencer early in development and a maintainer late, resembling the 

situation in fission yeast in which deletion of a putative H3K9 demethylase epe1+ is able to turn 

the 130 bp maintainer into a silencer (Chapter 3, this dissertation). One direction of future work 

on epigenetic inheritance of histone modifications in multicellular organism will be identifying 

maintainer like sequences in the genome and the developmental context of silencer to maintainer 

conversion.  

Evolution of DNA binding proteins that mediate gene silencing  
 

DNA binding protein-mediated establishment or maintenance of epigenetic silencing is 

conserved from yeast to multicellular organisms. In the budding yeast, S. cerevisiae, Rap1, Abf1 

and ORC binding sites define a silencer, indicating that the interaction between these proteins 

and histone modification enzyme complex is relatively strong (Moazed, 2011). In the fission 

yeast S. pombe, such strong recruiter of CLRC also exist, as in the shelterin complex establishing 

heterochromatin at telomere region (Kanoh et al., 2005; Zofall et al., 2016). In addition, at the 

mat locus, the combination of RNAi and other DNA sequences that include the maintainer, act as 

a constitutive silencer.  However, at the mat locus, the minimal Atf1/Pcr1, Deb1 and ORC 

binding sites only have maintainer activity, and this activity still requires the context of the 

native mating type locus. These observations suggest that S. pombe has evolved a class of weak 

histone modification enzyme recruiters, and the combination of recruiters acting at the 

maintainer can only work together with pre-existing H3K9 methylated histones, which may be 

initially established by the RNAi machinery. In S. pombe, the combinatorial activity of weak 

recruiters is likely to be critical for highly accurate sequence-specific establishment of 

heterochromatin. Moreover, this recruitment mechanism may provide the foundation for 
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subsequent evolution of multicellular organisms, which require epigenetic switches and 

inheritance mechanisms to control different expression states of the same genes in distinct cell 

types.  

Another conserved feature of DNA binding protein-mediated gene silencing and 

heterochromatin establishment or maintenance is the combinatorial binding of at least three 

different proteins. In budding yeast, Rap1 is the only common protein between the silencer at 

mating type locus and telomeres in which the Ku70 and Ku80 proteins work together with Rap1 

(Gasser and Cockell, 2001). In S. pombe, although we found that Atf1/Pcr1, Deb1 and ORC are 

the proteins required for maintenance of heterochromatin at the mat3 region, it is not clear how 

the mat2 flanking region, which does not have the Atf1/Pcr1 binding sites (Jia et al., 2004), 

establishes H3K9me. It is likely that there are a different set of DNA-binding proteins that play 

similar roles. However, if such recruiters exist, they lack maintainer activity (Chapter 3, this 

dissertation). Therefore, the interchangeable modules of recruitment display a high degree of 

evolutionary plasticity. This plasticity may allow regulatory sites to evolve rapidly to act as 

silencers or maintainers, and the conversion between them can also be regulated by transiently 

expressed factors such as developmentally regulated proteins. Human cells have approximately 

1600 different transcription factors and the combinatorial binding module can possibly provide 

an infinite number of ways for regulation of epigenetic inheritance of gene silencing (Lambert et 

al., 2018).   

Molecular mechanisms of maintainer function 
 

As discussed above, at the molecular level, the maintainer can directly or indirectly 

recruit Clr4 because deletion of epe1+ converts the maintainer to a silencer. But it remains to be 

determined why the maintainer-binding proteins are weak recruiter of Clr4 in the absence of pre-
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existing H3K9 methylation. One possible explanation involves cooperativity between maintainer 

binding proteins and H3K9 methylated histones. However, it is not clear yet whether maintainer-

binding proteins interact with components in the CLRC complex directly or requires an adaptor 

protein. To identify the potential adaptor proteins, approaches of purification of the 

heterochromatin region in the mat locus followed by proteomic analysis may be required. 

Identification of the protein interface between the maintainer-binding proteins and CLRC will 

allow the development of an in vitro binding system to test the cooperativity model. This system 

will require testing the binding of purified CLRC components to defined chromatin templates 

assembled on DNA that contains the maintainer, and unmethylated or H3K9 methylated 

nucleosomes.  

