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ABSTRACT 

 Eukaryotic genomes are partitioned into functionally distinctive domains: euchromatin 

and heterochromatin. Euchromatin corresponds to transcriptionally active domains of 

chromosomes whereas heterochromatin is transcriptionally inert. Constitutive heterochromatin, 

typically marked by H3K9me3, is required for normal growth and development in eukaryotes. 

Previous studies in Drosophila showed that loss of heterochromatin mediated by H3K9 histone 

methyltransferases leads to genome instability characterized by global chromosomal 

rearrangements and increased copy number of repeats. Previous research in Neurospora indicates 

that loss of a component required for H3K9 methylation leads to sensitization of cells to a DNA 

damaging agent and growth defects. These observations suggest that heterochromatin 

components are required for normal genome integrity. A major goal of my dissertation has been 

to elucidate a role of heterochromatin components such as DIM-5 in genome maintenance and to 

identify the underlying mechanisms by which heterochromatin components ensure proper DNA 

repair and/or chromosomal replication in Neurospora crassa. In this dissertation, I describe how 

loss of DIM-5 or other heterochromatin components affect global chromatin architecture. I show 

evidence that Δdim-5 strains suffer from genotoxic stress presumably caused by stalled DNA 



replication forks or double-stranded DNA breaks. The endogenous stress activates the DNA 

damage checkpoint. I also show that Δdim-5 strains form aberrant facultative heterochromatin 

that leads to spontaneous induction of the DNA damage response and growth defects. I 

demonstrate that, in Δdim-5, H3K27me3 distribution is completely switched to centromeres and 

AT-rich repetitive domains where constitutive heterochromatin normally occurs. This suggests 

that the recruitment process of the PRC2 complex responsible for H3K27me3 has changed in 

Δdim-5, disrupting global genome architecture. Removal of the PRC2 catalytic subunit set-7 

suppresses the MMS-hypersensitive phenotype and partially relieves the growth defects of Δdim-

5. Moreover, I demonstrate that Δdim-5 exhibits genetic interactions with Δmi-2 and Δcrf-6. 

These findings show in greater detail that heterochromatin is required for genome integrity and 

defects in heterochromatin affect the global landscape of chromatin components and chromatin 

modification. This dissertation broadens our perspective of heterochromatin function and its 

importance in cell growth and development in eukaryotes.    
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

My project is focused on investigating a role of heterochromatin components in genome 

integrity, using a tractable model organism Neurospora crassa. Many heterochromatin 

components have been identified by genetic screens or by  protein co-purification followed by 

mass spectrometry in model organisms. Many studies have shown that components directing 

constitutive heterochromatin formation are required for genome integrity. Mutations in 

heterochromatin components have a link to human disease such as cancer. Despite its obvious 

importance, the molecular mechanisms by which heterochromatin components contribute to 

genome integrity remain elusive. The recent advance in sequencing technology allows us to 

study the genome-wide distribution of chromatin components.  My review highlights the links 

between chromatin structure and function, featuring heterochromatin domains and the associated 

proteins.   

 

Genetics and Epigenetics 

Genetics is study of heredity in an organism. Its fundamental principle is that a gene is 

responsible for a final phenotype, and mutations within the gene are directly inheritable. This 

concept, however, does not explain some phenotypic variations of organisms in the same genetic 

background. For example, the Agouti mouse is obese and has a yellow hair color whereas its 

siblings of the same genotype have normal weight and dark grey coats (1). This variation can be 

explained by “epigenetic change” in the level of transcription of genes responsible for yellow 
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color development through loss of DNA methylation at cryptic promoters (2). This is one 

example showing that the final phenotype does not depend exclusively on genotypes. There has 

been a growing interest in studying these types of phenomena as they have links to human 

diseases such as cancer, and this interest has led to birth of epigenetics, which is the study of the 

inheritable traits or phenotypes that cannot be explained by an organism’s genotype (3). 

Research in epigenetics is focused on interplay between genes and their products determining the 

outcome of growth and development. In epigenetics, chromatin is a focus of study because it 

regulates virtually all DNA based processes. For example, a number of factors such as 

nucleosome positioning, histone variants, histone modifications, DNA methylation, chromatin 

remodelers, and noncoding RNAs coordinate each other, affecting DNA replication, 

transcriptional states, and genome integrity (3-6). Epigenetic marks, such as DNA methylation, 

can be inheritable through mitosis and meiosis and transcriptional state is maintained through 

generation (3). Most importantly, chromatin and epigenetic processes play a pivotal role in 

differentiation of a single stem cell into various cell types (5, 7). 

 

Eukaryotic genomes are packaged and organized into chromatin  

Eukaryotic chromosomes are packaged and organized in a nucleus. The folding process is 

mediated by many cellular components. One of the key components is a DNA binding protein 

histone. Eukaryotes have several kinds of histones, H1, H2A, H2B, H3 and H4. These histones 

interact with DNA forming a stable complex called a nucleosome. Histones are basic, acid 

soluble proteins, which function as transcription regulators by restricting access of RNA 

polymerase onto DNA (8, 9). Nucleosome formation occurs all over the chromosomes and an 

array of nucleosomes lead to higher order chromatin structure in conjunction with other 
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chromatin components (10, 11). This chromosomal packaging is ubiquitous in eukaryotes 

perhaps because it enables them to carry more genetic material than bacteria. In fact, eukaryotic 

genomes typically range in size from small (10 Mbp yeast genome) to large 3 Gbp (human 

genome) whereas prokaryotic genomes are typically smaller (up to 10 Mb) (12).        

Crystal structures of nucleosomes have been solved using histones from yeasts, 

Drosophila, Xenopus and human (13). The first high-resolution crystal structure of a nucleosome 

shows that the 146 bp of DNA wrapped around a histone octamer is comprised of 2 heterodimers 

each of H2A-H2B and H3-H4 (14). The bead-shaped structure has a diameter of about 100 Å 

and its height is 25 to 60 Å (13). The solvent accessible surface of a mononucleosome is about 

74,000 Å
2
 (13). Each histone contains 3 helices and two loops in the middle of sequence. 

Specifically, these domains are positioned between 27-88 of H2A, 34-98 of H2B, 64-131 of H3, 

and 31-93 of H4 from Xenopus laevis and conserved among eukaryotes (13, 14). These domains 

have the positively charged surface that facilitates histone-DNA interaction (13, 14). In addition, 

hydrogen bonds, ionic and non-polar interactions also contribute to formation of the core particle 

(13). An N-terminal tail of each histone and a C-terminal tail of H2A protrude from the 

nucleosome core particle. Unlike the core particle, these domains are flexible and can interact 

with various histone modifying enzymes and chromatin remodelers (6). Each N-terminal tail 

carries a strong net positive charge containing multiple arginine and lysine residues whereas the 

nucleosome surface is negatively charged due to the phosphate backbone (13). Nucleosomes 

create an excellent surface for binding of chromatin-associated proteins (13).            
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Nucleosome occupancy and positioning control transcription  

Distributions of nucleosomes play an important role in transcription initiation and its 

regulation. Nucleosome positioning depends on DNA sequence, histone-DNA interaction, and 

nucleosome interacting proteins (15). An array of nucleosomes functions as a barrier for 

transcription, preventing nonspecific interaction between RNA polymerase II and DNA (16). 

Nucleosome formation is, in general, unfavorable at transcriptional start sites (TSS), enhancer 

and terminator regions where the homopolymeric DNA sequences such as poly(dA:dT) and 

poly(dG:dC) are present. This restricts transcriptional initiation to these sites (15). For example, 

the role of nucleosome occupancy in transcriptional regulation has been extensively studied in 

yeasts. Genome-wide mapping of nucleosomes in Saccharomyces cerevisiae has shown that 

nucleosome formation at upstream of open reading frames (ORFs) is depleted and the DNA 

sequence at the TSS is characterized by poly(dA:dT) tracts (17, 18). Transcription levels are 

correlated with the length of the poly(dA:dT) tracts, and introduction of poly(dA:dT) tracts are 

sufficient to disrupt repression of a gene by bypassing the requirement for a trans-acting 

transcriptional activator (19). Importantly, nucleosomes in promoter regions can be removed 

upon transcriptional activation as observed at the pho5 locus (20, 21). These evidence suggests 

that eukaryotes control transcription by regulating nucleosome occupancy at TSS of promoter 

region, controlling the binding site of RNA polymerase.      

 

Eukaryotic genomes are partitioned into functionally distinctive domains  

In eukaryotes, the transcriptional activity of genes is tightly regulated through histone 

modifications. N-terminal tails of histones are heavily modified by a number of enzymes (22). 

Combination of the modifications can be viewed as a code that carries another layer of the 
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genetic information (6). Writers and erasers embed and edit a code whereas readers translate it 

into biological outputs. The code for active and repressive transcription is tightly regulated and 

restricted to particular regions of chromosomes (23).        

Euchromatin is a highly decondensed form of chromatin that contains most of the 

transcriptionally active genes. Euchromatic domains are typically marked with di or tri-

methylation at K4 of H3 (H3K4me2/3) that is well correlated with RNA polymerase II activity 

and hyperacetylation (24). In contrast, heterochromatin is a densely packaged form of chromatin. 

Heterochromatin was first defined based on its cytological properties (25), as these condensed 

parts of chromosomes are easily stained with certain basic dyes and can be visualized by electron 

microscopy (26). The molecular definition of heterochromatin is transcriptionally silent domains 

of genome where histones are hypoacetylated and chromatin is densely packaged (24). A number 

of studies suggest that heterochromatin domains are required for genome integrity and normal 

cell development.  

Constitutive heterochromatin domains occur at pericentromeric and sub-telomeric regions 

where few genes are present (27). Its formation appears to be tightly restricted at the same 

genomic regions in all cell types(27). These domains are typically associated with tandem DNA 

repeats, although the DNA sequences are poorly conserved among eukaryotes. Hypoacetylation 

of histones and H3K9me2/3 are typically enriched in constitutive heterochromatin, leading to 

transcriptionally inactive regions of the genome (27).  

Components required for pericentromeric transcriptional silencing have been identified 

through extensive genetic screens in many model organisms. In Drosophila, the position effect 

variegation (PEV) screen has been performed using a white mottled 4b (w
4mb

) mutant to identify 

suppressor (Su(var)) and enhancer (E(var)) of variegation (28). The PEV screen utilizes the eye 
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color as a proxy for the chromatin state: red color for suppression of silenced w
4mb

 translocated 

next to heterochromatin, and white color for enhancing the silencing phenotype (28). Through 

the PEV screen, 60 Su(var) and 25 E(var) genes have been identified. Some of Su(var) genes are 

particularly important for formation of constitutive heterochromatin domains, including the 

H3K9 methyltransferase (Mtase) Su(var)3-9, heterochromatin protein 1 Su(var)2-5, histone 

deacetylases, RNA processing factors such as AGO2, and other chromatin associated proteins 

summarized in a review article (29). In contrast to Su(var), E(var) genes seem to be required for 

restricting the spread of heterochromatin and for defining the boundary between euchromatin and 

heterochromatin (28). Also, mouse homologs of the Drosophila heterochromatin components 

localize to constitutive heterochromatin domains based on fluorescent microscopy (29). The 

GFP-tagged homologs co-localize with the densely stained nuclear domains with DAPI that 

correspond to the constitutive heterochromatin containing more than 10,000 copies of A:T-rich 

satellite repeats (29). In Schizosaccharomyces pombe, exhaustive genetic screens using an ade6+ 

reporter fused to a centromeric repeat have been performed to find components required for 

silencing (30). RNAi components, H3K9 Mtase complex CLRC, yeast HP1-like protein Swi6 

have been identified as core components of heterochromatin. In addition, splicing associated 

proteins Smd3, Saf1 and Saf5 and COP9 signalosome subunits Csn1 and Csn2 are found to be 

required for silencing (30). In Neurospora, screening of mutants defective in DNA methylation 

resulted in identification of constitutive heterochromatin components demonstrating that many 

heterochromatin regulators are conserved in animals and fungi (23). Constitutive 

heterochromatin forms at regions containing A:T-rich repetitive DNA sequences that have been 

mutated by repeat-induced point mutation (RIP). RIP is a unique genome defense system in 

Neurospora that introduces cytosine to thymine mutations in duplicated DNA sequences during 
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the sexual cycle. Heterochromatin structure in Neurospora is defined at the molecular level by 

hypoacetylated histones, H3K9me3, heterochromatin protein 1 (HP1) localization, and DNA 

methylation, similar to the heterochromatin signatures in plants and animals (31-34). In animals, 

plants, and fungi, repetitive DNA appears to be a common requirement for constitutive 

heterochromatin formation, although the exact signal directing assembly of the heterochromatin 

components is unclear.    

Centromeres are essential features of eukaryotic chromosomes, as they play a pivotal role 

in chromosomal segregation facilitating chromosomal movement in mitosis and meiosis (35). 

Centromere sequences and their structural organization are rapidly evolving among eukaryotes, 

and they differ even between chromosomes in the same organism (35). For example, human 

centromeres ranges from 0.3 to 0.5 Mbp containing many 171 bp A:T-rich α-satellite repeats 

whereas S. cerevisiae has a small 125 bp centromere (35). S. pombe has three chromosomes and 

the centromeres of each chromosome differ structurally ranging 40 to 110 kbp in length (36). A 

major function of centromere is to provide a platform for assembly of a multiprotein complex 

kinetochore that consists of 80 proteins in human and at least 35 in yeasts (37, 38). The 

kinetochore is required for interaction of the centromere and microtubule spindle apparatus. The 

location of the centromere is determined by the presence of the histone H3 variant CenH3. 

Indeed, disruption of the centromere function by depleting CenH3 causes defects in assembly of 

centromere components and chromosomal segregation in many organisms including fungi, 

Drosophila, plants, and animals (39-42).     

The Neurospora centromere is characterized by A:T- rich repetitive sequences and 

centromere proteins such as CenH3, CEN-C, CEN-T, and probably other counterparts found in 

other fungi and animals (43). It does not contain 170-nucleotide satellite repeats identified in 
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animals and plants. Instead, it contains many segments similar to LINE, copia, mariner, and 

gypsy transposable element families, all of which have been inactivated by RIP (43, 44). 

H3K9me3 and DNA methylation are enriched in centromere domain whereas euchromatic 

marker H3K4me2/3, which is typically observed at centromere core in other eukaryotes, is 

absent (43). Centromeric transcripts have been observed in many eukaryotes, but their functional 

roles remain unclear. Heterochromatin components, DIM-5 and HP1, are required for normal 

CenH3 positioning (43). Centromere organization and its components need further investigation 

to understand the centromere function in chromosomal segregation.               

Facultative heterochromatin refers to domains of chromosomes where genes are 

transcriptionally silent but contain a subset of genes which are derepressed in response to 

environmental stimuli or particular developmental phases and are therefore responsible for 

controlling the complex developmental processes in eukaryotes. Although a number of genes 

involved in formation of facultative heterochromatin have been identified in many model 

organisms, the mechanisms for targeting components to specific genomic loci remain elusive. A 

core component of facultative heterochromatin is the polycomb repressive complex (PRC2) first 

identified in Drosophila (45). PRC2 components are conserved in some fungi, plants, and 

animals. PRC2 deposits a repressive mark H3K27me2/3, silencing a targeted locus presumably 

through interplay between compacting chromatin and other chromatin components. In addition to 

PRC2, animals have PRC1 complex responsible for monoubiquitylation of lysine 119 of H2A 

(H2AK119ub) and silencing (5). PRC1 is recruited to facultative heterochromatin domain 

through its subunit Pc/CBX that recognizes H3K27me3, and deposits H2AK119ub . However, it 

can also deposit H2AK119ub at the targeted loci independent of H3K27me3. Moreover, PRC1 

silences a subset of targeted genes independent of its catalytic activity. Determinants of PRC1 
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and PRC2 recruitment are currently not well defined. Importantly, defective facultative 

heterochromatin leads to abnormal development in animals. Drosophila PRC2, composed of 

E(Z), Su(Z)12, ESC/ESCL, and P55, regulates expression of homeotic genes at a particular 

developmental stage. A mutation in PRC2 activity leads to disruption of transcriptional state in 

the developmental genes and results in abnormal segmentation. In mice, deletion of PRC2 

components is lethal at the early embryonic stage (5). Deletion and overexpression of PRC2 have 

been observed in cancer cells and therefore have a link to carcinogenesis (46).  

In fungi, facultative chromatin is associated with secondary metabolite production, and 

also has a link to pathogenesis. In Fusarium graminearum, H3K27 methylation silences genes 

required for the secondary metabolite synthesis and putative virulence factors (47). Absence of 

H3K27me3 causes growth defect and abnormal pigmentation (47). In Cryptococcus neoformans, 

an opportunistic fungus that causes cryptococcosis in immunocompromised patients, facultative 

heterochromatin occurs primarily at telomeric regions (48). Loss of catalytic subunit EZH2 does 

not affect growth and its effect on virulence remains unknown. Msl1 and Ccc1, subunits of 

Cryptococcus PRC2, are required for normal growth (48). In Neurospora, facultative 

heterochromatin occurs in sub-telomeric regions and in loci close to constitutive heterochromatin 

domains, covering 6.8% of genome (49). Core components of PRC2 are conserved and they 

consist of SET-7, EED, SU(Z)12, and NPF. SET-7 is the catalytic subunit of PRC2 required for 

H3K27me3. EED and SU(Z)12 are required for H3K27 methylation, whereas NPF is required at 

sub-telomeric regions and a subset of the facultative heterochromatin domains (49). A number of 

uncharacterized genes are marked by K27me3 and some of them are derepressed upon deletion 

of set-7 (49). Most genes marked by K27me3 are conserved in other fungal species, but some are 

specific to Neurospora. Intriguingly, Δset-7, Δeed, Δsuz12 mutants do not show growth defects, 
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whereas Δnpf mutant showed a slower growth rate (49). It appears that NPF has a function 

unrelated to facultative heterochromatin formation. Intriguingly, Δset-7 forms false perithecia 

indicating that facultative heterochromatin regulates genes required during sexual cycle. 

Functions of genes marked by K27me3 need further characterization in Neurospora.  

Telomeres are the ends of linear chromosomes that play a major role in genome 

maintenance and cell development. In animals and fungi with the exception of yeasts, telomeres 

are made up of well conserved hexamer repeats “TTAGGG”, whereas typical plant telomeres 

contain an array of “TTTAGGG” (50). The telomere repeats are synthesized by telomerase 

reverse transcriptase using an RNA template. Telomeric components prevent chromosomal ends 

from being recognized as a substrate for DNA repair and homologous recombination. At least 40 

proteins have been identified as telomere-associated proteins including heterochromatin 

components and DNA repair machineries. Purification of telomere-associated proteins yielded an 

additional 170 candidates (51). In the catalog of telomere components, shelterin complex plays a 

major role in telomere integrity. It consists of TRF1, TRF2, RAP1, TIN2, TPP1, and POT1, and 

binds to telomere DNA repeats preventing activation of the ATM- and ATR-dependent DNA 

damage response (50). In the absence of TRF2 or POT1, telomere regions triggers DNA damage 

response pathway through MRN complex and ATM (50). This leads to non-homologous end 

joining of chromosomal ends that cause duplication or deletion of chromosomal domains in 

mitosis (50). Heterochromatin mark H3K9me2/3 has been found at telomere regions in 

eukaryotes, therefore heterochromatic modification is thought to play a role in maintenance of 

telomere regions.   
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Eukaryotes regulate chromatin-based processes through histone modification and DNA 

methylation 

Histones are well conserved DNA binding proteins in Eukaryotes, functioning as a core 

particle of a nucleosome. They are subjected to the extensive post-translational modifications 

such as acetylation, methylation and phosphorylation (22). These modifications frequently occur 

at histone N-terminal tails of histone H3 and H4 that extend beyond the surface of the 

nucleosome. They affect interaction partners at the histone-N-terminal tails and chromatin 

compaction. Interplay between H3K4 methylation and histone acetylation lead to the open 

chromatin structure allowing access of RNA polymerase II for transcription. In contrast to the 

euchromatin domains, H3K9, H3K27 methylation and hypoacetylation leads to a tightly 

packaged chromatin through interactions of a number of heterochromatin components, which 

results in transcriptionally inert regions. Thus, histone modification defines the landscape of 

functionally distinctive domains, regulating transcriptional activity of loci.      