Mechanism of RNAi-mediated epigenetic inheritance of gene silencing and H3K9 

methylation 

The RNAi machinery can only establish gene silencing and heterochromatin formation at 

euchromatin region in mutant backgrounds, suggesting that mRNAs are protected from silencing 

by the RNAi machinery (Kowalik et al., 2015; Yu et al., 2014). This protection mechanism is 

thought to result from the fast processing and export of euchromatic transcript so that there is not 

enough residence time for RITS to target the transcript on chromatin. It was thought that the 

enabling mutation is required for epigenetic inheritance of heterochromatin established by 

ectopic siRNAs (Kowalik et al., 2015). Recent studies in our lab show that RNAi can mediate 

epigenetic inheritance of gene silencing and H3K9 methylation independent of the enabling 

mutation (Yu et al., 2018; Chapter 4 of this dissertation). My work on this project uncovered the 

role of the trigger siRNA and properties of the local transcription units as key determinants of 

RNAi-mediated maintenance of silencing. Mechanistically, this epigenetic inheritance is 
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mediated by the coupling of two positive feedback loops, an siRNA amplification loop and the 

Clr4 self-copying mechanism. One explanation of why pre-existing H3K9 methylation can 

replace the role of enabling mutation is that H3K9 methylation stabilizes the RITS complex on 

chromatin which facilitates the targeting of siRNA to the euchromatin transcripts. Interestingly, 

in the maintenance stage, siRNA nucleation centers hop from the initial targeting site at ade6+ 

transcript to adjacent genes which are required for maintenance of silencing. This result shows 

that like maintainer-mediated epigenetic inheritance, RNAi-mediated maintenance of gene 

silencing is dependent on local DNA sequence features that affect mRNA processing. One 

direction of future experiments will be systematically examining which genomic loci produce 

transcripts that support RNAi-mediated epigenetic inheritance of gene silencing and H3K9 

methylation. By comparison with transcripts that cannot be efficiently target by RNAi, such as 

the ade6+ transcript, mechanisms of RNAi targeting and how euchromatic mRNAs are protected 

from RNAi will be better understood. One possibility is that the speed of mRNA processing and 

export are the key determinants of RNAi targeting. Alternatively, it is also possible that the 

transcript being targeted in the maintenance stage is a cryptic antisense transcript that overlaps 

with the initial ade6+ transcript and does not have the canonical 3’ end RNA processing signals. 

As the siRNA and heterochromatin spread from the targeted initiation region, the adjacent or 

overlapping transcript becomes the new siRNA and H3K9 methylation nucleation center.  
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Appendix 1: Experimental Procedures 
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Plasmids 

The plasmid for inserting 9xtetO-ura4+ into the mat and ura4+ loci was constructed by 

assembling DNA fragments containing the cenH/ura4 upstream sequence, 9xtetO, the ura4+ 

gene, and the cenH/ura4 downstream sequence into a SalI and PacI digested pFA6A plasmid 

backbone by Gibson ligation (Gibson et al., 2009). DNA fragments containing 9xtetO were 

amplified by using previously described plasmids (Bähler et al., 1998), while all the other gene 

fragments were amplified from S. pombe genomic DNA. To construct the plasmid to delete 

cenH, and the binding sites for Atf1/Pcr1 (s1 and s2), two DNA fragments containing the precise 

deletion of the 7bp s1 or s2, was synthesized by IDT as gene blocks (gblocks). The two gblocks 

were used for Gibson assembly to construct the plasmid containing the cenH upstream sequence, 

9xtetO-ura4 and a 2.4kb cenH downstream sequence with the s1and s2 deletions. The ura4+ 

reporter gene contains 290bp and 380bp of endogenous ura4+ promoter and terminator 

sequences, respectively. The plasmid for C-terminus Flag tagging of Atf1 or Deb1 was 

constructed by Gibson ligation. Plasmids used in the chapter 3 were also constructed by using the 

same approach as described above. DNA sequence with deletion and mutation analysis in the 

maintainer region and were also synthesized by IDT as maintainer and ligated into plasmid by 

Gibson ligation. All the plasmids were verified by DNA sequencing. 

Strains 

The insertion of 9xtetO-ura4+ into the endogenous ura4+ or mat loci was performed by 

PCR amplification of the cassette from the plasmids described above, followed by 

transformation using the lithium acetate protocol (Bähler, et al., 1998). Insertion of kanR-ade6+ 

into different genomic loci and deletion of vtc4+ and rpl3402+ were performed by a similar 

approach. For construction of strains with deletions in the mat locus, I first replaced cenH with 
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ade6+ and then introduce 9xtetO-ura4+ together with other deletions to replace ade6+. All strains 

were confirmed by colony PCR or DNA sequencing. The insertions at the mat locus were all 

conducted in a swi6∆ background. swi6+ was then reintroduced by crossing. The sequence of the 

barcode used in strain cenH∆::9xtetO- ura4+-B1 is 

TGGCTGACGGAGAAGGAGGGCTCATACCCA, while in strain cenH∆::9xtetO- ura4+-B2 

the sequence is 5’GACAACCCGCGTCCCAAAGATGGAACAGGC 3’. For the ura4∆::9xtetO-

ura4+-mat3 strain, 9xtetO-mat3 was amplified from a plasmid and used to delete ura4+, which 

was then inserted back between the 9xtetO and mat3 sequences. The introduction of tetR-clr4-I 

at the trp1+ locus, deletion of epe1+, and construction of the clr4 W31G mutant was performed 

by transformation of PCR fragments and random spore analysis.  Colonies growing on FOA and 

–Ura plates were picked as “OFF” and “ON” states, respectively, and crossed to generate diploid 

cells for sporulation. After tetrad dissection, cells were plated on YEA plates and allowed to 

grow at 32°C for 3 days before being used for silencing assay. For construction of strains with 

boundary sequence IR-L and IR-R moved to the ura4+ locus, IR-L or IR-R were first amplified by 

PCR from genomic DNA and cloned into the pFA6A plasmid with a selection marker. For 

mutagenesis of Deb1 and ORC components, genes amplified from genomic DNA were cloned 

into pFA6A plasmid upstream of a selection marker. PCR was performed by using Taq DNA 

polymerase to introduce random mutations into the amplified DNA with genes of interest and 

selection marker which were further transformed into cells. Cells with loss of maintenance 

phenotype were selected and mutations were identified by sequencing. Mutations identified in 

the screen were further verified by site directed mutagenesis followed by transformation.  

 Silencing assays 
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Strains containing the appropriate reporter gene were harvested after growth overnight at 

32°C in YEA medium followed by 5-fold serial dilution in H2O before plating on YES, 

YES+FOA with or without tetracycline (5µg/ml), EMMC-Ura with or without tetracycline 

(5µg/ml).  In Figure 2.2B, cells were grown in YEA+tetracycline medium overnight before being 

plated on FOA+tet for the silencing assay while for the other silencing assays cells were grown 

in YEA medium overnight before being plated. For strains with ade6+ reporter gene, cells were 

then spotted on YE medium containing low adenine (Low Ade) or YE Low Ade+ tet for 3 days 

in 32°C and one day in 4°C before photographed. 

Quantitative Chromatin Immunoprecipitation (ChIP-qPCR) 

ChIP experiments were performed as described previously (Egan et al., 2014). Briefly, 

for H3K9me2 and H3K9me3 ChIP experiments, 50ml cell were grown in YEA with or without 

tetracycline (5µg/ml) to an OD of 1-2 before being harvested and crosslinked with 1% 

formaldehyde at room temperature for 15 min. Cells analyzed for maintenance were grown in 

YEA with tetracycline for 24 hours. For Flag ChIP, 50ml cell at an OD of 1-2 were first grown 

in 18°C for 2 hours before crosslinking with 1% formaldehyde at 18°C for 30 min. The 

subsequent steps were conducted as previously described (Egan et al., 2014). The following 

antibodies were used for ChIP experiments: 2µg anti-H3K9me2 (ab1220, Abcam), 1µg anti-

H3K9me3 (Diagenode C15500003), and 4µg anti-Flag (M2, Sigma) for FLAG tagged Atf1 or 

Deb1. Immunoprecipitated DNA was quantified by q-PCR using an Applied Biosystems 

7900HT Fast Real-Time PCR system. fbp1+ and tub1+ were used as internal controls for 

H3K9me2/3 and FLAG ChIP. 