Histone Lysine methyltransferases (KMTs) catalyze the transfer of methyl-groups from s-

adenosyl-methionine (SAM) to the primary amine of a lysine side chain of histones. KMTs 

harbor a SET (SU(var) Enhancer of Trithorax) domain that is responsible for mono, di, and tri-

methylation of a lysine residue. SET domains are well conserved in most of eukaryotic KMTs 

(52). Crystal structures of KMTs have shown that a SET domain binds SAM and a peptide 

substrate, forming a channel required for the catalytic reaction of methyl-transfer. Remarkable 

similarities in structure of the catalytic pocket between various KMTs have been observed, 

revealing conserved residues at the catalytic site (53). For example, a well-conserved tyrosine 

residue at the channel is required for the catalytic reaction.  
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KMTs play an important role in chromatin architecture. Most eukaryotes have conserved 

lysine residues of histone H3: K4, K9, K27, K36, K79 (24). Each lysine has specialized enzymes 

for methylation and their enzymatic activities are well regulated, targeting a specific part of loci 

(54). For example, H3K4me2/3, K9me2/3, and K27me2/3 are mutually exclusive in most of 

chromosomal domains. Each methylated lysine facilitates the recruitment of a specific set of 

chromatin binding proteins. Readers of the marks, which typically contain chromodomain, plant 

homeodomain (PHD), tudor domain, and malignant brain tumor (MBT), localize to a particular 

locus through the methylated lysine and bring other interaction partners to the sites. For instance, 

HP1 is a highly conserved chromodomain containing protein required for heterochromatin 

formation and silencing but its isoform HP1a is also suggested to play a role in transcriptional 

activation (55). Purification of HP1 interaction partners in animals has shown that HP1 interacts 

with many proteins (56). Thus readers of methyl-lysine have a huge impact on the landscape of 

proteins associated with chromatin. Interplay of these factors affects other histone modifications, 

DNA methylation, and compaction of chromatin, leading to formation of specialized domains 

such as euchromaitn and heterochromatin. Tight regulation of KMTs is required for the proper 

control of transcriptional activation and silencing, and proper chromosomal replication and 

segregation. Although interaction partners of KMTs have been extensively identified by 

proteomic approaches in many eukaryotes, additional work is needed to understand how many 

KMTs are recruited to specific chromosomal loci.                     

Acetylation also contributes to chromatin structure and its transcriptional state. Histone 

acetylation occurs at almost all of lysine residues of histones and its general function is to open 

up the chromatin structure for transcriptional initiation. The first identified histone 

acetyltransferase was p55 from Tetrahymena thermophile (57). Yeast homolog of p55 is Gcn5, a 
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subunit of SAGA complex that promotes transcription at promoter regions through its acetylation 

activity all over the genome (58). In yeast, Gcn5 localizes to targeted loci through interaction 

with Tra1 and other transcriptional activators and through its bromodomain that is required for 

binding to acetylated lysine of histones (59). The Bromodomain is approximately 110 amino 

acids in length and forms an interaction surface specific for acetylated lysine. Crystral structures 

of 29 bromodomain proteins from human revealed the structurally conserved organization of a 

hydrophobic pocket that can accommodate binding of acetylated lysine residue of histone 

peptides (60). Gcn5 interacts with Ada2 and Ada3, acetylating multiple lysine residues of H3 and 

H2B, as it can acetylate K9, K14, K18 and K23 of H3 and lysines of H2B in vitro. This leads to 

relaxation of chromatin structure and recruitment of transcriptional factors and the preinitiation 

complex for transcription. Interestingly, Gcn5 has a genetic interaction with U2 snRNP proteins 

Msl1 and Lea1, and histone acetylation by Gcn5 is proposed to play a role in loading of the 

splicing components to the pre-mRNA during transcription. In Drosophila, Gcn5 and its 

interaction partners Ada2b and Ada3 are essential for viability. In mice, deletion of Gcn5 is 

lethal during embryogenesis (59). Thus acetylation of histones is required for proper 

transcriptional regulation and particularly important in normal development in animals.              

DNA methylation plays a role in gene silencing, genome defense, imprinting and X-

chromosome inactivation in eukaryotes (3). DNA methylation occurs at the 5-carbon position of 

cytosine at CG, CHG, CHH context where H is adenine, cytosine or thymine. In animals, DNA 

methylation has been observed across the genome with the exception of some transcription 

factor-binding sites and promoter regions. The majority of methylated cytosine is identified 

within the CG context which accounts for 70 - 80% of all CG nucleotides in a somatic cell (61). 

DNA methylation at the CHG and CHH context has been found exclusively in embryonic stem 



 

14 

cells and brain cells so far. In plants, most of methylated cytosines are identified in transposons 

and repetitive DNA sequence. DNA methylation occurs at 24% of CG, 6.7% of CHG, and 1.7% 

of CHH (62). In Neurospora, DNA methylation occurs at relics of transposons where AT-rich 

repetitive sequences are present, whereas other fungi, such as S. pombe and Aspergilus nidulans, 

lack DNA methylation (44). In Neurospora, approximately 2% of cytosines in the genome is 

methylated and removal of DNA methylation does not cause defects in growth and development 

(33).     

How DNA methyltrasnferases are targeted to specific loci remains elusive in higher 

eukaryotes. In mammalian cells, DNMT3A and DNMT3B are DNA methyltransferases required 

for de novo DNA methylation at an early stage of embryonic development (63). Methylation of 

the cytosines is mitotically inherited into somatic cells through maintenance methylation by 

DNMT1, although other maintenance mechanisms appear to exist (64, 65). In Neurospora, DNA 

methylation is directed by K9me3 and established exclusively by a de novo DNA 

methyltransferase called DIM-2 (33).    

 

RNA plays a pivotal role in chromatin structure and function  

Small interfering RNA (siRNA) directs formation of repressive chromatin in S. pombe 

and plants. In S. pombe, RNA pol II transcribes repetitive sequences adjacent to centromere, 

producing a single-stranded centromeric RNA. RNA-dependent RNA polymerase complex 

(RDRC) associates with the centromeric RNA, synthesizing the complementary RNA strand. 

Dcr1 shortens the double stranded RNA to siRNA of 21 to 24 nt in length (66). The siRNA 

associates with Ago1 that forms RNA-induced initiation of transcriptional gene silencing (RITS) 

complex with Chp1 and Tas3 (67). RITS localizes at the centromeric domains, presumably 
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interacting with the non-coding centromeric RNA because interaction between RITS and single 

stranded RNA is required to induce heterochromatin formation. The histone H3K9 methylase 

complex (CLRC) associates with the RITS complex, depositing H3K9me2 at centromere 

domains (68). Chp1 in RITS and heterochromatin protein 1 homolog Swi6 can interact with 

H3K9me2 through their chromodomains. Interplay between RITS and CLRC leads to silencing 

of centromeres.  

In plants, siRNA plays a role in genome maintenance and normal development, by 

directing DNA methylation (reviewed in (62). RNA polymerase IV (Pol IV) and RNA 

polymerase V have a primary role in production of siRNA. RNA-dependent RNA polymerase 2 

(RDR2) is thought to process the single stranded RNA (ssRNA) produced by Pol IV into 

dsRNA. Dicer-like 3 (DCL3) trims the dsRNA into 24-nt siRNAs, the 3’ ends of which are 

subjected to methylation by a RNA methyltransferase HEN3. Argonaute (AGO4) interacts with 

the siRNAs in the cytoplasm. AGO4-siRNA complex is recruited to the nascent Pol V transcripts 

through interaction with KTF1 and the complementary RNA sequences to the siRNAs. RNA 

directed DNA methylation 1 (RDM1) mediates interaction between DNA methyltransferase 

(DRM2) and AGO4. In turn, DRM2 methylates cytosines at CG, CHG, and CHH context, 

leading to the silencing of transposons and repetitive DNA. As this process inactivates the 

activity of transposon, siRNA-directed DNA methylation is a genome defense mechanism to 

maintain genome integrity. H3K9 methylation is deposited by SUVH4, SUVH5, and SUVH6, 

accompanying deacetylation of histones by HDA6, histone demethylases (JMJ14, LDL1, and 

LDL2), and deubiquitination of H2B by UBP26.           

Long non-coding RNAs (LncRNAs) have been proposed to play a role in transcriptional 

regulation. LncRNAs are typically composed of more than 200 nucleotides that are not translated 
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into peptides. Many lncRNAs have been identified by RNA-seq and their expression level are 

usually low (69). These lncRNAs are transcribed from intergenic and intragenic regions and 

interact with many chromatin-associated proteins and genomic loci. lncRNA is thought to 

interact with both DNA and chromatin components to regulate transcriptional activation and 

repression. For example, it functions as an adaptor to facilitate interaction between histone 

modifying enzymes and DNA. HOTAIR is a 2.2 kb lncRNA transcribed from the intergenic 

region between HOXC11 and HOXC12 in human (70). Genome wide mapping of HOTAIR 

binding sites revealed that HOTAIR localizes to regions near loci marked byH3K27me3 in 

human cells. HOTAIR also interacts with PRC2 through its 5’ domain and with a histone 

demethylase LSD1 through the 3’ domain. Based on these data, it is proposed that HOTAIR 

recruits PRC2 and LSD1 to the targeted sites, coupling H3K27 methylation and H3K4 

demethylation. Remarkably, increase in HOTAIR expression leads to the change in H3K27me3 

localization whereas HOTAIR depletion inhibited cancer growth. Also, lncRNA Xist plays a role 

in X-chromosome inactivation through facilitating recruitment of PRC2 onto DNA (71). These 

indicate that lncRNA is required for a regulation of facultative heterochromatin formation. 

Another mechanism by which lncRNA controls transcription involves in inhibition of 

transcriptional activators. A lncRNA called growth arrest-specific 5 (Gas5) binds to the DNA 

binding domain of the glucocorticoid receptor, preventing transcriptional activation facilitated by 

glucocorticoid (72). This inhibition down-regulates glucocorticoid receptor targeted genes. Also, 

Lethe, a lncRNA highly up-regulated by proinflammatory cytokines or glucocorticoid receptor 

antagonist, can inhibit transcriptional activation by NF-kB through interaction with its subunit 

RelA (73).                    
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Genome integrity is preserved by heterochromatin components     

Maintenance of genome stability is essential for normal cell growth and development. 

Chromosomes are exposed to various biotic and abiotic stresses that challenge genome integrity. 

For example, abiotic stress from the environment, genotoxic chemicals and irradiation directly 

damages the DNA, whereas cells encounter biotic stresses from chromosomal replication and 

segregation as well as byproducts of cellular metabolism. These stresses cause DNA lesions and 

double stranded breaks (DSBs), which lead to genome instability when they are not repaired 

properly. Components involved in DNA replication, DNA repair, and cell cycle checkpoints 

coordinate each other to maintain genome integrity, ensuring accurate duplication of 

chromosomes. In fact, research has shown that defects in DNA replication or repair can lead to 

genome instabilities in the form of base substitutions, aberrant copy number of genes, loss of 

partial chromosome and gross chromosomal rearrangements (GCRs) (reviewed in (74-76). These 

genome instabilities are associated with human disease such as cancer and other genetic 

disorders. However, the molecular events that lead to the genome instability are largely 

unknown. Moreover, the cellular mechanisms that maintain normal genome stability are not 

completely understood.        

Heterochromatin components are required for maintaining genome integrity. In humans, 

for example, a breast cancer susceptibility gene (BRCA1) interacts with HP1 and DNMT3B in 

an ATM-dependent manner (77). This interaction is required for normal heterochromatin 

structure and silencing (77). BRCA1 is strongly linked to breast and ovarian cancer (78). In 

mouse, a mutant of Suv39h has developmental defects in embryogenesis (79). Also, the mutation 

caused aberrant chromosomal segregation and abnormal spermatogenesis (79). In Drosophila, 

lack of the Su(var)3-9 required for H3K9me3 leads to dispersed nucleoli, formation of 
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extrachromosomal circular DNA (eccDNA) through homologous recombination  (80, 81). Loss 

of H3K9 methylation also causes increase in copy number of repeats such as ribosomal DNA 

(rDNA) and satellite DNA (80, 81). In contrast to this observation, reduced copy number of 

rDNA in the Y-chromosome was observed in a Su(var)3-9 mutant (82). These observations 

illustrate that repeats are favorable substrates for illegitimate recombination when the 

heterochromatin is not properly maintained. It also indicates that heterochromatin might stabilize 

the repeats, preventing aberrant homologous recombination events. In Neurospora, DIM-5, a 

homolog of Su(var)3-9, is also required for heterochromatin formation and genome stability. 

Specifically, it has been shown that the DIM-5 deletion mutant was hypersensitivie to methyl 

methanesulfonate (MMS) and multiple copies of a transgene are not stably maintained in the 

absence of DIM-5. The copy number of al-1 sequences integrated into Δdim-5 by transformation 

decreased over generations whereas the wild-type strain did not lose any transgenic al-1 repeats 

(83). Thus, defects in heterochromatin formation can result in genome instability, but the 

heterochromatin-based mechanisms that maintain genome integrity are not well understood.  

 

Neurospora is a model organism suited for chromatin research 

There are number of models used for chromatin research such as cancer cells, mice, 

Drosophila, Caenorhabditis elegans, maize, Arabidopsis,  T. thermophila , Neurospora, 

S.pombe, S. cerevisiae, C. neoformants. N. crassa has been used as a tractable model organism 

for a long time, and is suited for chromatin study as described below. N. crassa should prove 

useful in modeling the mechanisms and maintenance of genome stability, which should shed 

light onto these functions in higher eukaryotes.  
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The underlying reason for the use of Neurospora as a model is because it allows one to 

do experiments that are difficult or impossible in other eukaryotes. First, known heterochromatin 

associated proteins that are essential for viability in higher eukaryotes are dispensable in 

Neurospora, which allows characterization of gene deletion mutants that are lethal in other 

common model organism such as mice or Drosophila. In addition, Neurospora genes have little 

redundancy in heterochromatin components, whereas animals and plants usually have multiple 

functional homologs. For example, human has 3 methyltransferases that target H3K9, whereas 

Neurospora has only one enzyme for this function. The lack of redundancy in Neurospora is due 

to repeat Induced Point mutation (RIP). RIP is a genome defense system that converts cytosine to 

thymine in both copies of DNA sequences if there are two copies of genes on a same 

chromosome. All sequences with more than 80% homology are subject to RIP except ribosomal 

DNA. RIP mutates all copies of transposons and homologus genes, resulting in a Neurospora 

genome devoid of the multi-copy gene families. Effects of a gene knockout are directly reflected 

to phenotype in haploid asexual cycle of Neurospora.   

The molecular mechanisms of heterochromatin formation are well understood, and have 

previously been extensively studied in Neurospora species. In fact, Neurospora chromatin 

research provided first evidence that H3K9 methylation occurs upstream of DNA methylation. It 

has been conclusively demonstrated that heterochromatin forms at AT-rich repeat DNA 

sequences (44), that the protein DIM-5, a histone lysine methylatransferase (HKT), methylates 

lysine 9 of histone 3 (H3K9) (32), and that the protein HP1 recognizes the tri-methylated lysine 9 

(H3K9me3) (31). HP1 then proceeds to recruit DIM-2, a DNA methyltransferase, which 

proceeds to methylate cytosines within heterochromatin domains (33). HP1 also recruits HDA-1, 

CDP-2, CHAP and the DMM complex to the sites. HP1, HDA-1, CDP-2, and CHAP (HCHC) is 



 

20 

required for silencing of constitutive heterochromatin, whereas the DMM complex is required 

which serves to prevent heterochromatin from spreading into adjacent euchromatin domains, 

presumably by actively demethylating H3K9me3 (84, 85). In addition, Neurospora is 

particularly useful for genomic studies of heterochromatin domains. Mapping of histone 

modifications and protein localization at the large array of repeats using Illumina sequencing is 

challenging in plants and animals as reads often map to multiple genomic locations (43). In 

Neurospora, all the repeats are relics of retrotransposons and almost all of reads can be mapped 

unambiguously to a single locus, even within repeat-rich domains such as centromeres and 

telomeres. H3K9 methylation, HP1 localization and DNA methylation, have been successfully 

mapped on a genome-wide scale. Thus, we know the locations of heterochromatic loci in the 

genome, the molecular composition of heterochromatin domains and the order of events that 

direct heterochroamtin assembly in Neurospora (Fig1.1).  

It should be noted that Neurospora is a unique model organism in comparison to more 

commonly utilized yeast species such as S. pombe. Previous analysis and comparison of N. 

crassa genomic sequences have shown that it shares more than 500 genes with higher eukaryotes 

that are absent in the yeasts. In addition N. crassa has over 1400 genes that are more similar to 

their plant or animal orthologs than those of their yeast counterparts. In fact, Neursopora 

possesses a complex biology that is not present in yeasts: DNA methylation, light responsive 

transcriptional network and circadian clock. More importantly, key components involved in 

heterochromatin formation (H3K9 MTase and HP1) closely resemble those found in higher 

eukaryotes. The relative abundance of heterochromatin in N. crassa (>15%) is also more similar 

to higher eukaryotes (>30% for Drosophila and Human) than is found in the yeasts (<2%).Thus, 



 

21 

Neurospora should serve as a uniquely useful model in which to investigate the genome 

maintenance mechanisms of eukaryotic organisms.   
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Fig 1.1 Constitutive heterochoromatin formation pathway in Neurospora crassa adapted 

from (86). DCDC associates with the AT-rich domains and DIM-5 tri-methylates H3K9. HP1, in 

turn, recognizes H3K9me3 and recruits HCHC, DMM1 and DIM-2 to the sites. DIM-2 

methylates cytocines, leading to silencing of constitutive heterochromatin domains.       
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Rationale and objectives of this study 

Previous work in Neurospora revealed that the methyltransferase complex DCDC, which 

is essential for H3K9 methylation and DNA methylation, is required for genome integrity. 

Deletion of individual DCDC components causes hypersensitivity MMS, whereas Δhpo and 

Δdim-2, both of which are defective in DNA methylation, show normal sensitivity. This suggests 

that DCDC is required for normal DNA replication or DNA repair. My dissertation project is 

focused on elucidation of underlying mechanism of defects in H3K9 methyltransferase mutant 

Δdim-5 to enhance our knowledge of the DCDC function in genome maintenance. Outcome from 

my work will lead to a deeper understanding of molecular mechanisms of how heterochromatin 

functions.  

The goal of chapter 2 is to investigate endogenous DNA damage in Δdim-5. We 

hypothesized that Δdim-5 has a defects in DNA replication or fragile sites where DSBs 

frequently occur. We found that γH2A, a marker of replication fork stall and DSBs, is all over 

the genome in Δdim-5. This indicates that chromosomes in Δdim-5 encounter the spontaneous 

DNA damage, activating DNA damage response pathway in normal growth condition. I was able 

to demonstrate that heterochromatin is required for normal genome integrity.      

The goal of chapter 3 is to elucidate the underlying cause of defective genome 

maintenance in Δdim-5. I found that K27 methylation redistribute from facultative 

heterochromatin to constitutive heterochromatin in Δdim-5. MMS-hypersensitivity of Δdim-5 

was suppressed by deletion of gene required the K27 methylation set-7. The double mutant also 

partially suppressed the growth defect. The suppression suggests that K27 methylation at 

constitutive heterochromatin domains such as centromere has a toxic effect. It also indicates that 

PRC2 recruitment is completely misregulated in the absence of H3K9 methylation. I was able to 
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show that loss of H3K9 methylation causes a catastrophic effect on global chromatin 

architecture, leading to genome instability and growth defects. Components of constitutive 

heterochromatin are required for normal facultative heterochromatin formation.         

The goal of chapter 4 is to identify the components causing toxicity in Δdim-5. I 

hypothesized that H3K27 redistribution in Δdim-5 leads to recruitment of H3K27me3 binding 

proteins to constitutive heterochromatin leading to malfunction of the domains.  

My results led to a model that core components of constitutive heterochromatin are required for 

normal chromatin architecture, restricting K27Kme3 at the normal facultative heterochromatin 

domains. Loss of the heterochromatin components such as DIM-5 and H3K9me3 leads to the 

redistribution of H3K27me3 to constitutive heterochromatin domains. I speculate that many 

components are mislocalized to centromere and normal centromere components are no longer 

function optimally or lose association with centromere.       

 

Summary 

In this dissertation, I used molecular and genomic approach to study genome 

maintenance. My findings expand our knowledge of how heterochromatin maintains genome 

integrity. My research provides a simple model of maintenance of chromatin architecture and 

importance of heterochromatin. This work might provide insights in the mechanism of genome 

instability in cancer.   
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Abstract 

In response to genotoxic stress, ATR and ATM kinases phosphorylate H2A in fungi and 

H2AX in animals on a C-terminal serine. The resulting modified histone, called γH2A, recruits 

chromatin-binding proteins that stabilize stalled replication forks or promote DNA double-

strand-break repair. To identify genomic loci that might be prone to replication fork stalling or 

DNA breakage in Neurospora crassa, we performed chromatin immunoprecipitation (ChIP) of 

γH2A followed by next-generation sequencing (ChIP-seq). γH2A-containing nucleosomes are 

enriched in Neurospora heterochromatin domains. These domains are comprised of A·T-rich 

repetitive DNA sequences associated with histone H3 methylated at lysine-9 (H3K9me), the 

H3K9me-binding protein heterochromatin protein 1 (HP1), and DNA cytosine methylation. 

H3K9 methylation, catalyzed by DIM-5, is required for normal γH2A localization. In contrast, 

γH2A is not required for H3K9 methylation or DNA methylation. Normal γH2A localization 

also depends on HP1 and a histone deacetylase, HDA-1, but is independent of the DNA 

methyltransferase DIM-2. γH2A is globally induced indim-5 mutants under normal growth 

conditions, suggesting that the DNA damage response is activated in these mutants in the 

absence of exogenous DNA damage. Together, these data suggest that heterochromatin 

formation is essential for normal DNA replication or repair. 
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Introduction 

Heterochromatin is comprised of transcriptionally repressed, repetitive DNA sequences 

that remain condensed throughout the cell cycle (1). The condensed structure of heterochromatin 

and the repetitive nature of heterochromatic DNA sequences pose challenges to genome integrity 

during DNA replication and DNA repair. Repeated DNAs are hot spots for various types of 

genome instabilities because they can adopt non-B-form DNA structures that stall replication 

forks and because they are common sites of illegitimate recombination (2,–6). Such events can 

lead to mutations, gross chromosomal rearrangements, or copy number variations often 

associated with human diseases (7, 8). Despite their deleterious potential, repetitive DNA 

sequences make up a significant fraction of the genome in many eukaryotes, including many 

filamentous fungi (9,–12). These sequences likely persist in genomes because they perform 

essential functions in certain contexts. For example, the centromeres of most eukaryotes are 

flanked by large, repeat-rich heterochromatin domains (13), and centromeres of the filamentous 

fungus Neurospora crassa are completely heterochromatic (14, 15). Thus, cells limit deleterious 

effects of repetitive DNA sequences while preserving essential functions of heterochromatin 

domains. 

Heterochromatin in mammals and N. crassa is enriched with specific molecular markers, 

including histone H3 lysine-9 methylation (H3K9me), heterochromatin protein 1 (HP1), and 

cytosine DNA methylation. InNeurospora, heterochromatin formation is initiated at A·T-rich 

repetitive DNA sequences by the H3K9 methyltransferase DIM-5 (defective in methylation 5), 

which exists in a multiprotein complex called DCDC (DIM-5/7/9–CUL4/DDB1 complex) (16,–

19). According to proposed nomenclature conventions (20), DIM-5 is sometimes also referred to 

as KMT1 (lysine [K] methyltransferase 1), based on its structural and functional homologies 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B2
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B3
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B3
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B7
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B8
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B9
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B10
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B10
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B13
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B14
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B15
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B16
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B17
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B17
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B19
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B20
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with the mammalian Suv39H1 (KMT1A) and Suv39H2 (KMT1B) enzymes. By methylating 

H3K9, DIM-5
KMT1

 creates a binding site for multiple HP1-containing complexes, including the 

DIM-2 DNA methyltransferase complex (21), the HCHC histone deacetylase complex (HP1-

chromodomain protein 2 [CDP-2]-histone deacetylase 1 [HDA1] complex) (22), and a complex 

containing a putative histone demethylase, DMM-1 (DNA methylation modulator 1) (23). The 

combined activities of these complexes are required for proper establishment and maintenance of 

heterochromatin domains in Neurospora. These domains include centromeres, subtelomeric 

regions, and hundreds of dispersed heterochromatin regions scattered throughout the genome 

(14, 15). 

Proper heterochromatin formation appears to be important for normal genome stability in 

several organisms, but how specific heterochromatin components contribute to genome 

maintenance is not well understood (4). In the fission yeast Schizosaccharomyces pombe, 

replication fork stalling is observed in heterochromatin domains (24), and Clr4
KMT1

 mutants, 

which lack H3K9me, exhibit high rates of illegitimate recombination within the repetitive 

ribosomal DNA (rDNA) locus (25). Cytological studies in Drosophila melanogasterrevealed that 

H3K9me-deficient mutants exhibit spontaneous double-strand breaks (DSBs) in heterochromatin 

domains (4, 26,–28). H3K9me may promote genome stability through recruitment of HP1, as 

HP1 homologs in Drosophila and mammals contribute to the DNA damage response pathway 

through both H3K9me-dependent and -independent mechanisms (29,–38). Recent work 

in Neurospora indicates that H3K9 methylation is important for genome maintenance in this 

fungus as well. DCDC-deficient mutants are hypersensitive to the DNA-damaging agent methyl 

methanesulfonate (MMS) (16), suggesting that H3K9 methylation may be important for DNA 

replication or DNA repair. To investigate this possibility further, we examined γH2A—a well-

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B21
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B22
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B23
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B14
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B15
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B4
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B24
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B25
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B4
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B26
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B27
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B27
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B29
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B30
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B30
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B16
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characterized marker of genotoxic stress—in wild-type strains and heterochromatin-deficient 

mutants. 

In response to DNA replication stress or DNA DSBs, the mammalian H2A variant 

H2A.X is phosphorylated by ATM or ATR kinase on a serine near the C terminus (serine-139). 

The resulting modified histone, referred to as γH2AX, acts to stabilize stalled replication forks 

and facilitate double-strand-break repair (39). Fungi lack an H2A.X variant, but the core H2A 

protein contains an H2A.X-like sequence near the C terminus (SQEL). Similar to the situation in 

mammals, this C-terminal serine is phosphorylated by ATM and ATR kinases (Tel1 and Mec1 

in Saccharomyces cerevisiae) to form γH2A in response to genotoxic stress (40). γH2A then 

recruits numerous chromatin-binding proteins to regulate genome stability (41). 

Because γH2A accumulates around stalled replication forks and DSBs, this modified histone is 

often used as a marker of genome instability (42,–45). In budding and fission yeasts, 

genomewide analyses revealed that γH2A is enriched in heterochromatin domains during 

unperturbed vegetative growth (43, 45). Budding yeast (S. cerevisiae) lacks conserved features 

of heterochromatin, such as H3K9 methylation and HP1, but in S. pombe, γH2A was found to 

colocalize with H3K9me and HP1 (45). In the S. pombe Clr4
KMT1

 mutant, γH2A enrichment was 

reduced in a heterochromatic region near the centromere and in a subtelomeric heterochromatin 

domain (45). In contrast, γH2A enrichment was unaffected in another heterochromatin domain, 

the silent mating-type locus. Thus, precisely how γH2A is directed to heterochromatin domains 

in either yeast species is not clear. In Drosophila, γH2A does not appear to be localized to 

heterochromatin domains in wild-type cells, but in H3K9-deficient mutants, high levels of γH2A 

are observed in heterochromatin domains, suggesting that heterochromatin-defective mutants 

suffer spontaneous DNA damage (26). In general, the functional and regulatory relationships 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B39
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B40
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B41
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B42
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B43
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B43
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B43
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B45
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B45
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B45
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B26
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between γH2A and heterochromatin are not well understood. We performed genomic, molecular, 

and cytological analyses of γH2A in Neurospora. We show that γH2A is a component of 

heterochromatin in Neurospora and that γH2A is significantly induced in a heterochromatin-

defective mutant under normal growth conditions. These data suggest that ATM or ATR kinase 

is hyperactivated in the absence of normal heterochromatin. We propose that a repressive 

chromatin structure at repetitive, A·T-rich DNA sequences is important for normal genome 

stability in Neurospora. 

 

Materials and methods  

Strains and growth media. 

All Neurospora strains used in this study are listed in Table S2.1 in the supplemental 

material. Strains were grown at 32°C in Vogel's minimal medium (VMM) with 1.5% sucrose 

(46). Liquid cultures were shaken at 150 rpm. Crosses were performed on modified synthetic 

cross medium (46). For plating assays, Neurospora conidia were plated on VMM with 2.0% 

sorbose, 0.5% fructose, and 0.5% glucose. Where relevant, plates included 200 μg/ml 

hygromycin or 400 μg/ml Basta (47). LB medium supplemented with either ampicillin (50 

μg/ml) or kanamycin (50 μg/ml) was used to grow Escherichia coliDH5α and XL1-Blue (48). 

Plasmids used for transformation were isolated using Qiagen miniprep kits. 

 

Construction of H3K9 mutants. 

Primers used for site-directed mutagenesis are listed in Table S2.2 in the supplemental 

material. Primers were designed using previously described criteria (49). H3K9 mutations to 

glutamine or arginine were introduced by PCR, using plasmid pK9L as the template (50, 51). 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B46
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B46
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B47
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B48
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B49
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B50
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B51
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Plasmids containing Neurospora H3K9 mutations to glutamine or arginine were linearized with 

XbaI and introduced into Neurospora strain XStF9.1 by electroporation. This recipient strain 

contains the H3 coding sequence from Fusarium graminearum in place of 

the Neurospora hH3 gene, as well as a deletion of mus-51. These features ensure that 

transformation leads to replacement of the entire F. graminearum hH3 gene with the 

altered Neurospora H3 sequence. Homokaryotic H3 replacement strains were obtained by 

crossing primary transformants to the wild type. H3 replacement was confirmed by Southern 

blotting, followed by PCR and sequencing of the integrated DNA. 

 

Molecular analyses. 

Neurospora transformation (52), DNA isolation (53), protein isolation, histone isolation, 

and Western blotting (54) were performed as previously described. Southern blotting was 

performed as described previously (55), except that probe synthesis, hybridization, and detection 

were carried out using a North2South chemiluminescence hybridization and detection kit 

(Thermo). Chemiluminescent blots were imaged using a ProteinSimple FluorChem E imager. 

Primers used to generate probe templates are listed in Table S2.2 in the supplemental material. 

Chromatin immunoprecipitation (ChIP) was performed using 5-hour-old germinating conidia. 

Fifty-milliliter cultures containing 5 × 10
6
 conidia/ml were grown for 5 h, and conidia were 

harvested by centrifugation. Conidia were washed once in phosphate-buffered saline (PBS), and 

chemical cross-linking was performed by incubating conidia in PBS containing 1% 

formaldehyde at room temperature on a rotating platform for 30 min. The reaction was quenched 

with 125 mM glycine. Conidia were washed with PBS twice and resuspended in lysis buffer (50 

mM HEPES, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% deoxycholate). For 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B52
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B53
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B54
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B55
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γH2A ChIP assays, the extraction buffer was supplemented with phosphatase inhibitor cocktail 

(Sigma). Chromatin was sheared by sonication, using an UltraSonic processor (duty cycle, 80; 

output, 3.5) (Heat System-Ultrasonics Inc.) to deliver 150 1-s pulses at 4°C. Lysates were 

centrifuged at 13,000 rpm for 5 min at 4°C. For γH2A-ChIP, 2 μl of anti-γH2A antibody 

(ab15083; Abcam) was used. For detection of H3K9 trimethylation (H3K9me3), 1 μl of antibody 

(Active Motif) was used. Protein A/G beads (20 μl) (sc-2003; Santa Cruz) were added to each 

sample. Following overnight incubation, beads were washed twice with 1 ml lysis buffer, once 

with lysis buffer containing 500 mM NaCl, once with 50 mM LiCl, and finally with TE (10 mM 

Tris-HCl, 1 mM EDTA). Bound chromatin was eluted in TES (50 mM Tris, pH 8.0, 10 mM 

EDTA, 1% SDS) at 65°C. Chromatin was de-cross-linked overnight at 65°C. The DNA was 

treated with RNase for 2 h at 50°C, treated with proteinase K for 2 h at 50°C, and extracted using 

phenol-chloroform. DNA pellets were washed with 70% ethanol and resuspended in TE buffer. 

Samples were then prepared for Illumina sequencing or subjected to analysis by quantitative 

real-time PCR. 

 

qPCR and Illumina sequencing. 

Primers used for quantitative PCR (qPCR) are listed in Table S2.2 in the supplemental 

material. DNAs obtained from ChIP assays were diluted 1:50 in H2O for input samples and 1:10 

in H2O for samples immunoprecipitated with H3K9me3, H3K4me2, or γH2A antibody. For 

PCR, iTaq Universal SYBR green Supermix (Bio-Rad) was mixed with specific primer pairs, 

and 1 μl of the diluted ChIP DNA was added. qPCR was performed using an iCycler IQ 

instrument (Bio-Rad). Statistical analyses were performed in Microsoft Excel. For Illumina 

sequencing, libraries were prepared using half of the total immunoprecipitated fraction following 
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the instructions supplied with Illumina Tru-seq kits, except that genomic DNA adaptors were 

diluted 1:100 prior to ligation. Illumina sequencing was performed using an Illumina Hi-Seq 

2000 genome analyzer at the University of Missouri DNA Core Laboratory. 

 

Data analysis. 

Sequence reads were mapped to the latest Neurospora genome annotation (version 12), 

available from the Neurospora genome database (11), by using bowtie2 (56). Read numbers 

were counted for 25-bp bins by using igvtools, and the read density was visualized using the 

Integrated Genome Viewer (IGV), available from the Broad Institute website (57, 58). We used 

IGV to normalize data to the total read number before plotting. To calculate normalized 

enrichment values, we created a custom feature annotation file containing genes, tRNAs, and 

DNA repeats. Repeated DNA sequences were identified by analyzing theNeurospora genome 

with RepeatScout (59). Repeat families were aligned to the Neurospora genome by using BLAT 

(60), and then coordinates were parsed using a custom perl script into a gene prediction format 

file that also contained coordinates for genes and tRNAs (downloaded from the Broad Institute 

genome database [11]). To calculate the normalized ChIP enrichment values (NLCS values) for 

each feature, we used EpiChIP software, which calculates enrichment values normalized for total 

read number and for length of the feature (61). Normalized H3K9me3, H3K4me3, and γH2A 

values for each feature were used to generate scatterplots and to calculate Pearson's correlation 

coefficients in Microsoft Excel. In addition, the NLCS values were used to plot the kernel 

density estimations for all features, genes, and repeats, using R (http://www.r-project.org). 

Where relevant, mapped reads were converted to bed format by use of bedtools software (62). 

Heterochromatin domains were classified as individual peaks by use of r-seg software 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B11
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B56
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(http://smithlabresearch.org/software/rseg/). The coordinates of H3K9me peaks are listed in 

Table S2.3 in the supplemental material. 

 

Immunofluorescence. 

For cytological analysis of γH2A, we adapted a method previously described 

forAspergillus nidulans (63). Conidia were inoculated into VMM containing 1.5% sucrose and 

incubated at 32°C for 12 h on coverslips or in an 8-well μ-Slide (Ibidi). Cells were fixed for 30 

min in a solution containing 3.5% formaldehyde, 5% dimethyl sulfoxide (DMSO), 25 mM 

EGTA, and 5 mM MgSO4. Fixed cells were washed with PBS three times, followed by a 90-min 

incubation in a 50% egg white solution containing 50 mM piperazine-N,N′-bis(2-ethanesulfonic 

acid) (PIPES), pH 6.7, 25 mM EGTA, 5 mM MgSO4, 1 mM dithiothreitol (DTT), and 1 mg/ml 

of lyticase (purified from Oerskovia xanthineolytica [64]; generously provided by Vincent Starai, 

University of Georgia). Cells were washed again with PBS and incubated overnight at 4°C in a 

PBS solution containing the primary antibody (1:200 dilution of the Abcam anti-γH2A antibody 

described above). Cells were washed three times with PBSA (PBS supplemented with 0.1% 

bovine serum albumin [BSA]) and incubated for 50 min at room temperature in PBS containing 

a 1:200 dilution of the secondary antibody [Alexa Fluor 488–goat anti-rabbit IgG(H+L); Life 

Technologies]. Cells were washed with PBSA three times prior to imaging. Microscopy was 

performed using a DeltaVision II microscope equipped with a Delta Vision standard filter set, 

which includes fluorescein isothiocyanate (FITC) and tetramethyl rhodamine isocyanate 

(TRITC) filters for green and red fluorescence acquisition, respectively. Quantitative analysis of 

fluorescence intensities was performed using Softworx 1.3 software (Applied Precision). 

 

http://smithlabresearch.org/software/rseg/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B63
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Nucleotide sequence accession numbers. 

Sequence data from this study are available through the NCBI Short Read Archives (accession 

no. SRP042169). 

 

Results 

γH2A is localized to heterochromatin domains in Neurospora crassa. 

γH2A is a functionally conserved modification of H2A that acts to stabilize replication 

forks and facilitate double-strand-break repair in fungi and animals (43,–45, 65). To determine if 

γH2A is enriched at specific genomic locations in the filamentous fungus Neurospora crassa, we 

performed ChIP of γH2A followed by high-throughput sequencing (ChIP-seq). We used a 

previously characterized anti-γH2A antibody that was specific for both yeast 

andNeurospora γH2A proteins (H2A proteins phosphorylated on serine-129 and serine-131, 

respectively) (66,67). We also performed ChIP-seq experiments to detect two well-characterized 

chromatin modifications, H3K4me2 and H3K9me3, which are molecular markers of 

euchromatin and heterochromatin, respectively. As expected, H3K4me2 was enriched in active 

genes, while H3K9me3 was localized to A·T-rich, gene-poor heterochromatin domains (Fig. 

1A). γH2A enrichment was highly correlated with heterochromatin domains identified by 

enriched H3K9 trimethylation (Fig. 2.1A and B); see Fig. S2.1 in the supplemental material). To 

validate the ChIP-seq results, we performed qPCR to examine γH2A at representative 

euchromatin (hH4 andcfp) and heterochromatin (8:A6 and 9:E1) domains. qPCR results were 

fully consistent with our ChIP-seq data, confirming that γH2A is a component of 

heterochromatin domains in Neurospora (Fig. 1C). To confirm that the γH2A antibody was 

specific, we performed ChIP experiments using a γH2A-deficient strain in which the single H2A 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B43
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B44
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B44
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B65
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B66
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B67
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/figure/F1/
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gene was replaced with an H2A allele containing a serine-131-to-alanine substitution (66). 

Heterochromatic domains were not enriched in the hH2A
S131A

 strain when qPCR analyses were 

performed for representative heterochromatic and euchromatic regions (Fig. 1C). Similarly, 

heterochromatin domains were not enriched when the entire γH2A immunoprecipitate fraction 

was assayed by ChIP-seq (Fig. 1A and B; see Fig. S2.1), demonstrating that the γH2A antibody 

was specific for phosphorylated H2A serine-131. 

To validate that γH2A is localized with H3K9me3 at divergent repeated sequences 

throughout the genome, we used EpiChIP software (61) to calculate the NLCS values for all 

features in the genome. Features included genes, tRNAs, and repeated DNA sequences. We 

generated a scatterplot to compare the NLCS values for H3K9me3 and γH2A or to compare 

H3K4me2 and γH2A in genes and repeats. H3K9me3 and γH2A were similarly enriched in 

repeats, while exhibiting low levels of enrichment in genes (Fig. 2.1D) (Pearson's correlation 

coefficient = 0.80). In contrast, H3K4me2 was enriched in many of the genes and exhibited no 

correlation with γH2A (Fig. 2.1D) (Pearson's correlation coefficient = −0.16). We also calculated 

the kernel density estimations to examine the relative frequencies of enriched and unenriched 

features for H3K4me2, H3K9me3, and γH2A. Plotting the kernel densities revealed a bimodal 

distribution for all three modifications. In each case, one peak corresponds to features with 

background levels of enrichment, while the second peak represents features enriched with the 

modification. We also plotted the kernel densities for genes or repeats alone. For H3K4me2, 

genes were distributed in two peaks, corresponding to background and enriched features, while 

repeats were distributed in a single background peak (see Fig. S2A in the supplemental material). 

For both H3K9me3 and γH2A, genes were distributed in a single peak corresponding to 

background enrichment. In contrast, repeats were distributed in a single peak corresponding to 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B66
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/figure/F1/
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enriched features (Fig. 2.2A and B). As expected, the kernel density estimation of γH2A 

enrichment in thehH2A
S131A

 strain produced a single peak corresponding to uniform background 

enrichment for all features across the genome (Fig. 2.2C). However, the enrichment value 

observed for repeats was slightly lower than that for genes due to a subtle bias against A·T-rich 

sequences observed in Illumina sequencing experiments (68, 69). Together, these data 

demonstrate that γH2A localizes to repeat-rich heterochromatin domains across 

the Neurospora genome. 

 

H3K9 methylation is required for normal γH2A localization. 

H3K9 methylation by DIM-5
KMT1

 is an early step in heterochromatin formation (50, 70). 

We were interested to learn if γH2A localization depends on DIM-5
KMT1

 or its enzymatic 

product, H3K9me3. We performed γH2A ChIP-seq experiments with adim-5 deletion strain and 

found that enrichment of γH2A was significantly reduced at all heterochromatin domains (see 

Fig. S2B in the supplemental material). Consistent with this apparent loss of enrichment, plotting 

the kernel density for γH2A enrichment in the dim-5 strain revealed a single peak corresponding 

to uniform background enrichment across the genome for all features. We performed qPCR to 

validate the ChIP-seq data for representative heterochromatin domains on linkage groups (LG) II 

and V (Fig. 2.2E). We used primers to test enrichment adjacent to each domain (regions 90-1 and 

230-1), at the edge of each domain (regions 90-2 and 230-2), and in the center of each domain 

(regions 90-3 and 230-3). qPCR data were fully consistent with the ChIP-seq data. γH2A 

enrichment was significantly reduced at both domains tested (peak 90 and peak 230) (see Table 

S3); however, a low level of γH2A in the center of the heterochromatin region remained (Fig. 