H3K9me erasure by TSA and its re-establishment 
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Cells were grown in 50 ml YEA containing 25µg/ml TSA and 5µg/ml tetracycline at 

32°C for 36 hours to erase H3K9me and heterochromatin. The cells were washed and grown in 

EMMC-Ura with 5µg/ml tetracycline for 24 hours to allow heterochromatin reestablishment at 

loci other than the TetR-Clr4-I-dependent reporter gene at the mat locus. Cells were then grown 

in YEA lacking tetracycline for 0, 8, 16, and 24 hours, to allow transient recruitment of TetR-

Clr4-I to the reporter gene, before silencing assay for maintenance were performed. For the ChIP 

experiment in Figure 2.5, cells were grown in YEA with or without 5µg/ml tetracycline after 

erasure. Then cells were allowed to grow in YEA with 5µg/ml tetracycline for 24 hours before 

being processed for ChIP experiments to analyze maintenance of H3K9me. 

Oligo Pull down 

For each oligo pulldown experiment, 40 µg of biotinylated double strand DNA oligos 

(IDT) were mixed with 200µl Streptavidin myOne C1 magnetic beads (Thermo Fisher Scientific) 

in the binding buffer (5 mM Tris-HCl [pH 7.5], 0.5mM EDTA, 1 M NaCl) and incubated in 

room temperature for 15 minutes. Beads with immobilized DNA oligos were incubated with 3 

ml of whole cell lysate (~20 mg/ml), prepared by using the following protocol: 1 L of cells were 

grown in YEA to OD600 of 1. Cell were pelleted and suspended in lysis buffer (20 mM Hepes 

[pH 7.5], 100 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 10% glycerol, 0.5 mM DTT, 1 mM 

PMSF, and complete EDTA-free protease inhibitor cocktail (Roche) and followed by bead 

beating at 5,000 rpm for 6 × 45 sec with a MagNa Lyser (Roche). Beads with DNA and cell 

lysates were incubated for 3 hours at 4 °C. After incubation, beads were washed 3 times with 

lysis buffer and incubated in a shaker with 500 mM NH4OH at 37 °C for 20 minutes to elute 

bound proteins which were further pelleted. For Western blot analysis, dried pellet was 

suspended in SDS sample buffer. 0.5% of the input and 10% of the bound protein were run on 4–
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12% gradient SDS-PAGE gel, transferred to nitrocellulose membrane, and blotted with mouse 

anti-Flag conjugated to HRP (Sigma A8592) at 1: 5,000 dilution. 90% of bound proteins were 

submitted for mass spectrometry analysis. 

sRNA sequencing library preparation 

sRNA was purified by using cells grown in 25 ml YES (Moreno et al., 1991) to OD 600 

of 1. Cells were pelleted and RNAs were purified by using the mirVanaTM miRNA Isolation kit 

(Ambion). Total small RNA libraries were constructed as previously described (Halic and 

Moazed, 2010). Total RNAs were separated on a on a 17.5% polyacrylamide/7M urea gel and 

bands corresponding to 21-30nt RNA were cut and purified followed by ligation to a 3’ adapter. 

The ligated RNAs were size-selected on a 17.5% polyacrylamide/7M urea gel as described above 

and ligated to a 5’ adapter. RNA was then reverse transcribed into cDNA and amplified by PCR 

which was further gel-purified and sequenced on an Illumina High-Seq platform.  
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Supplemental Table 1 List of S. pombe strains  
 