2.2F) (Student's t test; P < 0.008 for region 90-2, P < 0.008 for region 90-3, P < 0.0002 for 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/figure/F2/
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region 230-2, and P < 0.007 for region 230-3). Together, these data suggest that γH2A 

localization is altered in the dim-5 mutant strain. We next asked if γH2A enrichment depends on 

H3K9me3. It was previously reported that H3K9 is an essential residue in Neurospora, based on 

the observation that H3K9L mutants were not recovered from crosses in which the 

mutant hH3 allele was integrated at an ectopic locus (51). We constructed H3K9-to-arginine (R) 

and H3K9-to-glutamine (Q) replacement alleles, which mimic unacetylated and acetylated 

lysine, respectively. Homokaryons were obtained for both alleles, demonstrating that H3K9 is 

not essential (see Fig. S2.3 in the supplemental material). As expected, both H3K9 substitution 

strains lacked DNA methylation (see Fig. S3), indicating that heterochromatin formation was 

defective. Both strains also exhibited severe growth defects, similar to dim-5 strains (see Fig. 

S4). We next performed ChIP-seq experiments with these H3K9me3-deficient strains. Like the 

case in dim-5 strains, γH2A was no longer enriched in repetitive sequences in these mutants (Fig. 

2.3A and B). Loss of enrichment was evident across the entire genome (see Fig. S2C). Data for 

three representative heterochromatin regions are shown in Fig. 2.3B. We confirmed these data by 

performing ChIP-qPCR to assay γH2A enrichment at the 8:A6 heterochromatin region (Fig. 

2.3C) (Student's t test; P < 4 × 10
−5

 for the hH3
K9Q

 mutant and P < 1.5 × 10
−5

 for 

the hH3
K9R

 mutant). These data show that heterochromatin formation directed by DIM-5 is 

required for normal localization of γH2A. 

 

Normal γH2A localization depends on HP1. 

HP1 binds methylated H3K9 and functions as a molecular scaffold to recruit additional 

chromatin-modifying enzymes to heterochromatin domains (21). NeurosporaHP1 forms distinct 

complexes with the histone deacetylase HDA1 and the DNA methyltransferase (MTase) DIM-2 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B51
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(22, 54). To determine if HP1, HDA1, or DIM-2 is required for proper control of γH2A 

localization, we performed ChIP-qPCR experiments using deletion strains that lack these 

proteins. As expected based on prior work, enrichment of H3K9me3 was abolished at the 8:A6 

region in the hpo and hda-1 strains but not in the dim-2 strain. Similarly, γH2A was lost from the 

8:A6 region in the hpo and hda-1 strains but not in thedim-2 strain (Fig. 2.4A) 

(Student's t test; P < 0.0001 for the hpo strain and P < 1.0 × 10
−7

 for the hda-1 strain). We also 

performed qPCR to examine γH2A enrichment at the same representative regions on LGII and 

LGV as those examined above (peaks 90 and 230). For both regions, γH2A enrichment was lost 

at the edge of the heterochromatin domain in the hpo and hda-1 strains (Student's t test; P < 

0.001 for region 90-2 in thehpo strain, P <0.001 for region 90-2 in the hda-1 strain, P < 0.002 for 

region 230-2 in the hda-1 strain, and P< 0.003 for region 230-2 in the hpo strain). The dim-

2 strain exhibited a small decrease in γH2A enrichment at the edge of the LGV domain (region 

230-2), but the observed difference was not statistically significant. The dim-2 strain also failed 

to exhibit significant differences in the level of γH2A enrichment in the centers of these 

heterochromatin domains (Fig. 2.4B and C). Enrichment was slightly reduced in the centers of 

the LGII and LGV regions in the hda-1 strain (Fig. 2.4C) (Student's t test; P < 0.013 for region 

90-3 and P < 0.025 for region 230-3). Enrichment appeared to be slightly reduced in the middle 

of the LGV domain in the hpostrains, but this difference was not statistically significant (Fig. 

2.4C) (Student's t test; P < 0.17 for region 230-3). These data suggest that the HCHC complex 

contributes to normal localization of γH2A. However, the loss of enrichment in the HCHC-

deficient strains was less severe than that in the dim-5 mutants at the regions tested. This 

suggests that another H3K9me-binding protein may be important for normal γH2A localization. 

In contrast, DNA methylation is not required for γH2A enrichment at heterochromatin domains. 
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γH2A is not required for H3K9 methylation or DNA methylation. 

Since γH2A is enriched in heterochromatin domains, we tested the possibility that γH2A 

regulates H3K9me3 or DNA methylation. qPCR experiments revealed similar enrichments of 

H3K9me3 at the 8:A6 region in both wild-type andhH2A
S131A

 strains (Fig. 2.3C). To confirm 

this, we performed ChIP-seq experiments to examine H3K9me3 in the hH2A
S131A

 strain. These 

analyses revealed that H3K9 methylation patterns were qualitatively similar in the wild type and 

the hH2A
S131A

 strain (Fig. 2.5A). To next determine if γH2A was required for proper control of 

DNA methylation, genomic DNAs from the wild-type and hH2A
S131A

 strains were digested with 

the methylation-sensitive enzyme BfuCI and the methylation-insensitive isoschizomer DpnII. 

The digested DNAs were analyzed by Southern blotting to examine DNA methylation at known 

methylated regions (8:A6, 8:G3, and centromere VII) (71). The membrane was also probed for 

the unmethylated H3 gene to confirm that the DNAs had been digested completely. Wild-type 

patterns of DNA methylation were observed for all four loci (Fig. 2.5B). These data show that 

γH2A is not required for H3K9 trimethylation or cytosine DNA methylation. 

 

γH2A is induced in the dim-5 strain. 

We asked if the loss of γH2A enrichment observed in the dim-5 strain corresponded to a 

global reduction in γH2A levels. We isolated total histones from the wild-type, dim-5, 

andhH2A
S131A

 strains. As a control, we also isolated histones from the same strains following 

exposure to the DNA-damaging agent MMS, and we performed Western blotting to examine the 

level of γH2A in each strain. To ensure equal loading, gels were stained with Coomassie brilliant 

blue, and we performed Western blotting using antibodies that recognize H3K4me2, which was 

previously demonstrated to be unchanged in the dim-5 background (54). In the wild type, γH2A 
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levels are low in minimal medium, but exposure to MMS leads to induction of γH2A, as 

observed previously (66). In contrast, analysis of the dim-5 strain revealed that γH2A levels were 

significantly elevated in minimal medium (Student's t test; P = 0.02). γH2A levels remained high 

following exposure to MMS (Fig. 2.6). No signal was observed for the hH2A
S131A

 strain. 

These data appeared to be inconsistent with our ChIP-seq data, which suggested an 

apparent loss of enrichment in the dim-5, H3
K9R

, and H3
K9Q

 strains (Fig. 2.2 and 2.3). However, 

overall increased γH2A levels in euchromatin would also result in the loss of relative γH2A 

enrichment observed in H3K9me3-deficient strains. To test this possibility, we performed 

immunofluorescence assays to visualize γH2A localization in the wild-type and dim-5 strains. 

Both strains contained an H1-RFP reporter construct to enable visualization of nuclei. In wild-

type cells, the observed fluorescence was similar to that for the hH2A
S131A

 strain, consistent with 

the low levels of γH2A observed in Western blot experiments (Fig. 2.7A; see Fig. S4 in the 

supplemental material). In contrast, nuclei in dim-5 cells were intensely stained with the γH2A 

antibody (Fig. 2.7A). γH2A appeared to be enriched throughout dim-5 nuclei, although some 

nuclei displayed nonuniform γH2A staining (Fig. 2.7B). Immunofluorescence assays revealed 

that γH2A accumulated in wild-type nuclei following exposure to the DNA-damaging agent 

MMS (see Fig. S5), demonstrating that this method is able to detect elevated levels of γH2A in 

wild-type cells. We quantified green and red fluorescence in wild-type and dim-5 nuclei grown 

in minimal medium (Fig. 2.7C). These data confirmed that dim-5 strains exhibit a significant 

induction of γH2A under normal growth conditions, consistent with defective DNA replication 

or repair in these strains. We next asked if γH2A misregulation is responsible for the drug 

sensitivity of dim-5 strains. We tested colony survival of wild-type, dim-5, hH2A
S131A

, and dim-

5;hH2A
S131A

 strains on MMS and the topoisomerase inhibitor camptothecin. Double-mutant 
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strains were more sensitive than either single mutant, suggesting that DIM-5 regulates additional 

factors, along with γH2A, to promote proper DNA replication or repair (see Fig. S6). 

 

Discussion  

γH2A associates with heterochromatin in Neurospora. 

We found that γH2A is a component of heterochromatin domains in wild-

type Neurospora cells. Similar results were observed in S. cerevisiae and S. pombe (43, 45, 72), 

suggesting that γH2A is a conserved heterochromatin component in fungi, or at least in the 

ascomycetes. These data raise the possibility that γH2A is enriched in heterochromatin in other 

eukaryotes as well. Like the case in other organisms that have been studied, Neurospora γH2A is 

generated by ATM and ATR kinases in response to replication stress or DNA damage (66, 67). 

The MRN complex (Mre11, Rad50, and Nbs1) orchestrates ATM recruitment and activation at 

double-strand breaks (73, 74), while ATR is activated by accumulation of single-stranded DNA 

(ssDNA) (75). Because ssDNA can accumulate during various repair processes, ATR is able to 

respond to a variety of different types of DNA damage and genotoxic stresses. For example, 

ssDNA is generated during end resection of a double-strand break and at stalled replication 

forks, where the replicative helicase is thought to become uncoupled from DNA polymerase 

(76). It is possible that the heterochromatin structure leads to stalled replication forks in the wild 

type, thereby activating ATR kinase. Studies from S. cerevisiae show that γH2A overlaps regions 

that stall replication forks, including heterochromatin domains, and that recruitment of γH2A to 

heterochromatin depends on Sir3 (43, 72, 77). In S. pombe, heterochromatin-associated γH2A 

depends on the checkpoint kinase RAD3 (a homolog of ATR) (45). Certain DNA-binding 

proteins can inhibit replication fork progression (5). Thus, the tightly packaged nucleosomes 
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found in heterochromatin may act as a natural impediment to replication forks. Indeed, analysis 

of replication intermediates by two-dimensional gel electrophoresis revealed stalled replication 

forks in heterochromatin domains of wild-type S. pombe cells (24). However, it remains possible 

that H2A kinases, such as ATR and ATM, are recruited directly to heterochromatin domains. 

Further studies are needed to determine the mechanisms responsible for γH2A deposition in 

heterochromatin in wild-type cells. 

In yeasts and animals, γH2A functions as a signal to recruit proteins that stabilize stalled 

replication forks or regulate DNA repair (41, 78, 79). For example, S. pombe Brc1 binds to 

γH2A via its BRCT domains to enable recovery from replication stress 

(78). Neurospora heterochromatin domains are comprised of AT-rich repetitive sequences that 

can adopt non-B-form DNA structures, such as cruciforms or hairpins. Such structures are 

known to stall replication forks in bacterial, yeast, and mammalian cells (80). It is therefore 

possible that γH2A functions to recruit proteins to stabilize replication forks that encounter 

natural sequence impediments found in heterochromatin domains. On the other hand, repeated 

DNA sequences can also provide substrates for illegitimate recombination, leading to 

chromosome rearrangements. Work withDrosophila revealed distinct DSB repair mechanisms in 

heterochromatin and euchromatin (32). TheNeurospora dim-5 mutant exhibits elevated rates of 

illegitimate recombination between heterochromatin-associated transgenes arranged in tandem 

(81). Thus, γH2A may recruit proteins to regulate the type of DNA repair that occurs in 

heterochromatin. The mammalian γH2A-binding protein PTIP binds 53BP1 to suppress 

homologous recombination (HR) and promote nonhomologous end joining (NHEJ) (82, 83), 

consistent with this possibility. The Neurospora genome encodes 10 BRCT domain-containing 
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proteins (11). Future studies are required to determine if any of these proteins are localized to 

heterochromatin and, if so, what functions they might perform at these genomic regions. 

While γH2A is best known for its response to replication stress and DNA damage, it is possible 

that this modified histone performs other functions at heterochromatin domains. Recent work 

with S. cerevisiaesuggested that γH2A is important for long-range interactions between silent 

mating-type loci (77), raising the possibility that γH2A contributes to three-dimensional 

organization of the nucleus. On the other hand, γH2A may play a role in transcriptional 

silencing. The mammalian γH2A-binding protein MDC1 (mediator of DNA damage checkpoint 

1) appears to be important for silencing sex chromosomes during male meiosis (84). In S. 

cerevisiae, the homolog of Brc1, Esc4/Rtt107, was implicated in silencing because it binds to the 

silencing protein SIR3 (85). In S. pombe, the γH2A-binding protein Brc1 is required for normal 

transcriptional silencing of a reporter gene embedded in pericentromeric heterochromatin (86). It 

is likely, however, that this protein contributes to silencing independently of γH2A, as γH2A 

itself is not required for silencing or for normal heterochromatin formation in S. pombe (45). We 

found that γH2A is not required for normal H3K9me3 or DNA methylation in Neurospora, 

demonstrating that heterochromatin formation does not depend on phosphorylation of H2A 

serine-131. In particular, we found that DNA methylation at the 8:A6 region is not affected in 

the Neurospora H2A
S131A

 mutant. This result suggests that γH2A is not required for 

transcriptional silencing, because this locus frequently loses DNA methylation in mutants that 

affect transcriptional silencing (15, 22, 54). 
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Heterochromatin formation is required for normal genome stability in Neurospora. 

The DCDC complex is required for growth on the DNA-damaging agent MMS (16), 

suggesting that this complex is required for normal DNA replication or repair. In this study, we 

found that Δdim-5 strains have high levels of γH2A during normal replicative growth. These data 

suggest that Δdim-5 strains suffer spontaneous DNA damage during replication, perhaps due to 

frequent replication fork collapse. γH2A in S. cerevisiae and S. pombe heterochromatin-deficient 

mutants has been analyzed by ChIP. S. cerevisiae sir3 mutants show reduced enrichment of 

γH2A in heterochromatin (72), and for S. pombe, it was reported that γH2A enrichment in 

centromeres and subtelomeric regions depends on Clr4, a homolog of DIM-5
KMT1

 (45, 87). 

Based on the results obtained with S. pombe, it was suggested that H3K9 methylation by Clr4 is 

required for γH2A deposition in heterochromatin. Similarly, we observed reduced enrichment of 

γH2A at heterochromatin domains in the Δdim-5 strain. Taken together, our results suggest that 

heterochromatin-deficient Neurospora mutants do not exhibit reduced γH2A in heterochromatin 

but, rather, display elevated levels of γH2A throughout the genome. This interpretation is fully 

consistent with our global analyses of γH2A by Western blotting and immunofluorescence 

assays, as well as with our ChIP-seq analyses. It is possible that S. pombe heterochromatin 

mutants display a similar induction of γH2A. The reported loss of heterochromatin-associated 

γH2A in Clr4 mutants was determined by normalizing γH2A enrichment in heterochromatin 

domains to a euchromatic control locus. Thus, in S. pombe, loss of enrichment may result from 

increased γH2A in euchromatin, as observed in our experiments. This would be consistent with 

recent work showing that heterochromatin components are required for proper genome integrity 

of centromeres in the absence of fork stability components (88). 
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In Drosophila mutants lacking the DIM-5 homolog Su(var)3-9, γH2A is induced in foci 

that colocalize with heterochromatin (26, 27). Our results show that γH2A is dramatically 

induced in the dim-5 strain and appears to be found throughout the nucleus. Given that γH2A is 

induced by stalled replication forks and by DSBs, these data suggest that DIM-5 is required for 

DNA replication or repair in Neurospora. This interpretation is supported by previous work 

demonstrating that DIM-5-deficient cells are hypersensitive to the DNA-damaging agent MMS 

(16). It is possible that DIM-5 is a global regulator of genome stability. However, γH2A is 

deposited in extremely large domains around DSBs (0.5 to 2 Mb in human cells) (42). In yeast, 

γH2A can spread to the undamaged domains close to the site of damage both in cis and in trans, 

presumably because ATR modifies serine-129 of H2A in close proximity (89). Our results may 

indicate that the Δdim-5strain accumulates DSBs in heterochromatin domains, leading to 

massive spread of γH2A into euchromatin. Such a model is supported by recent analyses 

of Drosophila mutants defective for H3K9 methylation (4, 26,27). These Drosophila mutants 

exhibit spontaneous DNA damage, including double-strand breaks, and suffer frequent genome 

rearrangements. These defects are presumably due to defective replication of heterochromatin-

associated repeat sequences. Future studies are required to determine how heterochromatin might 

function to preserve genome integrity. The Neurospora genome includes abundant 

heterochromatin domains that share important molecular features with higher eukaryotes. Given 

these similarities with other eukaryotes, future work with Neurospora is likely to lead to 

important insights regarding the relationships between heterochromatin and genome 

maintenance. 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B26
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B27
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B16
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B42
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B89
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B4
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B26
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4135800/#B27


 

55 

Acknowledgements 

 We thank Shin Hatakeyama and Shuuitsu Tanaka at Saitama University for providing 

the H2A
S131A

 strain. This work was funded in part by a grant to Z.A.L. from the March of Dimes 

Foundation (grant 5-FY14-89) and by a grant to M.F. from the National Institutes of Health 

(grant GM097637). 

 

 

 

 

 

 



 

56 

 

Figure 2.1 γH2A is a heterochromatin component in Neurospora. (A) ChIP-seq enrichment 

across Linkage Group VII is shown for H3K4me2, H3K9me3, and γH2A in the wildtype strain 

and for γH2A in the negative control hH2A
S131A 

strain. The strain is indicated on the left of the 

histogram and the antibody used to perform ChIP-seq is indicated on the right. The positions of 

genes (grey) and degenerate DNA repeats (red) are shown at the bottom of the plot. The scale bar 

at the top indicates 0.1 Mb. (B) ChIP-seq enrichment patterns for representative heterochromatin 

(8:A6 and 9:E1) and euchromatin (H4 and CFP) domains are shown. The scale bar indicates 5 

kb. Genes are shown in grey beneath each plot. The positions of PCR amplicons used to validate 

enrichment are indicated with a black line beneath each plot. (C) Quantitative real time-PCR 
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analysis of the representative regions shown in B. The relative enrichment of 8:A6, 9:E1, and cfp 

was determined by normalizing the indicated region to the hH4 gene. (D) Scatter plots 

comparing enrichment of γH2A and H3K9me3 (left) or γH2A and H3K4me2 (right) are shown. 

The normalized ChIP enrichment value (NLCS) obtained for the indicated antibody was plotted 

for each genomic feature. Genes and tRNAs are shown in grey and repeats are shown in red. 
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Figure 2.2 Enrichment of γH2A depends on DIM-5. (A - D) The distribution (kernel density 

estimation; density) of normalized read counts (NLCS) is shown for all genomic features (genes 

and repeats; black), genes only (grey), and repeats only (red). In wildtype, two peaks are 

observed for both H3K9me3 and γH2A, corresponding to features with background signal (‘‘B’’; 

genes) and features enriched for the modification (‘‘E’’; repeats). In hH2A
S131A

 and Δdim-5 

strains, all features exhibit background levels of γH2A enrichment. (E) ChIP-seq data for 

H3K9me3 and γH2A are shown for wildtype, Δdim-5, and hH2A
S131A 

strains at two 

representative regions. The strain is indicated on the left of the histogram, and the antibody used 
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to perform ChIP-seq is indicated on the right. The scale bar indicates 10 kb. Genes are shown in 

grey beneath each plot. The positions of PCR amplicons used to validate the ChIP-seq 

experiment are indicated with a black line beneath the plot. (F) γH2A ChIP samples were 

subjected to qPCR to analyze enrichment at each of the amplicons shown in E. Relative 

enrichment was determined by normalizing the enrichment value at each region to the 

euchromatic flank adjacent to each peak (90-1 or 230-1).   
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Figure 2.3 H3K9me3 is required for γH2A enrichment. (A) The distribution (kernel density 

estimation; density) of normalized read counts (NLCS) is shown for all genomic features (genes 

and repeats), genes only, and repeats only for strains harboring H3K9 substitution alleles. In both 

strains, all features display equivalent background levels of γH2A enrichment. (B) ChIP-seq data 

for γH2A are shown for wildtype, Δdim-5, and two strains harboring H3K9 substitution alleles at 

two representative regions (peak 90 and peak 230). A scale bar at the top of each graph indicates 

the size of the region plotted. Genes are shown in grey beneath each plot. The position of the 

8:A6 PCR amplicon used to validate the ChIP-seq experiment is indicated with a black line 
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beneath the plot. (C) γH2A ChIP samples were subjected to qPCR to analyze enrichment at the 

8:A6 region. Relative enrichment was determined by normalizing the enrichment value at 8:A6 

to the hH4 gene.   
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Figure 2.4 Heterochromatin formation is independent of γH2A. (A) ChIP-seq enrichment 

across Linkage Group VII is shown for H3K9me3 in the wildtype strain and the hH2A
S131A 

strain. 

The strain is indicated on the left of the histogram. Genes are shown in grey and degenerate 

DNA repeats are shown in black at the bottom of the plot. (B) Genomic DNA from wildtype, 

-5, and hH2A
S131A

 was digested with methylation-sensitive and -insensitive isoschizomers 

DpnII (“D”) and BfuCI (“B”). Cytosine methylation levels were analyzed by visualizing digested 

DNA with Ethidium Bromide (EtBr) and by probing Southern blots with the indicated 

methylated (8:A6, 8:G3, and CenVII), and unmethylated (hH3) regions. 
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Figure 2.5  γH2A enrichment is reduced in the hpo and hda-1 strains. ChIP was performed 

for the indicated strains using antibodies to H3K9me3 (left) and γH2A (right). Relative 

enrichment levels were determined by qPCR at the 8:A6 region (A) and at sites within and 

adjacent to peak 90 (B) and peak 230 (C). Enrichment at 8:A6 is shown relative to the 

euchromatic hH4 gene. Enrichment in peak 90 and 230 is shown relative to the euchromatin 

region adjacent to each peak (PCR amplicon 90-1 and 230-1, respectively). 
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Figure 2.6 γH2A levels are elevated in the Δdim-5 strain. (A) Histones were isolated from the 

indicated strains grown in VMM or VMM + MMS and subjected to western blot analyses for 

γH2A. Western blots were also performed using antibodies to H3K4me2, which serves as a 

loading control. (B) The levels of γH2A for each strain were determined by densitometry and 

normalized to H3K4me2 for each strain grown in VMM and VMM+MMS medium. 
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Figure 2.7 γH2A levels are elevated throughout Δdim-5 nuclei. (A) Immunofluorescence of 

γH2A is shown for wildtype and Δdim-5 cells. Both strains are expressing an H1-dTomato fusion 

protein to allow visualization of nuclei (H1-RFP). Scale bars indicate 10μm. (B) 

Immunofluorescence data for three individual nuclei from each strain are shown. Scale bars 

indicate 1μm. (C) Red and green fluorescence was quantified for three representative nuclei 

using the SoftWorx Explorer “line profile” tool. The plots show fluorescence intensity measured 

along a 4μm line drawn across the center of the nucleus. 
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Figure S2.1 γH2A localizes with H3K9me3 to heterochromatin domains across the entire 

genome. ChIP-seq data for the seven Neurospora Linkage Groups were plotted with circos 

software. Chromosomes are plotted in different colors on the outside of the circle. Tick mark 

labels indicate each Megabases along the chromosomes. From outside moving toward the center, 

genes (black) and repeats (red) are shown, followed by histograms depicting wildtype 

enrichment patterns of K3K4me3 (pink), H3K9me3 (blue), and γH2A (red). The inner-most 

circle shows ChIP-seq enrichment data for the γH2A-deficient negative control strain, hH2A
S131A

. 
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Figure S2.2 (A) H3K4me2 is enriched in a subset of genes, but not in repeats. (A) The 

distribution (kernel density estimation; density) of normalized read counts(NLCS) for H3K4me2 

is shown for all genomic features (genes and repeats), genes only, and repeats only. Two peaks 

are observed corresponding to background enrichment (‘‘B’’) and enriched features. (B) DIM-5 

and H3K9 methylation are required for normal γH2A localization. ChIP-seq data for the 

seven Neurospora Linkage Groups were plotted with circos software. Chromosomes are plotted 

in different colors on the outside of the circle. Tick mark labels indicate each Megabases along 

the chromosomes. From outside moving toward the center, genes (black) and repeats (red) are 

shown, followed by histograms depicting enrichment patterns of wildtype H3K9me3 (1; blue), 

wildtype γH2A (2; red), hH2AS131A γH2A (3; red), and Δdim-5 γH2A (4; red). (C) From 
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outside moving toward the center, genes (black) and repeats (red) are shown, followed by 

histograms depicting enrichment patterns of wildtype H3K9me3 (1; blue), wildtype γH2A (2; 

red), hH2AS131A.  
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Figure S2.3 Strategy to introduce H3K9 substitution alleles into the native hH3 locus. (A) A 

schematic diagram of experimental procedure is shown. The recipient Neurospora strain contains 

H3 coding sequence from Fusarium graminearum at the Neurospora hH3 locus and a deletion of 

the Neurospora mus-51 gene. The DNA sequence of Fg hH3 is different from Neurospora hH3, 

and thereby prevents recombination within coding sequence. Thus, most transformants are the 

result of a complete replacement of the Fg hH3 sequence with the engineered hH3 allele and the 

3’ hygromycin-resistance cassette. (B) Genotyping by Southern blot. Genomic DNA was 

digestedby the indicated restriction enzymes overnight and run on 0.8% DNA gel. DNA was 

transfered to aNylon membrane and crosslinked by UV. Probes specific for hH3 was used to 
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confirm single-copyinsertion of hH3 in genome and probes for 8:A6 was used to test for DNA 

methylation at this heterochromatin locus. 
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Figure S2.4 Growth of H3K9 substitution mutants on Vogel’s minimal media. Conidia were 

spotted in the center of the plate and grown at 32 ˚C for 30 hrs. Pictures were taken using the 

FluorChem E Imager. 
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Figure S2.5 γH2A is induced in wildtype nuclei after induction with MMS Strains. Strains 

were grown in VMM for 15 hrs at 32 °C. MMS was added to yield a final concentration of 

0.015%, and cells were grown for an additional 3 hours before fixation. Immunofluorescence 

analysis of γH2A revealed induction following MMS treatment in the wildype cells. 
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Figure S2.6. Δdim-5; hH2A
S131A

 double mutants exhibit increased sensitivity to DNA 

damaging agents. Spores were plated on media with increasing concentrations of genotoxic 

agent (MMS or camptothecin) and % Survival was determined as the number of colony forming 

units. 
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Table S2.1 

Strains used in this study 
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Table S2.2 

Primers used in this study 
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Table S2.3 

 

Genomic locations of H3K9me3-enriched domains identified by R-seg software. 

 

Peak # Contig Peak Start Peak Stop 

1 Supercontig_12.1 0 1500 

2 Supercontig_12.1 21000 34500 

3 Supercontig_12.1 62700 89400 

4 Supercontig_12.1 199200 208800 

5 Supercontig_12.1 266400 289200 

6 Supercontig_12.1 384000 385500 

7 Supercontig_12.1 669900 697200 

8 Supercontig_12.1 872100 925200 

9 Supercontig_12.1 1182000 1186500 

10 Supercontig_12.1 1219200 1229700 

11 Supercontig_12.1 1337100 1350000 

12 Supercontig_12.1 2273100 2343000 

13 Supercontig_12.1 2381400 2404800 

14 Supercontig_12.1 3062100 3065700 

15 Supercontig_12.1 3378300 3378900 

16 Supercontig_12.1 3476400 3495600 

17 Supercontig_12.1 3552600 3566400 

18 Supercontig_12.1 3579300 3580500 

19 Supercontig_12.1 3595200 3638400 

20 Supercontig_12.1 3640500 3664500 

21 Supercontig_12.1 3679800 3698100 

22 Supercontig_12.1 3699900 3709200 

23 Supercontig_12.1 3714000 3730200 

24 Supercontig_12.1 3735000 3972900 

25 Supercontig_12.1 3974400 3987000 

26 Supercontig_12.1 4005000 4007400 

27 Supercontig_12.1 4009500 4040700 

28 Supercontig_12.1 4042800 4098900 

29 Supercontig_12.1 4162200 4167000 

30 Supercontig_12.1 4169700 4195800 

31 Supercontig_12.1 4212600 4214700 

32 Supercontig_12.1 4314000 4356000 

33 Supercontig_12.1 4375500 4377000 

34 Supercontig_12.1 4531200 4544400 

35 Supercontig_12.1 4878300 4883100 

36 Supercontig_12.1 4923300 4925400 
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37 Supercontig_12.1 5006400 5010900 

38 Supercontig_12.1 5078100 5082600 

39 Supercontig_12.1 5262900 5265300 

40 Supercontig_12.1 5317500 5340300 

41 Supercontig_12.1 5394600 5400300 

42 Supercontig_12.1 5481900 5499900 

43 Supercontig_12.1 5529600 5545500 

44 Supercontig_12.1 5734500 5773200 

45 Supercontig_12.1 5805000 5808900 

46 Supercontig_12.1 5919600 5944800 

47 Supercontig_12.1 5955000 5977200 

48 Supercontig_12.1 6197100 6200400 

49 Supercontig_12.1 6249300 6262800 

50 Supercontig_12.1 6298200 6330000 

51 Supercontig_12.1 6331200 6333600 

52 Supercontig_12.1 6383100 6458700 

53 Supercontig_12.1 6469800 6474600 

54 Supercontig_12.1 6501600 6505200 

55 Supercontig_12.1 6520800 6528900 

56 Supercontig_12.1 6600000 6601200 

57 Supercontig_12.1 6998100 7002900 

58 Supercontig_12.1 7373400 7374000 

59 Supercontig_12.1 7423500 7427100 

60 Supercontig_12.1 7506600 7511700 

61 Supercontig_12.1 7710900 7712700 

62 Supercontig_12.1 8226900 8267400 

63 Supercontig_12.1 8279100 8293200 

64 Supercontig_12.1 8893800 8895300 

65 Supercontig_12.1 8991900 9000300 

66 Supercontig_12.1 9163200 9175200 

67 Supercontig_12.1 9286800 9337500 

68 Supercontig_12.1 9358500 9360000 

69 Supercontig_12.1 9406800 9408000 

70 Supercontig_12.1 9481200 9515400 

71 Supercontig_12.1 9697500 9701100 

72 Supercontig_12.1 9705600 9758700 

73 Supercontig_12.1 9772200 9798900 

74 Supercontig_12.2 0 9000 

75 Supercontig_12.2 12900 16500 

76 Supercontig_12.2 108300 147600 

77 Supercontig_12.2 390600 401100 
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78 Supercontig_12.2 516000 518400 

79 Supercontig_12.2 572400 577500 

80 Supercontig_12.2 684600 688500 

81 Supercontig_12.2 699900 708300 

82 Supercontig_12.2 874200 883200 

83 Supercontig_12.2 1016100 1020900 

84 Supercontig_12.2 1066200 1077000 

85 Supercontig_12.2 1093500 1151400 

86 Supercontig_12.2 1155000 1366500 

87 Supercontig_12.2 1437000 1443000 

88 Supercontig_12.2 1720500 1734600 

89 Supercontig_12.2 1989300 2002200 

90 Supercontig_12.2 2113200 2171100 

91 Supercontig_12.2 2231400 2233800 

92 Supercontig_12.2 2790900 2791500 

93 Supercontig_12.2 2795400 2796300 

94 Supercontig_12.2 2848500 2853600 

95 Supercontig_12.2 2902500 2921400 

96 Supercontig_12.2 3245700 3248100 

97 Supercontig_12.2 3302700 3321600 

98 Supercontig_12.2 3366000 3388500 

99 Supercontig_12.2 3493200 3503100 

100 Supercontig_12.2 3601800 3712800 

101 Supercontig_12.2 3888600 3936600 

102 Supercontig_12.2 4098300 4121400 

103 Supercontig_12.2 4138500 4146000 

104 Supercontig_12.2 4152600 4159200 

105 Supercontig_12.2 4178400 4179600 

106 Supercontig_12.2 4205700 4209600 

107 Supercontig_12.2 4241400 4262700 

108 Supercontig_12.2 4344600 4359900 

109 Supercontig_12.2 4469700 4478700 

110 Supercontig_12.20 0 1500 

111 Supercontig_12.3 0 9600 

112 Supercontig_12.3 61500 78300 

113 Supercontig_12.3 132900 147900 

114 Supercontig_12.3 180600 189000 

115 Supercontig_12.3 267300 268800 

116 Supercontig_12.3 301800 327900 

117 Supercontig_12.3 346800 381300 

118 Supercontig_12.3 430500 448500 
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119 Supercontig_12.3 474300 486600 

120 Supercontig_12.3 563700 568200 

121 Supercontig_12.3 672300 673200 

122 Supercontig_12.3 683400 965700 

123 Supercontig_12.3 1041900 1059600 

124 Supercontig_12.3 1252200 1274700 

125 Supercontig_12.3 1339800 1346400 

126 Supercontig_12.3 1386600 1390200 

127 Supercontig_12.3 1702200 1749900 

128 Supercontig_12.3 1814400 1817100 

129 Supercontig_12.3 2184900 2237100 

130 Supercontig_12.3 2288400 2296500 

131 Supercontig_12.3 2423400 2444700 

132 Supercontig_12.3 2759700 2763600 

133 Supercontig_12.3 2820900 2833500 

134 Supercontig_12.3 2880900 2891100 

135 Supercontig_12.3 2965500 2973900 

136 Supercontig_12.3 3518400 3522000 

137 Supercontig_12.3 3555600 3560400 

138 Supercontig_12.3 3577800 3579000 

139 Supercontig_12.3 4073100 4095900 

140 Supercontig_12.3 4255200 4282200 

141 Supercontig_12.3 4527900 4532700 

142 Supercontig_12.3 4578300 4596900 

143 Supercontig_12.3 4828200 4857300 

144 Supercontig_12.3 5045700 5050500 

145 Supercontig_12.3 5062200 5088600 

146 Supercontig_12.3 5207100 5214900 

147 Supercontig_12.3 5271300 5274600 

148 Supercontig_12.4 0 1800 

149 Supercontig_12.4 36600 47400 

150 Supercontig_12.4 113400 141600 

151 Supercontig_12.4 363300 373500 

152 Supercontig_12.4 440100 444600 

153 Supercontig_12.4 445200 455400 

154 Supercontig_12.4 874200 1088700 

155 Supercontig_12.4 1107000 1112100 

156 Supercontig_12.4 1125000 1174200 

157 Supercontig_12.4 1272900 1275300 

158 Supercontig_12.4 1417800 1420500 

159 Supercontig_12.4 1443000 1484700 
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160 Supercontig_12.4 1697100 1699800 

161 Supercontig_12.4 1761000 1762200 

162 Supercontig_12.4 1880700 1932600 

163 Supercontig_12.4 2018100 2051400 

164 Supercontig_12.4 2336100 2379600 

165 Supercontig_12.4 2388300 2393400 

166 Supercontig_12.4 2544900 2547600 

167 Supercontig_12.4 2608200 2623200 

168 Supercontig_12.4 2660400 2665200 

169 Supercontig_12.4 2710500 2714400 

170 Supercontig_12.4 2718000 2738100 

171 Supercontig_12.4 2997000 2999700 

172 Supercontig_12.4 3052200 3083700 

173 Supercontig_12.4 3743100 3770400 

174 Supercontig_12.4 4031400 4064100 

175 Supercontig_12.4 4167900 4180500 

176 Supercontig_12.4 4230600 4241100 

177 Supercontig_12.4 4250100 4301700 

178 Supercontig_12.4 4386900 4389600 

179 Supercontig_12.4 4448100 4459800 

180 Supercontig_12.4 4481400 4484400 

181 Supercontig_12.4 4625100 4660500 

182 Supercontig_12.4 4768800 4772700 

183 Supercontig_12.4 5017500 5038500 

184 Supercontig_12.4 5209500 5249400 

185 Supercontig_12.4 5307900 5332200 

186 Supercontig_12.4 5847600 5848800 

187 Supercontig_12.4 5853000 5865600 

188 Supercontig_12.4 5871600 5878800 

189 Supercontig_12.4 5887800 5889300 

190 Supercontig_12.4 5914200 5928600 

191 Supercontig_12.4 5929800 5937600 

192 Supercontig_12.4 5950800 6000600 

193 Supercontig_12.5 0 19200 

194 Supercontig_12.5 146400 147900 

195 Supercontig_12.5 176700 196800 

196 Supercontig_12.5 254400 266700 

197 Supercontig_12.5 492900 508500 

198 Supercontig_12.5 580500 615000 

199 Supercontig_12.5 780900 796800 

200 Supercontig_12.5 851100 856200 
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201 Supercontig_12.5 891000 1219200 

202 Supercontig_12.5 1224000 1228200 

203 Supercontig_12.5 1300800 1311900 

204 Supercontig_12.5 1428600 1433400 

205 Supercontig_12.5 1689300 1701900 

206 Supercontig_12.5 1752900 1767900 

207 Supercontig_12.5 1989900 1992600 

208 Supercontig_12.5 2204400 2208300 

209 Supercontig_12.5 2277900 2282400 

210 Supercontig_12.5 2505600 2507100 

211 Supercontig_12.5 2593500 2625900 

212 Supercontig_12.5 2658900 2660700 

213 Supercontig_12.5 2810700 2812200 

214 Supercontig_12.5 2832600 2833500 

215 Supercontig_12.5 3432300 3447900 

216 Supercontig_12.5 3850800 3853200 

217 Supercontig_12.5 3906900 3932100 

218 Supercontig_12.5 4033200 4065900 

219 Supercontig_12.5 4092900 4095600 

220 Supercontig_12.5 4159200 4170900 

221 Supercontig_12.5 4235100 4249500 

222 Supercontig_12.5 4441500 4472700 

223 Supercontig_12.5 4506600 4520100 

224 Supercontig_12.5 4782900 4800600 

225 Supercontig_12.5 5227200 5237400 

226 Supercontig_12.5 5406300 5420700 

227 Supercontig_12.5 5655900 5697600 

228 Supercontig_12.5 5699400 5713500 

229 Supercontig_12.5 5850300 5851800 

230 Supercontig_12.5 5891100 5917200 

231 Supercontig_12.5 5980500 6021900 

232 Supercontig_12.5 6066900 6081600 

233 Supercontig_12.5 6104400 6112800 

234 Supercontig_12.5 6139800 6152100 

235 Supercontig_12.5 6178200 6191100 

236 Supercontig_12.5 6389100 6392100 

237 Supercontig_12.5 6433800 6436200 

238 Supercontig_12.6 0 1800 

239 Supercontig_12.6 95700 99900 

240 Supercontig_12.6 105000 120600 

241 Supercontig_12.6 268800 275400 
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242 Supercontig_12.6 361500 391500 

243 Supercontig_12.6 432900 444600 

244 Supercontig_12.6 501300 506100 

245 Supercontig_12.6 555900 560700 

246 Supercontig_12.6 1069500 1088400 

247 Supercontig_12.6 1171800 1193400 

248 Supercontig_12.6 1329300 1339800 

249 Supercontig_12.6 1756200 1760700 

250 Supercontig_12.6 1765800 1777200 

251 Supercontig_12.6 1794600 1824000 

252 Supercontig_12.6 1843200 1865700 

253 Supercontig_12.6 1867800 1874400 

254 Supercontig_12.6 1904700 1908600 

255 Supercontig_12.6 1935000 1958700 

256 Supercontig_12.6 1983300 1991100 

257 Supercontig_12.6 2031600 2032800 

258 Supercontig_12.6 2384100 2387700 

259 Supercontig_12.6 2419800 2423700 

260 Supercontig_12.6 2724300 2747400 

261 Supercontig_12.6 2783700 3080700 

262 Supercontig_12.6 3237000 3240900 

263 Supercontig_12.6 3334800 3339300 

264 Supercontig_12.6 3406800 3415500 

265 Supercontig_12.6 3415800 3420900 

266 Supercontig_12.6 3488700 3493200 

267 Supercontig_12.6 3507000 3538200 

268 Supercontig_12.6 3630900 3645900 

269 Supercontig_12.6 3781500 3794400 

270 Supercontig_12.6 4010700 4020300 

271 Supercontig_12.6 4067100 4071000 

272 Supercontig_12.6 4162500 4218300 

273 Supercontig_12.7 0 1800 

274 Supercontig_12.7 49200 51000 

275 Supercontig_12.7 78600 83400 

276 Supercontig_12.7 135600 153000 

277 Supercontig_12.7 185700 193200 

278 Supercontig_12.7 259500 264300 

279 Supercontig_12.7 273900 292800 

280 Supercontig_12.7 326400 352500 

281 Supercontig_12.7 502200 525900 

282 Supercontig_12.7 610200 624000 
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283 Supercontig_12.7 810600 818100 

284 Supercontig_12.7 890400 909600 

285 Supercontig_12.7 1007400 1028100 

286 Supercontig_12.7 1039500 1079400 

287 Supercontig_12.7 1116900 1149900 

288 Supercontig_12.7 1161900 1166700 

289 Supercontig_12.7 1268400 1283400 

290 Supercontig_12.7 1318500 1344600 

291 Supercontig_12.7 1433700 1445400 

292 Supercontig_12.7 1628700 1629900 

293 Supercontig_12.7 1767300 1769700 

294 Supercontig_12.7 1823100 1835700 

295 Supercontig_12.7 1877400 1882200 

296 Supercontig_12.7 2066100 2070000 

297 Supercontig_12.7 2074800 2105400 

298 Supercontig_12.7 2122800 2125200 

299 Supercontig_12.7 2134500 2483400 

300 Supercontig_12.7 2494200 2506500 

301 Supercontig_12.7 2523300 2536500 

302 Supercontig_12.7 2568900 2569500 

303 Supercontig_12.7 2576100 2579400 

304 Supercontig_12.7 2796600 2811300 

305 Supercontig_12.7 2920200 2931900 

306 Supercontig_12.7 3252000 3253800 

307 Supercontig_12.7 3368100 3375000 

308 Supercontig_12.7 3406200 3440700 

309 Supercontig_12.7 3445800 3449100 

310 Supercontig_12.7 3677700 3703800 

311 Supercontig_12.7 4203300 4216500 

312 Supercontig_12.7 4235400 4255200 

313 Supercontig_12.8 0 79800 

314 Supercontig_12.8 81300 192300 

315 Supercontig_12.9 0 142500 

316 Supercontig_12.10 0 125400 

317 Supercontig_12.11 0 31500 

318 Supercontig_12.12 0 19500 

319 Supercontig_12.13 0 13500 

320 Supercontig_12.14 0 11400 

321 Supercontig_12.15 0 7800 

322 Supercontig_12.15 8100 9300 

323 Supercontig_12.16 0 9000 
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324 Supercontig_12.17 0 6600 

325 Supercontig_12.18 0 6300 

326 Supercontig_12.19 0 4800 
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Abstract 

 Proper heterochromatin formation is required for normal growth and development in 

eukaryotes. Molecular components of heterochromatin include hypoacetylated histones, histone 

H3K9 methylation, heterochromatin protein-1 (HP1) and DNA methylation. In Neurospora 

crassa, H3K9me3 directs heterochromatin formation by recruiting multiple HP1-containing 

complexes that deacetylate histones and methylate cytosines. The Neurospora H3K9 

methyltransferase, DCDC, is required for normal vegetative growth and is essential for meiosis. 