 
Strain Genotype Source 

SPY1467 h90 ade6-M216, leu1-32 ura4-D18 
 

Jun-ichi Nakayama 

SPY1468 h90 ade6-M210, leu1-32 ura4-D18 
 

Jun-ichi Nakayama 

SPY6925 h90 ade6-M210 or M216, leu1-32 ura4-D18 
cenH∆::9xtetO-ura4+-B1 

This study 

SPY6926 h90 ade6-M210 or M216 leu1-32 ura4-D18 
cenH∆::9xtetO-ura4+-B2 

This study 

SPY7029 h90 ade6-M210 leu1-32 ura4-D18::9xtetO-ura4 
 

This study 

SPY6675 h90 leu1-32 ura4-D18 
cenH∆::9xtetO-ura4+ trp1::natMX6-Pclr4-TetR-
2XFLAG-clr4-I 

This study 

SPY7562 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+ trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY7566 h? ade6-M210 or M216 leu1-32 ura4-D18 
cenH-mat3∆::9xtetO-ura4+ trp1::natMX6-Pclr4-TetR-
2XFLAG-clr4-I 

This study 

SPY7106 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat2-cenH∆::9xtetO-ura4+ trp1::natMX6-Pclr4-TetR-
2XFLAG-clr4-I 

This study 

SPY7570 h? ade6-M210 or M216 leu1-32 ura4-D18 mat2-
cenH∆::9xtetO-ura4+, s1∆/s2∆ trp1::natMX6-Pclr4-
TetR-2XFLAG-clr4-I 

This study 

SPY6673 h90 ade6-M210 leu1-32 ura4-D18::9xtetO-ura4 
trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY7036 h90 ade6-M210 or M216 leu1-32 ura4-D18 
cenH∆::9xtetO-ura4+ atf1-3XFLAG-hphMX6 

This study 

SPY7038 h90 ade6-M210 leu1-32 ura4-D18 
cenH∆::9xtetO-ura4+ s1∆/s2∆ atf1-3XFLAG-hphMX6 

This study 

SPY7669 
 

h? ade6-M210 leu1-32 ura4-D18 mat2-cenH∆::9xtetO-
ura4+, s1∆/s2∆ epe1∆::kanMX6  trp1::natMX6-Pclr4-
TetR-2XFLAG-clr4-I 

This study 

 
SPY6809 
 

h90 ade6-M210 or M216 leu1-32 ura4-D18::9xtetO-
ura4+,epe1∆::kanMX6,trp1::natMX6-Pclr4-TetR-
2XFLAG-clr4-I 

This study 
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SPY 
7112 

h90 ade6-M210 or M216 leu1-32 ura4-D18 
cenH∆::9xtetO-ura4+ trp1::natMX6-Pclr4-TetR-
2XFLAG-clr4-I clr4Δ::hphMX6- Pclr4-clr4-I 

This study 

SPY7113 h90 ade6-M210 or M216 leu1-32 ura4-D18 
cenH∆::9xtetO-ura4+ trp1::natMX6-Pclr4-TetR-
2XFLAG-clr4-I clr4∆::hphMX6-Pclr4-3XFLAG-clr4 
(W31G) 

This study 

SPY7195 h90 ade6-M210 leu1-32 ura4-D18::9xtetO-ura4-mat3 
trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY6707 
 

h90 ade6-M? ura4-DS/E cenH(HindIII)::ura4,IR-L∆, IR-
R∆ 
 

Geneviève Thon 
 

SPY7673 h? ade6-M? ura4-DS/E mat2-cenH∆::9xtetO-ura4+ IR-
L∆, IR-R∆,trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY7861 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat2-cenH∆::9xtetO-ura4+ atf1-3XFLAG-hphMX6 

This study 

SPY7863 h? ade6- M210 or M216 leu1-32 ura4-D18 
mat2-cenH∆::9xtetO-ura4+ s1∆/s2∆ atf1-3XFLAG-
hphMX6 

This study 

SPY7733 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+ s1+/s2+  trp1::natMX6-Pclr4-TetR-
2XFLAG-clr4-I 

This study 

SPY7726 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-REII-REIII-s1+/s2+  trp1::natMX6-
Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY7911 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-s1+/s2+  trp1::natMX6-Pclr4-
TetR-2XFLAG-clr4-I 

This study 

SPY7926 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-REII-sib1+-s1+/s2+  trp1::natMX6-
Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY7914 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-REIII-s1+/s2+  trp1::natMX6-
Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY8291 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-130bp maintainer-s1+/s2+  
trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY8501 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-REII-REIII-s1+/s2+   

This study 
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SPY8503 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-REIII-s1+/s2+   

This study 

SPY8505 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-130bp maintainer-s1+/s2+   

This study 

SPY7917 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-REIII-s1∆/s2∆ trp1::natMX6-
Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY8193 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-REIII-32bp∆-s1+/s2+  
trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY7913 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-REIII-s1+/s2+  swi6∆ 

This study 

SPY8595 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-130bp maintainer-Deb1bs 
mutated-s1+/s2+  trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9384 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-REIII-s1+/s2+  deb1-
3XFLAG-hphMX6 

This study 

SPY9386 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-REIII-32bp∆-s1+/s2+  deb1-
3XFLAG-hphMX6 

This study 

SPY8293 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-130bp maintainer-50bp∆-
s1+/s2+  trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY8593 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-130bp maintainer-Orc1bs 
mutated-s1+/s2+  trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9096 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-250bpARS3002-130bp 
maintainer-50bp∆-s1+/s2+  trp1::natMX6-Pclr4-TetR-
2XFLAG-clr4-I 

This study 

SPY8405 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+  trp1::natMX6-
Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY9341 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ atf1-63-202∆-
3XFLAG-hphMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9378 h? ade6-M210 or M216 leu1-32 ura4-D18 This study 
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mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ atf1-106-202∆-
3XFLAG- hphMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

SPY9281 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ atf1-7-56∆-
3XFLAG- hphMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9334 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ atf1-63-105∆-
3XFLAG- hphMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9343 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ atf1-106-153∆-
3XFLAG- hphMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9345 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ atf1-154-203∆-
3XFLAG- hphMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9333 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ atf1-204-259∆-
3XFLAG- hphMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9331 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ atf1-260-310∆-
3XFLAG- hphMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9332 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ atf1-311-367∆-
3XFLAG- hphMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9335 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ atf1-368-444∆-
3XFLAG- hphMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9451 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ atf1-3XFLAG- 
hphMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY9247 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ deb1-kanMX6 
trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY9249 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ deb1-W177R-
kanMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 
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SPY9251 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-REIII-s1+/s2+ deb1-M213V-
kanMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY9456 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-170bp maintainer-s1+/s2+  
orc1-bsdMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY9458 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-170bp maintainer-s1+/s2+  
orc1-Y64N-bsdMX6 trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9460 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ade6+-sib1+-170bp maintainer-s1+/s2+  
orc1-E129A-bsdMX6 trp1::natMX6-Pclr4-TetR-
2XFLAG-clr4-I 

This study 

SPY8277 
 

h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-130bp maintainer-s1+/s2+   
swi6∆:: kanMX6 

This study 

SPY9517 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-REIII-s1+/s2+   
epe1∆:: kanMX6 

This study 

SPY9519 h? ade6-M210 or M216 leu1-32 ura4-D18 
mat∆::9xtetO-ura4+-sib1+-130bp maintainer -s1+/s2+   
epe1∆:: kanMX6 

This study 

SPY9077 h- ade6-M210 leu1-32 ura4∆::9xtetO-ura4+-130bp 
maintainer-s1+/s2+ 

This study 

SPY9148 h- ade6-M210 leu1-32 ura4∆::9xtetO-ura4+-130bp 
maintainer-s1+/s2+-250bpARS3002-130bp maintainer-
50bp∆-s1+/s2+   

This study 

SPY9150 h- ade6-M210 leu1-32 ura4∆::9xtetO-ura4+-130bp 
maintainer-s1+/s2+-250bpARS3002-130bp maintainer-
50bp∆-s1+/s2+-130bp maintainer-s1+/s2+ 

This study 

SPY9115 h- ade6-M210 leu1-32 ura4∆::9xtetO-ura4+-130bp 
maintainer-s1+/s2+  trp1::natMX6-Pclr4-TetR-2XFLAG-
clr4-I 