In addition, DCDC-deficient strains exhibit elevated γH2A and are hypersenstive to the DNA 

damaging agent MMS, linking defective heterochromatin to genotoxic stress. A number of 

human diseases are associated with mutations in heterochromatin components, but how 

heterochromatin disruption leads to defective growth is poorly defined. To understand the 

molecular consequences of heterochromatin disruption, we isolated a genetic suppressor of a 

DCDC-deficient strain and identified the causative mutation by combining Bulked Segregant 

Analysis with Illumina sequencing (BSA-seq). We found a mutation in the gene encoding EED, 

a component of the Polycomb Repressive Complex-2. In the absence of H3K9me3, H3K27me3 

is redistributed to constitutive heterochromatin domains normally targeted by DCDC, suggesting 

that altered PRC2 activity leads to aberrant growth and genotoxic stress. Mutation of set-7/kmt6, 

encoding the PRC2 catalytic subunit, or introduction of an H3K27 missense mutation also 

suppressed the MMS-sensitivity phenotype of a DCDC-deficient strain. Moreover, strains 

lacking both SET-7/KMT1 and DIM-5/KMT1, the catalytic subunit of DCDC, grow at near 

wildtype rates and are able to undergo productive meiosis, in contrast to dim-5/kmt1 single 

mutants. While most defects displayed by dim-5/kmt1 are rescued by mutation of PRC2, strains 

lacking both H3K9me3 and H3K27me3 exhibit synthetic sensitivity to the topoisomerase I 
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inhibitor camptothecin. These data suggest that PRC2 modulates the cellular response to 

genotoxic stress. 

 

Introduction 

  Modifications of histones and DNA partition genomes into discrete functional domains. 

Heterochromatin refers to highly condensed parts of the genome that are transcriptionally inert 

and rich in repeated DNA sequences (1). Failure to establish or maintain heterochromatin leads 

to catastrophic defects in chromosome segregation, DNA replication, and DNA repair, 

highlighting its functional importance (1, 2). At the molecular level heterochromatin domains are 

defined by hypoacetylated histones, histone H3K9 methylation (H3K9me), and DNA 

methylation (1). The model fungus Neurospora crassa shares these features with higher 

eukaryotes and is an established model to study the control and function of heterochromatin (3). 

In Neurospora the H3K9 methyltransferase DCDC (DIM-5,-7,-9, CUL4, DDB1, Complex) 

initiates heterochromatin formation at degenerate DNA repeat sequences that are products of the 

genome defense system RIP (repeat-induced point mutation) (4-6). DCDC tri-methylates H3K9 

to create binding sites for multiple HP1-containing complexes, which in turn, direct methylation 

of cytosine bases in DNA and deacetylation of histones (7-9). As in other eukaryotes, 

heterochromatin formation is sufficient to silence transcription in Neurospora. Reporter genes 

flanked by RIP’d DNA are not expressed, and spreading of heterochromatin causes aberrant gene 

silencing in strains that lack DMM-1 (DNA methylation modulator-1) (10, 11). Together, 

heterochromatin domains comprise ~20% of the Neurospora genome and include structurally 

important loci such as the centromere (6). 
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In animals, plants, and some fungi, Polycomb (Pc) group proteins establish and maintain 

a second type of transcriptionally silent chromatin (12). In multicellular organisms Pc target sites 

are often referred to as facultative heterochromatin because these chromatin domains are 

transcriptionally repressed in some but not all cell lineages. Polycomb repressive complex-2 

(PRC2) methylates H3K27, which in animals is bound by Polycomb Repressive Complex-1 

(PRC1) to promote mitotically heritable gene silencing (12). Pc components are absent from the 

model yeasts Saccharomyces cerevisiae and Schizosaccharyomyces pombe and PRC1 appears to 

be absent from all fungi, but PRC2 is present in some fungi. Moreover, H3K27me3 is associated 

with transcriptional repression of large PRC2-target domains in Neurospora, Fusarium 

graminearum and Cryptococcus neorformans (13-15). This suggests that PRC2 is functionally 

equivalent in fungi, plants and animals. Thus, application of genetic approaches to study the Pc 

system in fungi can generate insights into the control and function of Pc components.  

Although the Pc system is best known for its ability to repress developmentally regulated 

genes, recent studies in higher eukaryotes link H3K27 methylation to DNA replication and repair 

(16). In human cancer cells, PRC2 associates more stably with chromatin following oxidative 

DNA or UV-induced damage, and levels of both PRC2 and H3K27me3 are increased at induced 

double strand breaks (17-19). Moreover, knockdown of PRC2 increases sensitivity to ionizing 

radiation (19). It is possible that Pc proteins are recruited to silence transcription in the vicinity 

of a DNA lesion, but the precise roles of PRC2 and H3K27me3 in the DNA damage response are 

unclear.  

Similarly, genome instability in heterochromatin-defective mutants suggests that 

heterochromatin components do not exclusively function to repress transcription. Replication 

fork stalling is observed in S. pombe heterochromatin domains (20), and Clr4
KMT1

-deficient 
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mutants of S. pombe exhibit illegitimate mitotic recombination that is exacerbated by mutation of 

the replication fork protection complex (21, 22). In Drosophila, cytological studies revealed that 

H3K9me-deficient mutants exhibit spontaneous double strand breaks (DSBs) in heterochromatin, 

and it was proposed that this damage is due to defective DNA replication (2, 23-25). Mice 

lacking KMT1A (SUV39H1; Lysine (K) Methyltransferase 1) and KMT1B (SUV39H2) exhibit 

genome instability and high rates of lymphoma development (26, 27), and both KMT1 enzymes 

and HP1 proteins have been implicated in DNA repair in animals (28-37). These and other 

studies suggest that heterochromatin components have important roles during both DNA 

replication and DNA repair, but the heterochromatin-dependent mechanisms that maintain 

genome integrity are currently poorly defined. 

Heterochromatin formation appears to be important for genome maintenance in 

Neurospora as well. H3K9 methylation is required for normal vegetative growth and for meiosis 

(5). DCDC-deficient mutants exhibit chromosome segregation defects and hypersensitivity to the 

DNA damaging agent MMS (Methyl methanesulfonate) (4), and mutants lacking the catalytic 

subunit of DCDC, dim-5/kmt1 (defective in methylation-5/lysine(K) methyltransferase-1), exhibit 

increased rates of illegitimate recombination (38).  In addition, dim-5/kmt1 strains display 

induction and redistribution of the DNA damage marker γH2A during normal replicative growth 

(39). These data suggest that heterochromatin is critically important in Neurospora, but the cause 

of genotoxic stress and impaired growth in heterochromatin-defective mutants is not understood. 

To understand the molecular consequences of heterochromatin depletion, we performed a 

genetic selection to identify suppressors of a DCDC-deficient strain. We identified a mutation in 

the PRC2 component eed. H3K9me3-deficient mutants exhibit redistribution of H3K27me3, 

leading to induction of PRC2 target genes. We show that gain of H3K27me3 in constitutive 
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heterochromatin domains is not compensatory for gene silencing, but rather, leads to growth 

defects and altered sensitivity to genotoxic agents. Our data suggest that PRC2 modulates the 

cellular response to genotoxic stress.  

 

Materials and methods 

Strains and growth media. 

All Neurospora strains used in this study are listed in Table S3.1 Stains were grown at 

32°C in Vogel's minimal medium (VMM) + 1.5% sucrose (40). Liquid cultures were shaken at 

150 rpm. Crosses were performed on modified synthetic cross medium (40). For plating assays, 

Neurospora conidia were plated on VMM with 2.0% sorbose, 0.5% fructose, and 0.5% glucose. 

When relevant, plates included 200 µg/mL hygromycin or 400 µg/mL basta (41) or DNA 

damaging agents: methylmethane sulfonate (MMS; 0.025%), Etoposide (600ug/ml), Cisplatin 

(100ug/ml), Mitomycin C (60ug/ml), Bleomycin (0.15ug/ml), Camptothecin (CPT; 0.25ug/ml)..  

 

Molecular analyses. 

Neurospora transformation (42), DNA isolation (43), protein isolation, histone isolation 

and western blotting (9) were performed as previously described. Antibodies to γH2A-ChIP (Cat 

# ab15083, Abcam), H3K9me3 (Cat # 39161, Active Motif, USA), and H3K27 (Cat # 39535, 

Active motif), and RNA polymerase II CTD (Cat # MMS-126R, Covance) were used as 

indicated. Protein A/G beads (20 µl; Cat # sc-2003, Santa Cruz). ChIP-seq was performed as 

described (39). 
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Illumina sequencing.  

For Illumina sequencing, ChIP-seq libraries were prepared using 10ng of 

immunoprecipitated DNA following the instructions supplied with Illumina Tru-seq ChIP-seq 

kits (Illumina Cat# FC-121-2002. RNA-seq libraries were prepared from 5ug total RNA. 

Ribosomal RNAs were depleted using the Epicentre yeast Ribo-zero kit and RNA libraries were 

generated with the Illumina Stranded RNA-seq kit PCR. For ChIP-seq, amplification was limited 

to 4-8 cycles to reduce PCR bias against A:T-rich DNA sequences (44). Illumina sequencing was 

performed using an Illumina Next-Seq Instrument at the University of Georgia Genomics 

Facility. 

 

Data analysis. 

Upon acceptance, Illumina sequence reads will be deposited into the NCBI short reads 

archive database. Short reads were mapped using bowtie2 (45) or TopHat for ChIP-seq or RNA-

seq experiments, respectively, to the latest Neurospora genome annotation (version 12), available 

from the Neurospora genome database (46). Read numbers were counted for 25 base pair bins 

using igvtools, and the read density was visualized using the Integrated Genome Viewer 

available from the Broad website (47, 48). We used IGV to normalize data for total read number 

before plotting.  

The HOMER software package (49) was used to identify H3K9me3 or H3K27me3 peaks 

and to construct histogram files to create heatmaps. We constructed a custom genome annotation 

file containing genes, repeats (39), H3K27me3 peaks, and H3K9me3 peaks and used HOMER to 

calculate FPKM values for each genomic feature or to construct heat maps of ChIP enrichment 

across H3K9me3 or H3K27me3 domains. HOMER “ghist” output was loaded into GENE-E 
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(http://www.broadinstitute.org/cancer/software/GENE-E/) to generate heat map images. To 

calculate normalized ChIP enrichment values (NCLS value) for each feature, we used EpiChIP 

software, which calculates enrichment values normalized for total read number and for length of 

the feature (50). Normalized H3K9me3, H3K4me3, and γH2A values for each feature were used 

to generate scatter plots and calculate Pearson’s correlation coefficients in Microsoft Excel. 

FPKM values generated by HOMER were used to plot the Kernel Estimated Density for all 

features, genes, repeats, and H3K27me3 genes using R (http://www.r-project.org). When 

relevant, mapped reads were converted to bed format using bedtools software (51).  

 

Results 

  dim-5 mutants exhibit hypersensitivity to the DNA damaging agent MMS, suggesting 

that the DIM-5
KMT1 

MTase is required for normal DNA replication or repair. We examined 

growth of the heterochromatin-defective mutants in the presence of additional DNA replication 

and repair inhibitors (Figure 3.1A). As controls, we included mus-9, lacking the Neurospora 

ATM homolog (52), and mei-3, lacking the homolog of the RAD51 required for homologous 

recombination (53). Elimination of DNA methylation did not impact growth on any of the tested 

genotoxic agents. When compared to wildtype, the deletion of genes encoding DCDC 

components DIM-5, DIM-7, and DIM-9 were hypersenstive to MMS, as previously described 

(4), and to other genotoxic agents including the topoisomerase II inhibitor etoposide, the 

topoisomerase I inhibitor Camptothecin, the interstrand cross-linking agent cisplatin, Mitomycin 

C, and Bleomycin, which are thought to cause oxidative damage and trigger double strand 

breaks. DCDC-cells were efficiently killed by low concentrations of MMS, whereas other agents 

only led to growth inhibition of dim-5/kmt1, dim-7, dim-9, and hpo strains. These strains showed 
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improved growth after prolonged incubation in the presence of these drugs (> 4 days), whereas 

growth of mus-9 and mei-3 did not improve. Mutants lacking the DCDC component CUL4 were 

more senstive to all genotoxic agents tested, which is expected given the established role of 

CUL4 in multiple complexes that regulate DNA replication and repair. The fact that 

heterochromatin-deficient mutants exhibit broad sensitivity to DNA damaging agents suggests 

that DCDC-deficient strains suffer from genotoxic stress, either due to defects in DNA repair or 

to failures during DNA replication. This conclusion is supported by our previous results that 

showed γH2A levels are elevated in the dim-5 mutant.  

 

Isolation and identification of a genetic suppressor of the dim-9 mutant.  

  To understand how the absence of H3K9 methylation leads to genotoxic stress, we 

selected for genetic suppressors of a DCDC-deficient mutant. We mutagenized dim-9 cells by 

exposure to UV light and plated cells on medium supplemented with 0.025% MMS. This 

concentration of MMS kills DCDC-deficient cells but not wildtype cells. MMS-resistant colonies 

were isolated and crossed to a wildtype strain (S1) to obtain homokaryons. A cross of one 

putative suppressor strain (sup-24; suppressor-24) yielded two classes of dim-9 progeny in 

approximately equal numbers: MMS-tolerant and MMS-hypersensitive (Figure 3.1B). We 

quantified colony forming units to compare the level of MMS-sensitivity in wildtype, dim-9, and 

dim-9; sup-24 strains and found that MMS-tolerance of dim-9; sup-24 was similar to wildtype 

(Figure 3.1C). This suggested that a single mutation led to suppression of the dim-9 MMS-

hypersensitivity phenotype and that this mutation is unlinked to dim-9.  

  To identify the causative mutation, we performed bulked segregant analysis combined 

with Whole Genome Sequencing (BSA-seq) (54). We crossed a single dim-9; sup-24 
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homokaryon, generated in the Oak Ridge strain background (OR), to a polymorphic wildtype 

Neurospora strain (Mauriceville). Progeny were isolated and genotyped to identify dim-9; sup-24 

strains. We then isolated and pooled genomic DNA from 14 dim-9; sup-24 progeny and 

sequenced the DNA in bulk. Analysis of the sequenced data revealed that regions on LGII and 

LGIV contained SNPs that were exclusively from the OR strain background and contained 

mutations (Supplemental Figure 3.1). The LGII region contained the dim-9 deletion mutation. 

The region at the right end of Linkage Group IV contained a nonsense mutation in the gene 

encoding the single Neurospora EED homolog (Figure 3.2A). This mutation is predicted to 

introduce a stop codon in place of a tryptophan codon at position 252. We hereafter refer to this 

allele as eed
sup-24

. 

  Neurospora EED is a component of PRC2 and is required for methylation of H3K27 (14). 

We therefore asked if H3K27 levels are altered in the dim-9; eed
sup-24

 double mutant. We isolated 

total histones from wildtype, dim-9, and dim-9; eed
sup-24 

strains and performed western blots 

using antibodies that recognize H3K9me3 and H3K27me3 (Figure 3.2B). As loading controls, 

we performed western blots with antibodies for H3K4me2 and stained total histones with 

coomassie blue. H3K9me3 was detected in wildtype but was absent in dim-9 and dim-9; eed
sup-24

 

strains, demonstrating that the suppressor mutation is unable to restore H3K9 MTase activity in 

the dim-9 background. Similarly, DNA methylation was absent from both dim-9 and dim-9; 

eed
sup-24 

strains (not shown). H3K27me3 was detected in wildtype and dim-9 strains, but was not 

detected in the dim-9; eed
sup-24

 double mutant, suggesting that eed
sup-24 

allele encodes a non-

functional protein. We detected a subtle increase in H3K27me3 levels in the dim-9 strain. These 

data raised the possibility that PRC2 causes the MMS-sensitivity phenotype observed for DCDC-

deficient mutants. 
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  To test this, we crossed a dim-5/kmt1 deletion strain to a set-7/kmt6 deletion strain. The 

dim-5/kmt1 and set-7/kmt6 genes encode catalytic subunits of the DCDC H3K9 MTase and the 

PRC2 H3K27 MTase complex, respectively. We isolated 3 siblings of each genotype and 

determined the level of MMS-sensitivity for each strain by plating spores on increasing 

concentrations of the genotoxic agent (Figure 3.2C). Wildtype and set-7/kmt6 displayed similar 

MMS-tolerance, whereas dim-5/kmt1 was hypersensitive. In contrast, dim-5/kmt1; set-7/kmt6 

double mutant progeny displayed wildtype MMS-tolerance, confirming that elimination of PRC2 

leads to genetic suppression of the MMS-hypersensitivity phenotype of DCDC-deficient 

mutants.  

  We next performed ChIP-seq to examine the distribution of H3K27me3 in wildtype and 

dim-5/kmt1 mutant strains. As previously reported, H3K27me3 was localized to large chromatin 

domains of transcriptionally repressed genes (14). In the dim-5/kmt1 mutant, however, 

H3K27me3 was detected exclusively at A:T-rich regions of the genome that are marked by 

H3K9 methylation in wildtype cells (Figure 3.3A). The enrichment of H3K27 methylation was 

highly reproducible in replicate experiments. We calculated normalized ChIP enrichment values 

for individual genomic features (genes or repeats; note that repeats in Neurospora share <80% 

identity) and generated scatter plots (Figure 3.3B). Replicate experiments for wildtype or dim-

5/kmt1 yielded correlation coefficients of 0.992 and 0.993, respectively. In contrast, no 

correlation was observed when comparing H3K27me3 enrichment values in wildtype and dim-

5/kmt1  (R
 
= 0.152). We next examined the global changes in H3K27 methylation by creating 

heat maps of H3K9me3 and H3K27me3 at constitutive heterochromatin domains and at 

facultative heterochromatin domains (i.e. domains targeted in wildtype cells by DCDC or PRC2, 

respectively) (Figure 3.3C). In the dim-5/kmt1 strain, H3K27me3 enrichment was abolished at 
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all regions that typically associate with this mark (Figure 3.3). In contrast, H3K37me3 

enrichment was gained in all constitutive heterochromatin domains.  

  These data suggest that H3K9 methylation is required for normal H3K27me3 enrichment 

patterns. To confirm this, we tested strains in which the single H3 gene had been replaced with 

an H3
K9R

 or an H3
K9Q

 substitution allele. Normal H3K27 methylation patterns were abolished in 

these mutants, similar to the case for dim-5/kmt1 strains. In animal cells, H3K9M substitutions 

are thought to act as dominant inhibitors of KMT1 enzymes. We therefore introduced an H3
K9M 

substitution allele into the endogenous hH3 locus. Although we were able to generate 

heterokaryons containing the H3
K9M

 allele, crosses of transformants did not yield homokaryons. 

This suggests the H3K9M allele is lethal, in contrast to H3K9Q and H3K9R strains. 

Heterokaryons of hH3; H3
K9M 

produced an intermediate distribution of H3K27me3, suggesting 

that the allele did not act in a dominant fashion as reported for animals. Our data suggest that 

caution should be used when interpreting phenotypes of histone lysine to M alleles.  

Reduction of cytosine methylation in plant and animal cells produced a similar 

redistribution of H3K27 methylation (55-58). Positive feedback loops between H3K9 

methylation and DNA methylation pathways complicate interpretation of these data, however. In 

plants and animals, DNA methylation is partly dependent on H3K9 methylation (59), and 

reduced DNA methylation can lead to a concomitant loss of H3K9 methylation in certain 

situations (60, 61). In Neurospora the heterochromatin formation pathway is primarily 

unidirectional. DNA methylation depends on H3K9me3 and HP1, but H3K9me3 patterns are not 

dramatically altered by loss of HP1 or DNA methylation (6, 9). We generated heat maps to ask if 

H3K27me3 patterns were altered in hpo mutants, which lack HP1, or dim-2 mutants, which lack 

DNA methylation. Consistent with previous data, heat maps revealed that enrichment of 
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H3K9me3 was reduced at the boundaries of heterochromatin domains (8). Despite the presence 

of significant H3K9me3 in the hpo mutant, the pattern of H3K27 methylation was similar to the 

dim-5/kmt1 mutant (Figure 3.3C). In contrast, H3K27me3 patterns in dim-2 mutants were more 

similar to wildtype, although a subtle increase of H3K27me3 was observed in heterochromatin 

regions in the dim-2 strain (Figure 3.3C). Thus, normal H3K27me3 patterns depend on DIM-

5/KMT1 and HP1 in Neurospora. In C. elegans, spreading of H3K27me3 into adjacent 

chromatin is prevented by H3K36 methylation (62). We therefore asked if methylation of other 

H3 tail residues affects the distribution of H3K27 methylation in Neurospora. We performed 

ChIP-seq for H3K27me3 in set-1 and set-2 mutants, which are deficient for H3K4 and H3K36 

methylation, respectively (Figure S3.2) (63). The pattern of H3K27me3 was similar to wildtype 

in both strains, indicating that defects in heterochromatin but not in other histone methylation 

pathways leads to altered PRC2-targeting. 

  It has been proposed that redistribution of H3K27me3 to constitutive heterochromatin 

domains is a compensatory response for maintenance of heterochromatic gene silencing (56). To 

test if this is the case in Neurospora, we asked if dim-5/kmt1; set-7/kmt6 double mutants exhibit 

increased transcription from constitutive heterochromatin domains. We first performed strand-

specific total RNA-seq in wildtype, dim-5, set-7, and dim-5; set-7 double mutants. A significant 

number of H3K27me3-associated genes were upregulated in the dim-5 mutant, consistent with 

the observed loss of H3K27me3 from these domains (Figure 3.4A, and B). However, we did not 

detect RNAs originating from heterochromatin domains in any of the strains tested. We 

calculated FPKM values for repeats and for entire constitutive heterochromatin domains on both 

the plus and minus strand. It is possible that RNA surveillance pathways rapidly degrade 

heterochromatin-derived transcripts. We therefore performed ChIP-seq to examine RNA 
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polymerase II localization in wildtype, set-7, dim-5, and dim-5; set-7 double mutants. We did not 

detect an increase in RNA polymerase II at any heterochromatin regions in the mutants, 

consistent with RNA-seq analysis. Taken together, these data suggest that relocalization of 

H3K27me3 to heterochromatin in Neurospora is not part of a compensatory gene silencing 

pathway, although it is difficult to eliminate this possibility.  

 

Aberrant H3K27me3 is responsible for growth defects and meiotic failure of dim-5/kmt1 

strains.  

  The fact that set-7/kmt6 strains grow normally and are not hypersensitive to MMS 

(Figure 3.2D) suggests that loss of H3K27me3 from facultative heterochromatin does not lead to 

significant phenotypes. Rather, the data suggest that gain of H3K27me3 at constitutive 

heterochromatin domains is linked to genotoxic stress in DCDC-deficient mutants. To determine 

if MMS-sensitivity is caused by aberrant localization of H3K27me3, we replaced the wildtype 

hH3 gene with an hH3
K27R

 substitution allele and crossed the hH3
K27R

 strain to dim-5/kmt1. dim-

5/kmt1; hH3
K27R

 double mutant progeny were resistant to MMS, suggesting that aberrant 

H3K27me3 triggers genotoxic stress in dim-5/kmt1. 

  We next asked if sensitivity to other DNA damaging agents was rescued in the dim-

5/kmt1; set-7/kmt6 double mutant (Figure 3.5). The double mutant was more tolerant than dim-

5/kmt1 to all genotoxic agents with one exception. Cells that lacked both DCDC and PRC2 

exhibited synthetic sensitivity to the topoisomerase I inhibitor camptothecin.  

  In addition to hypersensitivity to genotoxic agents, DCDC-deficient mutants display slow 

growth and meiotic failure (5). We asked if these defects were also rescued by removal of PRC2. 

Both vegetative and meiotic growth defects of dim-5/kmt1 single mutants were rescued by 
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deletion of the set-7/kmt6 gene. The linear growth rate of dim-5/kmt1; set-7/kmt6 double mutants 

was significantly faster than dim-5/kmt1 single mutants, yet slightly slower than wildtype 

(Figure 3.6B). In addition, homozygous crosses of dim-5/kmt1; set-7/kmt6 double mutants were 

fertile, as evident by fruiting body structures filled with spores (Figure 3.6C). Although 

homozygous crosses of double mutants were fertile, spore production was delayed and the 

number of mature asci observed in squashed perithecia was reduced.  

  γH2A is a phosphorylated form of H2A that is induced by DNA damage (64). It is 

required for DNA repair, mediating the DNA damage response through interaction with kinases 

such ATM and ATR.  We previously showed that γH2A is enriched in heterochromatin domains 

in wildtype cells and that γH2A is deposited throughout the genome in the dim-5/kmt1 mutant, 

leading to loss of enrichment (39). We asked if γH2A localization was rescued in the dim-

5/kmt1; set-7/kmt6 double mutant. We performed ChIP-seq for γH2A in wildtype, dim-5/kmt1, 

set-7/kmt6, and dim-5/kmt1; set-7/kmt6 double mutants (Figure 3.6D). As observed previously, 

γH2A was enriched in constitutive heterochromatin domains in wildtype, but enrichment was 

lost in the dim-5/kmt1 strain. The pattern of γH2A enrichment in the set-7/kmt6 mutant was 

equivalent to wildtype. In the dim-5/kmt1; set-7/kmt6 double mutant, γH2A was enriched at 

constitutive heterochromatin domains (i.e. DCDC-target loci) with a distribution that was similar 

to wildtype. We created heat maps to visualize γH2A enrichment in all constitutive 

heterochromatin domains (Figure 3.6E). Wildtype and set-7/kmt6 strains displayed higher levels 

of γH2A enrichment overall and γH2A exhibited the highest enrichment at the edges of RIP’d 

regions. In the dim-5/kmt1; set-7/kmt6 double mutant strains, the levels of γH2A enrichment 

were lower and the boundaries of individual peaks were not as discrete as in wildtype. Together, 

the data suggest that in dim-5/kmt1 strains, altered PRC2-targeting is responsible for γH2A 
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redistribution and for growth defects observed during vegetative and sexual phases of the life 

cycle in Neurospora.  

  

Discussion 

Heterochromatin components are required for normal growth and development and are 

important for maintenance of genome integrity. We found that defective growth of Neurospora 

H3K9me3-deficient mutants is caused by altered PRC2 function. Defective heterochromatin 

formation in Neurospora leads to global redistribution of H3K27me3 to repeat rich domains. 

Although the molecular signals that recruit PRC2 to constitutive heterochromatin are not 

understood, at least some of the responsible factors are likely to be conserved. PRC2 exhibits a 

similar antagonistic relationship with constitutive heterochromatin components in plants and 

animals. In Arabidopsis met1 mutants, loss of 5mC in certain TEs is accompanied by gain of 

H3K27me3 at these regions. At the same time, H3K27me3 is lost from individual PRC2-target 

genes that gain 5mC (55). In animal cells, genomic (58), proteomic (56), and single-molecule 

approaches (57) show that 5mC prevents deposition of H3K27me3 at constitutive 

heterochromatin. Altered PRC2-targeting is linked to human diseases such as cancer. It is 

therefore possible that redistribution of H3K27me3 to heterochromatin may contribute to cancer 

development or progression. On the other hand, crosstalk between constitutive heterochromatin 

and PRC2 may also be important mechanisms for regulating of chromatin architecture in certain 

cell types. DNA demethylation in the Arabidobsis endosperm was correlated with redistribution 

of H3K27me3 to transposable elements (TEs) (65). 

Although crosstalk between heterochromatin and PRC2 appears to be a shared feature of 

fungi, plants, and animals, there are subtle differences between systems. In the basidiomycete C. 
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neoformans, for example, normal H3K27me3 localization depends on the PRC2 component 

Ccc1, an H3K27me3-binding protein (13). Ccc1 prevents promiscuous H3K27 methylation at 

pericentromeric regions by tethering PRC2 to facultative heterochromatin domains adjacent to 

telomeres. Redistribution of H3K27me3 to constitutive heterochromatin in C. neoformans 

depends on H3K9 methylation, however, in contrast to Neurospora and to mammals. H3K27me3 

redistribution occurs in Neurospora strains lacking H3K9me3 or HP1, but only limited 

redistribution was observed in the absence of 5mC. In animals, however, depletion of 5mC led to 

a dramatic redistribution of PRC2 to heterochromatin, whereas reduction of H3K9me3 led to 

only limited redistribution of PRC2. Despite these subtle differences, the fact that PRC2 is 

promiscuously targeted to constitutive heterochromatin in fungi, plants and animals suggests a 

shared mechanism. The only component required for PRC2 redistribution is the mammalian 

protein BEND3 (56), which is absent from Neurospora. Thus, additional studies are needed to 

understand the molecular signals leading to altered PRC2 recruitment to heterochromatin 

domains.  

Regardless of the mechanism, altered PRC2 recruitment leads to dramatic phenotypic 

defects in Neurospora, highlighted by hypersensitivity to genotoxic agents. This result is 

somewhat surprising. H3K27me3 is a repressive chromatin modification capable of establishing 

facultative heterochromatin. It is therefore reasonable to assume that redistribution of 

H3K27me3 is part of a compensatory mechanism to assemble silent chromatin within repeat-rich 

regions of the genome. We found no evidence to support this idea. Even in the absence of both 

H3K9me3 and H3K27me3, we failed to detect increased transcripts from heterochromatin 

domains by RNA-seq. We also failed to detect an increase in RNA polymerase II localization by 
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ChIP-seq. Thus, our data suggest that redistribution of H3K27me3 to repeat-rich domains is 

deleterious rather than compensatory. 

It is possible that aberrant recruitment of H3K27me3 causes genotoxic stress by 

interfering with normal DNA replication within heterochromatin domains. In plants, mono-

methylation of H3K27 is required for normal DNA replication, although this modification does 

not depend on PRC2. Specifically, mutation of the A. thanliana H3K27 mono-methyltransferases 

AT leads to over-replication of heterochromatic DNA sequences (66, 67), whereas in 

Tetrahymena thermophila, loss of the H3K27 monomethylase TXR1 disrupts replication 

elongation (68). H3K27me1 is detected at constitutive heterochromatin domains in mammals, 

but its deposition and function are not understood (69). It is possible that aberrant conversion of 

H3K27me1 to H3K27me2/me3 leading to depletion of H3K27me1, which in turn could trigger 

replication defects.  

Alternatively, H3K27me3 could function in a pathway that responds to DNA damage or 

replication stress. PRC2 localizes to double strand break regions in mammalian cells (19). 

Moreover, loss of H3K9me3 leads to spontaneous double strand breaks that arise during 

replication of repeat-rich heterochromatin domains in Drosophila (23). S. pombe lacks H3K27 

methylation, but illegitimate recombination occurs in S. pombe heterochromatin-deficient 

mutants (22). Thus, it is possible that H3K27me3 relocalization is part of a DNA damage 

response and that growth defects could result from PRC2-dependent cell cycle arrest or 

apoptosis. Additional studies are needed to determine if H3K27me3 redistribution is the cause of 

genotoxic stress in Neurospora or a response to DNA damage arising during defective 

replication of repeat-rich heterochromatin domains. 
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Components of constitutive heterochromatin and Pc system components are frequently 

mutated or overexpressed in cancer cells (12). EZH2, the catalytic subunit of PRC2, has gained 

interest as a promising potential target for cancer therapeutics (70). Surprisingly, we found that 

Neurospora strains lacking both PRC2 and DCDC become more resistant to the topoisomerase II 

inhibitor etoposide and to other DNA damaging agents. In contrast, they display synthetic 

sensitivity to the topoisomerase I inhibitor CPT. These results suggest that PRC2 modulates the 

cellular sensitivity to DNA damaging agents and raises the possibility that EZH2 inhibition may 

have dramatically different consequences in different genetic backgrounds. Thus, understanding 

the relationship between Pc system and genotoxic stress has important implications for improved 

cancer treatment. 
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Figure 3.1 Drug sensitivity; suppressor isolation scheme. (A) Suspensions of 10
4
, 10

3
 or 10

2 

conidia of the indicated strains were spot-tested on Vogel’s Minimal Medium (VMM) with or 

without the indicated genotoxic agent: methylmethane sulfonate (MMS; 0.025%), Etoposide 

(600ug/ml), Cisplatin (100ug/ml), Mitomycin C (60ug/ml), Bleomycin (0.15ug/ml), 

Camptothecin (CPT; 0.25ug/ml). (B) Suspensions of conidia were spot-tested on VMM with or 

without 0.25%MMS. (C) Viability of spores on the indicated MMS-concentration is shown for 

wildtype, dim-9, and the dim-9; sup-24 strain. 
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Figure 3.2 eed is a genetic suppressor of DCDC-deficient mutants. (A) The frequency of OR 

and MA SNPs in progeny from a dim-9; sup-24 x MA cross are shown for LGIV. An OR-

specific region on the right arm of LGIV harbors a non-sense mutation in the Neurospora eed 

gene. (B) Western blots of acid-extracted histones are shown from wildtype, dim-9, and dim-9; 

sup-24 probed with antibodies for H3K9me3 and H3K27me3. A gel stained with Coomassie 

Blue and a western blot probed with antibodies to H3K4me2 are shown as loading controls. (C) 

Viability of spores on the indicated MMS-concentrations is shown for wildtype, dim-5, set-7 and 

the dim-5; set-7 double mutant. 
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Figure 3.3 Loss of H3K9 methylation leads to global redistribution of H3K27me3. (A) 

ChIP-seq enrichment across the entire Linkage Group VII (LGVII) is shown for H3K9me3 in 

wildtype and both H3K9me3 and H3K27me3 in the dim-5 mutant. The scale bar indicates 0.5Mb 

or 50kb. (B) Scatter plots of H3K27me3 enrichment were generated to examine reproducibility 

between wildtype replicates (left), dim-5 replicates (middle), or wildtype and dim-5 samples 

(right). The plot depicts the normalized ChIP enrichment value (NLCS) obtained for each 

genomic feature is plotted. Genes and tRNAs are shown in black and repeats are shown in grey. 

(C) Heat maps show H3K9me3 enrichment for the indicated strains. Each heat map row depicts 

a 2kb window centered at the left or right boundary of each constitutive heterochromatin domain 

(K9me3 domains; left) or each facultative heterochromatin domain (K27me3-domains; right). 

Domains are arranged from smallest (top) to largest (bottom). (D) Heat maps show H3K27me3 

enrichment for the indicated strains at constitutive heterochromatin domains (K9me3 domains; 

left) and for facultative heterochromatin domains (K27me3-domains; right), as in B.   
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Figure 3.4 Loss of H3K27me3 leads to increased transcription from polycomb target genes 

but not from heterochromatin regions. Box plots of FPKM values in wildtype, dim-5, set-7, 
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and the dim-5; set-7 double mutant for (A) all Neurospora genes, (B) H3K27me3-enriched 

genes, (C) repeated loci and (D) H3K9me3-enriched domains.  
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Figure 3.5 H3K27 methylation is responsible MMS-sensitivity and other phenotypic defects 

in H3K9-deficient strains. Suspensions of 10
4
, 10

3
 or 10

2 
conidia of the indicated strains were 

spot-tested on media with or without methyl methanesulfonate (MMS).   
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Figure 3.6 Elimination of H3K9me3 and H3K27me3 sensitizes cells to camptothecin. (A) 

Condia (10
3
) produced by the indicated strains were inoculated in the center of a petri plate and 

cultures were allowed to grow for 24 hours. (B) Homozygous crosses were carried out for each 

of the indicated genotypes. Images of dissected fruiting bodies (perithecia) are shown revealing 

the presence or absence of meiotic products for each cross. (C) ChIP-seq enrichment across 

Linkage Group VII is shown for γH2A in wildtype, dim-5, set-7, and the set-7; dim-5 double 
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mutant. (D) Heat maps show γH2A enrichment for the indicated strains. Each heat map depicts a 

2kb window centered at the boundaries of all heterochromatin domains. Domains are arranged 

from smallest (top) to largest (bottom). (E) Suspensions of 10
4
, 10

3
 or 10

2 
conidia of the 

indicated strains were spot-tested on Vogel’s Minimal Medium (VMM) with or without the 

indicated genotoxic agent: methylmethane sulfonate (MMS; 0.025%), Etoposide (600ug/ml), 

Cisplatin (100ug/ml), Mitomycin C (60ug/ml), Bleomycin (0.15ug/ml), Camptothecin (CPT; 

0.25ug/ml). 
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Figure S3.1 Bulk Segregant Analysis. A single dim-9; sup-24 homokaryon, generated in the 

Oak Ridge strain background (OR), was crossed to a polymorphic wildtype Neurospora strain 

(Mauriceville). Genomic DNA was isolated from 14 progeny carrying both the dim-9 deletion 

and the suppressor mutation, pooled and sequenced in bulk.  
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Figure S3.2 K27me3 distribution is normal in Δset-1 and Δset-2. ChIP-seq was performed 

using the mutants. Germinating conidia grown in VMM with 1.5% sucrose at 32 °C for 6 hours 

were used in the experiments.    
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Figure S3.3 Pol II enrichment in wildtype, Δdim-5, Δset-7, and Δdim-5; Δset-7. ChIP-seq was 

performed to identify Pol II binding sites across the genome. Pol II distribution of the Linkage 

Group 7 is shown.    
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Table S3.1  

Strains used in this study 

Strain Genotype Source/reference 

S2 Wildtype FGSC# 2489 

S132 Δdim-5::bar+ Ref (4) 

S146 Δdim-7::hph+ Ref (4) 

S147 Δdim-7::hph+ Ref (4) 

S161 Δdim-8:hph+ Ref (4) 

S175 Δdim-8:hph+ Sad-1 Ref (4) 

S239 Δdim-9:hph+ Ref (4) 

S343 Wildtype This study  

S344 Wildtype This study  

S345 Wildtype This study  

S346 Δdim-5::bar+ This study  

S347 Δdim-5::bar+ This study  

S348 Δdim-5::bar+ This study  

S349 Δdim-5::bar+ This study  

S350 Δset-7::hph+ This study  

S351 Δset-7::hph+ This study  

S352 Δset-7::hph+ This study  

S353 Δdim-5::bar+, Δset-7::hph+ This study  

S354 Δdim-5::bar+, Δset-7::hph+ This study  

S355 Δdim-5::bar+, Δset-7::hph+ This study  
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S365 dim9su#24 (Δdim-9:hph+, mutagenized with UV) This study  

S398 hH3::hH3K27Q::hph+ This study  

S402 hH3::hH3K27R::hph+ This study  
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Introduction 

DNA replication is a conserved process in all organisms used to duplicate their 

chromosomes. In eukaryotes replisomes initiate DNA replication at multiple origins by 

unwinding the double stranded DNA to synthesize the new complimentary DNA strands. Many 

factors are associated with the replication forks that help to ensure the accurate and timely 

completion of DNA duplication. Physical tension around the replication fork caused by positive 

supercoiling in front and negative supercoiling behind are relieved by specialized factors such as 

topoisomerases (1, 2). Checkpoint systems function as a surveillance mechanism to detect DNA 

damage and activate the DNA repair pathway (3). These events are tightly coordinated in order 

to safeguard genome integrity and to relieve the biotic stress that is generated during DNA 

replication. Loss of this coordination  can lead to genome instabilities arising from  increased 

mutation rate, accelerated frequency of homologous recombination, and global chromosomal 

rearrangements (4). Examples of this type of instability can be seen when a component of the 

replisome is missing. In yeasts, deletion of the replisome components, Tof1, Mrc1, or Cms3 

destabilizes the association of the replisome with replication fork (5). In humans, mutations in 

MCM4 and RPA14 32 and 70 have been linked to diseases such as cancer (4). In addition 

inverted repeats have been demonstrated to impede DNA replication (6). Thus, DNA replication 

needs to be tightly coordinated amongst a myriad of factors to successfully complete the 

duplication of the chromosomes while preserving normal genome structure.      

DNA damaging agents have previously been used to identify genes involved in the DNA 

replication and repair pathways (7). One commonly used agent, Methyl methanesulfonate 

(MMS), is a DNA alkylating agent that causes both DNA base mispairing and stalling of the 

DNA replication fork through methylation of guanine and adenine bases (8). These modified 
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bases can be tolerated during S-phase replication through the utilization of the translesion 

synthesis (TLS) pathway (9). During TLS the normal replicative DNA polymerases in the 

replication fork are exchanged for specialized TLS DNA polymerases that allow replication to 

continue past the the methylated bases. These bypassed methylated bases are then ultimately 

repaired by the base excision repair machinery (9). MMS screens were performed on the 

Saccharomyces cerevisiae to discover components that played a major role in MMS-induced 

DNA damage repair. The screens indicated that the base excision repair machinery, factors 

required for homologous recombination, and a DNA alkyltransferases played a major role in 

MMS-induced DNA damage repair (7).  