This study 

SPY9168 h- ade6-M210 leu1-32 ura4∆::9xtetO-ura4+-130bp 
maintainer-s1+/s2+-250bpARS3002-130bp maintainer-
50bp∆-s1+/s2+ trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY9170 h- ade6-M210 leu1-32 ura4∆::9xtetO-ura4+-130bp 
maintainer-s1+/s2+-250bpARS3002-130bp maintainer-
50bp∆-s1+/s2+-130bp maintainer-s1+/s2+  trp1::natMX6-
Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY9119 h? ade6-M210 or M216 leu1-32 ura4∆::bsdMX-IR-L-
9xtetO-ura4+-IR-R-hphMX  trp1::natMX6-Pclr4-TetR-
2XFLAG-clr4-I 

This study 
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SPY9113 h? ade6-M210 or M216 leu1-32 ura4∆::bsdMX-IR-L-
9xtetO-ura4+-130bp maintainer-s1+/s2+-IR-R-hphMX  
trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY9160 h? ade6-M210 or M216 leu1-32 ura4∆::bsdMX-IR-L-
9xtetO-ura4-130bp maintainer-s1+/s2+-250bpARS3002-
130bp maintainer-50bp∆-s1+/s2+-IR-R-hphMX  
trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY9162 h? ade6-M210 or M216 leu1-32 ura4∆::bsdMX-IR-L-
9xtetO-ura4-130bp maintainer-s1+/s2+-250bpARS3002-
130bp maintainer-50bp∆-s1+/s2+-130bp maintainer-IR-
R-hphMX  trp1::natMX6-Pclr4-TetR-2XFLAG-clr4-I 

This study 

SPY9146 h? ade6-M210 or M216 leu1-32 ura4∆::bsdMX-IR-L-
9xtetO-ura4+-130bp maintainer-s1+/s2+-IR-R-hphMX   

This study 

SPY9156 h? ade6-M210 or M216 leu1-32 ura4∆::bsdMX-IR-L-
9xtetO-ura4-130bp maintainer-s1+/s2+-250bpARS3002-
130bp maintainer-50bp∆-s1+/s2+-IR-R-hphMX   

This study 

SPY9158 h? ade6-M210 or M216 leu1-32 ura4∆::bsdMX-IR-L-
9xtetO-ura4-130bp maintainer-s1+/s2+-250bpARS3002-
130bp maintainer-50bp∆-s1+/s2+-130bp maintainer-IR-
R-hphMX   

This study 

SPY138 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 ade6-M210 Ruby Yu 

SPY4081 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 
 

Ruby Yu 

SPY7160 h- otr1R(SphI)::ade6+ leu1-32 ura4-D18 ade6+-OFF 
 

Ruby Yu 

SPY7166 h- leu1-32 ura4-D18 ade6+-OFF 
 

Ruby Yu 

SPY6299 h- leu1-32, ura4-D18 nmt1+::ade6-hp+/Nat Marc Buhler 

SPY8403 h- leu1-32, ura4-D18 nmt1+::ade6-hp+/Nat 
leo1∆::kanMX 

This study 

SPY8685 h- leu1-32, ura4-D18 nmt1+::ade6-hp+/Nat 
mlo3∆::hphMX 

This study 

SPY8401 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 leo1∆::kanMX This study 
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SPY8210 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 vtc4-
rpl3402∆::ura4+ 
 

This study 

SPY8381 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 vtc4-
rpl3402∆::ura4+ leo1∆::kanMX 

This study 

SPY8378 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 vtc4-
rpl3402∆::ura4+ mlo3∆::hphMX 

This study 

SPY8525 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 ade6-M210 
mal1::kanMX-ade6+ 

 

This study 

SPY8527 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 ade6-M210 
meu10::kanMX-ade6+ 

This study 

SPY8531 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 ade6-M210 
efm3::kanMX-ade6+ 

 

This study 

SPY8533 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 ade6-M210 
mrp1::kanMX-ade6+ 

 

This study 

SPY8603 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 ade6-M210 
mal1::kanMX-ade6+ leo1∆::hphMX 

This study 

SPY8687    h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 ade6-M210 
meu10::kanMX-ade6+ mlo3∆::hphMX 

This study 

SPY8556 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 ade6-M210 
efm3::kanMX-ade6+ mlo3∆::hphMX 

This study 

SPY8658 h+ otr1R(SphI)::ade6+ ura4-D18 leu1-32 ade6-M210 
mrp1::kanMX-ade6+ mlo3∆::hphMX 
 

This study 

SPY8683 
SPY8684 

h- ura4? leu1-32 ade6-M210 mal1::kanMX-ade6+OFF This study 

SPY8720 h- ura4? leu1-32 ade6-M210 meu10::kanMX-
ade6+OFF#1 

This study 

SPY8723 h- ura4? leu1-32 ade6-M210 meu10::kanMX-
ade6+OFF#2 

This study 

SPY8706 h- ura4? leu1-32 ade6-M210 efm3::kanMX-ade6+OFF 
 

This study 
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SPY8707 h- ura4? leu1-32 ade6-M210 mrp1::kanMX-ade6+OFF This study 

SPY5527 h+ otr1R(SphI)::ade6+ leu1-32 ade6-M210 
ura4∆::ade6+ 

Ruby Yu 

SPY8508 h+ otr1R(SphI)::ade6+ leu1-32 ade6-M210 ura4∆::ade6+ 

leo1∆::hphMX 
 

This study 

SPY8650 h+ otr1R(SphI)::ade6+ leu1-32 ade6-M210 
ura4∆::ade6+ mlo3∆::hphMX 

This study 

SPY8591 h- leu1-32 ade6-M210 ura4∆::ade6+ OFF This study 

SPY8647 h- leu1-32 ade6-M210 ura4∆::ade6+ OFF 
epe1∆::hphMX 

This study 

SPY8708 h+ leu1-32 ade6-M210 ura4∆::ade6+ OFF 
epe1∆::hphMX 

This study 

SPY5553 h+ leu1-32 ade6-M216 epe1∆::hphMX Lab Stock 

SPY5327 h- leu-32 ade6M210/216 ura4D::10XtetO-ade6+-OFF 
clr4+ trp1+::hph-clr4∆CD epe1∆::kanMX6 

Kaushik 
Ragunathan 

SPY5284 h- leu1-32 ade6-M210 ura4Δ::ade6+ Kaushik 
Ragunathan 

SPY5333 h+ leu1-32 ade6M210-216 ura4∆::10xTetO-ade6+-OFF 
clr4+ trp1+:hph-clr4∆CD epe1∆::kanMX6 

Kaushik 
Ragunathan 
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Supplemental Table 2 List of Oligonucleotides 
 
 
Primer Sequence 
AS112(ura4,F) TACAGTGCCAGGCGAGGGTATTAT 
AS113(ura4,R) TAGGAACCAGTAGCCAAAGAGCCT 
XY409(mat s1,F) GCTAAATCGAAGGATTAAACAGTATCTTCC 
XY410(mat s1,R) ACGAATTTGGCAGACTAGCCAC 
XY411(mat s2,F) CATATCAATTACAAACATATTGTTTGCTGC 
XY412(mat s2,R) GCTTCATGTTAAGTTGATTGGTGTAATTAG 
AS131(dg,F) AAGGAATGTGCCTCGTCAAATT 
AS132(dg,R) TGCTTCACGGTATTTTTTGAAATC 
GJ173(fbp1,F) ATTGACGCCGGTGTTAGTGTAGGT 
GJ174(fbp1,R) TGACACGATGACCTGTGGTAAGCA 
XY421(SPCC320.03,F) GCGTATGATTGGTTCTGGATAGCCG 
XY422(SPCC320.03,R) GGGGCATGAGCTCATACCCATG 
EE27(tub1,F) AACGCTTGGCCATGGAATACACG 
EE28(tub1,R) GAGAGGCGGTGATGGAAGAAACAAC 
Xy897(rhp51,F) ACAGCCCTACCCTAATGTGTGTG 
Xy898(rhp51,R) CTTGCTTAGTAGGGATTGTGAAGGA 
Xy478(kanMX-ade6,F) ACACGGACGATACGAGGGATCC 
Xy1014(kanMX-ade6,R) CTTGTCGTCGAACCAAGTGCAGA 
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