Another commonly used DNA damaging agent, Camptothecin (CPT), is a topoisomerase 

I (Topo1) inhibitor that leads to accumulation of the Topo1-DNA complex (10). The 

accumulation of this complex is believed to cause the stalled replication forks and transcriptional 

arrests. A screen for CPT-hypersensitive mutants uncovered components of several DNA repair 

pathways , some of which are also required for growth on MMS. However, some required 

components are only critical for growth in the presence of CPT such as transcription factors, 

histone acetyltransferases, and chromatin remodelers (7). Hydroxyurea can also be used to 

induce replicative stress as it inhibits ribonucleotide reductases which in turn leads to decrease in 

the available dNTP pool (11). DNA polymerase stalls when the dNTP level falls below a certain 

threshold which can then lead to replication fork collapse. ATR and its downstream components 

are important in the HU-induced stress response (12). The activation of kinases such as ATM 

and ATR, and the resulting signal transduction through the phosphorylation of their targets, are 

the common DNA damage responses when an organism is subjected to MMS, CPT, and HU-

induced replicative stress (7, 12).  
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Previous research in Neurospora suggests that DCDC, a histone lysine methyltransferase 

complex required for heterochromatin formation, plays a role in DNA replication and DNA 

repair (13). DCDC is composed of 5 subunits, DIM-5, DIM-7, DIM-8, DIM-9, and CUL4. DIM-

5, which is the catalytic subunit of the complex, is responsible for the tri-methylation of H3K9 

(14). DIM-7 is required for interaction between DIM-5 and the histone substrate at A:T-rich 

sequences (15). DIM-8, DIM-9 and CUL4 are also required for H3K9 methylation, although how 

these three components facilitate H3K9 methylation through DIM-5 is not clear (13). Tri-

methylated H3K9 residues (H3K9me3) are in turn recognized by HP1, which leads to DNA 

cytosine methylation and the heterochromatin formation and domain silencing (16, 17).  

The knockout mutation of any individual DCDC subunits has been shown to lead to a 

hypersensitivity to MMS. In contrast, DNA methylation deficient mutants (Δhpo and Δdim-2) 

were shown to have normal sensitivity (13). In addition, loss of the DIM-5 subunit activates the 

DNA damage response in the absence of exogenous damaging agents, indicated by increased 

γH2A across the entire genome (18). Δdim-5 also suffers from aberrant facultative 

heterochromatin formation at A:T-rich repetitive domains where H3K9 methylation would 

normally occur.  H3K27 methylation also does not occur at the normal facultative 

heterochromatin domains in the Δdim-5, which indicates that chromatin structure in Δdim-5 is 

disorganized.  

The studies suggest that either the DCDC complex or H3K9me3 are required for 

maintaining genome integrity. Importantly, the MMS-hypersensitivity of Δdim-5 is suppressed 

upon the removal of H3K27 methylation. It is currently unknown whether aberrant facultative 

heterochromatin itself is the cause of MMS-hypersensitivity as Δhpo is not MMS-hypersensitive 
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in spite of the H3K27me3 redistribution. However, the exact molecular mechanism that allow 

DIM-5 to play a role in MMS-tolerance remains a mystery.   

The DIM-5 catalytic reaction depends on its SET domain and the N-terminal tail of H3. 

DIM-5 is composed of 318 amino acid residues and contains a SET domain that is conserved 

across most eukaryotic histone lysine methyltransferases (19). Structures of DIM-5 co-

crystalized with a methyl-donor mimic (S-adenosyl-homocytosine) and the H3 N-terminal 

peptide (15 AA residues) suggest that this SET domain is the catalytically active site on DIM-5 

(20, 21). The SET domain has been shown to fold into a binding pocket where both the methyl-

donor and the histone substrate are bound. In vitro biochemical assays indicate that DIM-5 AA 

residues N241, Y283, L317, and W318 are required for interaction with the methyl-donor, 

whereas AA residues D209 and F281 are utilized for the histone substrate recognition (20-22). 

While the catalytic pocket is required for interaction with both the histone substrate and the 

methyl-donor, the H3 peptide sequence has been shown to affect the catalysis of the 

methyltransferase reaction (23). Mutations at the H3 histone residues R8, S10, T11, and G12 

significantly lowered the level of H3K9 methylation by DIM-5 in vitro (23). Histone mutants 

hH3
R8A

 and hH3
S10A

 are both defective for DNA methylation, which suggests that these alleles 

have reduced levels of H3K9me3 in vivo (24).     

    

Materials and methods 

Stains and growth media  

Strains used in this study are listed in Table 4.1. Vogel’s minimal medium with 1.5% 

sucrose was used to grow strains in a 32 °C incubator. Crosses were performed on modified 
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synthetic cross medium at room temperature for 2 to 3 weeks. Plating assays were performed 

according to previously described methods in (18).  

 

Construction of DIM-5 catalytic mutants  

Primers and plasmids used in this study are listed in Table 4.2. The dim-5 gene was 

amplified by PCR using the Phusion DNA polymerase including its native promoter region. 

Fragments were digested by NotI and PacI and cloned into pCCG::C-3xFLAG using the T4 

DNA Ligase (25). The cloned dim-5 was mutated by the site-directed mutagenesis using the 

Phusion DNA polymerase. The DNA sequence of each mutant was sequenced by Genewiz and 

the point mutations were confirmed. For Neurospora transformation, plasmids were linearized 

by NdeI and electroporated into a histidine auxotroph of Δdim-5. Transformants were selected on 

VMM+1.5% sucrose. Insertion of the dim-5 gene at the his-3 locus was confirmed by PCR and 

Southern blot. 

 

Western blot   

Cells were grown in VMM with 1.5% sucrose for 2 days. Mycelia were harvested, 

washed with PBS, and placed in 500 µL of protein extraction buffer (50 mM HEPES pH 7.5, 150 

mm NaCl, 1 mm EDTA, 0.02% NP-40,1 mM PMSF, 1 tablet per 10 mL of protease inhibitor 

cocktail). Cells were lysed by sonication at following setting (output 3.5; duty cycle 80; 1 second 

pulses) for 30 pulses. SDS-PAGE was performed using a 10% acrylamide gel (Acrylamide: Bis-

Acrylamide ratio 29:1), and proteins were transferred onto a PDVF membrane using Tris-glycine 

transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol). The PDVF membrane was 

incubated with PBS containing 3% non-fat powdered milk for 30 minutes at room temperature 
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on a rotation platform, rinsed with PBS, and incubated in PBS with 1:10000 dilution of FLAG® 

M2 monoclonal antibody overnight at 4 ˚C on a rotating platform. The membrane was washed 

with PBS two times, and incubated with anti-mouse secondary antibody conjugated with HRP 

for 30 min at room temperature on a rotation platform. Thermo Scientific™ SuperSignal™ West 

Femto Chemiluminescent Substrate was used to visualize FLAG-tagged proteins. The signal was 

detected using a FluorChem™ E System.  

 

Chromatin Immunoprecipitation (ChIP),Quantitative PCR, and Illumina sequencing.  

ChIP and qPCR were performed according to previously described methods {Sasaki, 

2014 #4588}. For K27me3, one microliter of the K27 methylation specific antibody (Cat# 

39535, Active motif) was used. Primers used for the qPCR are described in (18) and . Real-time 

quantitative PCR was performed using iTaq Universal SYBR green Supermix (Bio-Rad) and 

CFX96 Touch Real-Time PCR Detection System (Bio-Rad) according to manufacturer’s 

instructions.  Illumina sequencing libraries were constructed using the TruSeq ChIP Sample Prep 

Kit A and B (Catalog #: IP-202-1012 and IP-202-1024, respectively) according to the 

manufacturer’s instructions. For K27me3 samples, twelve cycles of PCR were performed at the 

PCR-enrichment step. Bioinfomatic analysis on ChIP-seq data were performed as previously 

described (18).  

 

Results 

DIM-5 catalytic activity is required for MMS tolerance.  

To determine if DIM-5 catalytic activity is required for normal MMS-tolerance, we first 

constructed DIM-5 catalytic mutants. The dim-5 constructs were driven by the native dim-5 
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promoter at his-3 locus and coupled to a 3xFLAG-tag at the C-terminus. Wild-type DIM-5-

FLAG was transformed into the Δdim-5 strain and was shown to have normal expression of 

DIM-5 and to complement the growth defect and loss of DNA methylation to the normal level 

(Fig 4.1). This confirms that WT DIM-5-FLAG is expressed the his-3 locus at native levels and 

that it has fully functional histone H3 methyltransferase activity sufficient for directing DNA 

methylation. Catalytic mutants were also shown to be expressed when integrated at the his-3 

locus, but were unable complement the loss of DNA methylation (Fig 4.1). This suggests that the 

DIM-5 catalytic mutants are unable to perform H3K9 methylation.  

We then examined the DIM-5 catalytic mutants for sensitivity to 0.025% MMS. All 

DIM-5 catalytic mutants except dim-5
W318A

  showed hypersensitivity to MMS, indicating that 

functional DIM-5 catalytic activity is required for growth in the presence of MMS  (Fig 4.2). It is 

unknown why dim-5
W318A

 did not demonstrate MMS hypersensitivity and exhibited better growth 

phenotype relative to the other DIM-5 catalytic mutants. We hypothesized that there is a low 

level of H3K9 methylation occurring sufficient to relieve the MMS-induced stress and growth 

defect in this strain.  

To test this possibility,  we performed ChIP to examine the levels of H3K9 methylation 

in dim-5
W318A

. Despite the fact that there was no detectable DNA methylation by Southern blot, 

dim-5
W318A

 was found to be able to catalyze H3K9 methylation (Fig 4.3). The level of H3K9 

methylation was found to be reduced in the dim-5
W318A

 in comparison to wild-type. This suggests 

that the reduced H3K9 level was not sufficient to direct DNA methylation. It also suggests that 

there is a threshold of H3K9 methylation required for HP1 binding and subsequent DIM-2 

recruitment. In addition, we tested the H3K27me3 levels at constitutive heterochromatin 

domains to see if PRC2 components are misregulated in in dim-5
W318A 

strain. Indeed, H3K27 
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methylation was observed at H3K9me3 locus peak 90 (Fig 4.3). Thus, reduced H3K9 

methylation level and aberrant H3K27 methylation lead to the intermediate phenotypes in dim-

5
W318A

.   

 

H3 K9 methylation is required for a normal response to MMS and CPT induced replicative 

stress.   

To test if the MMS hypersensitivity of Δdim-5 is caused by a loss of H3K9me3, we next 

examined the sensitivity of H3K9 deficient mutants to MMS. Although an hH3
K9L

 allele was 

reported to be lethal in a homokaryotic strain of Neurospora{Adhvaryu, 2011 #402}, mutation of  

H3K9 to glutamine (Q) and arginine (R) are both viable. Both hH3
K9Q

  and hH3
K9R

 are 

hypersensitive to MMS but to a lesser extent than is found in Δdim-5 (Fig. 4.4). This indicates 

that both H3K9 methylation and DIM-5 catalytic activity are required for normal tolerance to 

MMS-induced stress. It also suggests that DIM-5 may play an additional role in the MMS- 

induced stress tolerance. Interestingly, hH3
K9R

 is more susceptible to CPT than hH3
K9Q

 or Δdim-

5. This may indicate that factors required for response to CPT-induced stress are not properly 

functioning in the hH3
K9R

 mutant but are functional in hH3
K9Q

 mutant. 

 

Removal of H3K27me3 in hH3
K9Q

 suppresses MMS hypersensitivity but sensitizes cells to 

CPT.  

Since it has been shown previously that SET-7 deletion suppresses the MMS-

hypersensitivity of Δdim-5, we constructed the double mutants hH3
K9Q

;Δset-7, hH3
K9Q:K27Q

 , and 

hH3
K9Q:K27R

 and tested them on 0.02% MMS plates. As expected, MMS-hypersensitivity was 

suppressed in all of the double mutants (Fig 4.5). Interestingly these double mutants were shown 
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to be hypersensitive to CPT, but to have a normal level of sensitivity to hydroxyurea (Fig 4.5). 

Mutants of H3K27, hH3
K9Q

 and hH3
K9R

 were not hypersensitive to MMS, CPT or hydroxyurea 

(Fig. 4.5). To test if facultative heterochromatin formation occurs normally in these mutants, we 

performed ChIP-seq to map distribution of H3K27me3 in hH3
K9Q

 and hH3
K9R

. As was seen in 

Δdim-5, H3K27me3 was shown to be redistributed to A:T-rich domains where constitutive 

heterochromatin usually occurs in wild-type (Fig 4.6).   

 

Chromodomain proteins are not required for tolerance of MMS induced-DNA damage.  

Due to the observed redistribution of H3K27 methylation found in both the hH3
K9Q

 and 

Δdim-5 strains, we hypothesized that chromatin components functioning at the normal 

H3K27me3 domains are aberrantly recruited to constitutive heterochromatin domains where they 

inhibit normal cell growth and cause MMS-hypersensitivity. To test this hypothesis we 

introduced deletion alleles of genes whose products contain methyl-lysine binding motifs, such 

as tudor and chromo domains into the Δdim-5 background. The resulting double mutants lacked 

both DIM-5 and one of the 10 predicted methyl-lysine binding proteins. It was expected that 

removal of any methyl-lysine binding protein interacting with H3K27me3 would reduce or 

abolish MMS-hypersensitivity in the Δdim-5 background. However, none of the double mutants 

were shown to have any suppression or decrease in MMS-hypersensitivity (Fig 4.7). Though no 

decrease in MMS-hypersensitivity was found, a number of other intriguing effects were noted. 

The Δmi-2;Δdim-5 double mutant was shown to have synthetic growth defects (data not shown), 

and the  Δcrf-6;Δdim-5 was unable to be isolated indicating that it may be synthetically lethal.           
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Discussion  

DIM-5 catalytic activity and H3K9me3 are necessary to cellular MMS response.  

Eukaryotic cells are exposed to various biotic stresses resulting from basic cellular 

activities. Many components required for the normal response to such endogenous stresses have 

been identified through high-throughput screens of mutants utilizing various DNA damaging 

agents (7, 26). Interestingly, the DCDC complex has been found to be required for cellular 

tolerance of MMS induced stress, but not to the stresses induced by CPT and HU (13).  

Since each subunit of the DCDC complex is required for normal H3K9 methylation, we 

decided to examine MMS-hypersensitivity in the Δdim-5strain to by ascertaining if this 

sensitivity depends on DIM-5 catalytic activity or on proper H3K9 methylation. To do this we 

constructed three H3K9 mutants, hH3
K9Q

, hH3
K9R

, and hH3
K9A

 to test for hypersensitivity to the 

MMS-induced stress. These specific AA residue mutations were chosen as Arginine and 

glutamine mimic unacetylated and acetylated lysine respectively.   

The hH3
K9A

 strain was shown to be hypersensitive to MMS, but had  a severe growth 

defect (data not shown) that made it  difficult to determine whether this hypersensitivity was 

caused by a defect in the MMS stress response pathway or by pleiotrophic affects caused by the 

more dramatic change in N-terminal tail structure. Both the hH3
K9Q 

and
 
hH3

K9R 
strains were 

shown to be more sensitive to MMS than WT, however the hH3
K9Q 

strain had only a relatively 

minor sensitivity to MMS. These results indicate that MMS-hypersensitivity is at least partialy 

dependent on the H3K9 residue and that H3K9 methylation is required for normal MMS-induced 

stress tolerance. More Importantly, DIM-5 catalytic activity has also been shown to play a role in 

MMS induced replicative stress tolerance as the Δdim-5 strain is slightly more sensitive to MMS 
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than hH3
K9R 

strain. This seems to indicate that DIM-5 catalytic activity promotes MMS-tolerance 

through the methylation of non-histone substrates.  

Mutant strains deficient in HP1 and DIM-2 (Δhpo and Δdim-2 respectivley) are not 

hypersensitive to MMS as these proteins function downstream of H3K9me3 deposition and they 

retain both normal DIM-5 catalytic activity and H3K9me3 level in most of constitutive 

heterochromatin domains. It should also be noted that, in S. pombe, heterochromatin components 

are required for normal MMS-induced stress tolerance. Δclr4, a mutant of dim-5 homolog, is 

hypersensitive to MMS whereas Δswi6, HP1 counterpart, is not (26). This indicates that the 

mechanism by which both CLR4 catalytic activity and H3K9 methylation play a role in MMS-

tolerance in S. pombe might be similar to the ones in Neurospora. However, Δclr4 is also 

hypersensitive to HU and tetrabenazine (TBZ) whereas Δdim-5 is not (26). This suggests that the 

functionally diverged role of heterochromatin components on genome integrity among fungi. 

 

Role of H3K9 residue to CPT-tolerance 

Interestingly, hH3
K9R

 is hypersensitive to CPT but Δdim-5 and hH3
K9Q 

are not. It suggests 

that H3K9 acetylation might be required for CPT-induced stress response pathway such as 

removal of the topo1-DNA complex. It is supported by the fact that loss of Gcn5 causes 

hypersensitivity to CPT in both S. cerevisiae and S. pombe (26). Further genetic analysis is 

needed to characterize the acetylation-dependent role in the CPT-induced stress. 

 

Genetic interaction between H3K9 and H3K27    

PRC2 is aberrantly recruited to A:T-rich domains in the absence of H3K9 methylation. 

Given the observations that redistribution of K27me3 occurs in hH3
K9Q

 and hH3
K9R

, these strains 
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suffer from the aberrant facultative domains.  Indeed, removal of the H3K27 methylation 

suppresses MMS-hypersensitivity of hH3
K9Q

. A study has shown that redistribution of K27me3 

also occurs in Δhpo, indicating that HP1 interacts with H3K9me3 and prevents PRC2 from 

associating with A:T-rich domains, restricting facultative heterochromatin at the normal location. 

Why H3K27 positioned in A:T-rich domains become preferred substrates for PRC2 in the 

absence of HP1 localization at constitutive heterochromatin remains elusive. Based on the fact 

that Δhpo exhibits normal sensitivity to MMS, redistribution of K27me3 is not the cause of 

MMS hypersensitivity. MMS-tolerance appears to depend on both DIM-5 catalytic activity and 

H3K9 residue.  

Loss of methylation at both K9 and K27 of H3 N-terminal tail dramatically affect 

tolerance of Neurospora to MMS and CPT. This is perhaps because some DNA repair 

machineries can properly respond to the MMS-induced genotoxic stress whereas others do not 

function optimally to CPT-induced damage in the absence of both H3K9 and H3K27 

methylation. In other words, mutations in the histone N-terminal tail might lead to pleiotropic 

effects on various DNA damage response pathways: Some pathways are intact and others are 

not. H3 N-terminal tails on an array of nucleosomes serve as an important platform to regulate 

DNA repair factors to maintain genome integrity.  

 

Putative methyl-lysine binding proteins may not be involved in recognition of K27me3  

AT-rich DNA repetitive sequence of Neurospora directs constitutive heterochromatin 

formation through H3K9me3. HP1 brings a lot of factors to the domains, such as CDP-2, HDA-

1, CHAP, DMM complex, and DIM-2 (17, 27). In the absence of H3K9 methylation, the PRC2 

complex is recruited to the same A:T-rich domains catalyzing H3K27 methylation. This leads to 
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formation of repressive heterochromatin distinctive from the one directed by H3K9 methylation, 

causing the growth defect. However, components required for the abnormal PRC2 recruitment 

are not known. We therefore attempted to identify factors associating with the aberrant 

facultative heterochromatin domains in Δdim-5 to elucidate the molecular mechanism of the 

toxicity. We selected 7 proteins with a putative chromodomain and 2 with a tudor domain, and 

crossed with Δdim-5. Both single mutants of the putative methyl-lysine binding proteins and 

double mutants with Δdim-5 were isolated and tested on MMS plates. None of the double 

mutants exhibited suppression of MMS hypersensitivity whereas all single mutants showed a 

normal level of sensitivity to MMS. It suggests that the putative methyl-binding proteins are not 

the cause of toxicity in Δdim-5. The results also indicate that they are not required for aberrant 

PRC2 recruitment.  

 

MI-2 is critical for growth in Δdim-5 

Importantly, Δmi-2;Δdim-5 showed synthetic growth defect, whereas Δmi-2 shows 

normal growth. MI-2 is a well conserved protein required for normal growth and development in 

Caenorhabditis elegans, plants and animals.  The genetic interaction between MI-2 and DIM-5 

might indicate that MI-2 plays an important role in promoting cell growth in Δdim-5 background. 

In mammalian cells, CHD3 and CHD4, homologs of MI-2, make a complex with a histone 

deacetylase complex NuRD (28) . The MI-2/NuRD complex is required for normal S-phase 

progression, proper pericentromeric heterochromatin formation and genome integrity (29). 

NuRD contains metastatic tumor antigen 1 (MTA1) that is required for its repression function. 

Interestingly, MTA1 is methylated by a H3K9 methylatransferase G9a at K532. Interaction 

between CHD4 and the methylated MTA1 is required for repression function of MI-2/NuRD. A 
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point mutant of MTA1
K532R

 loses its interaction with CHD4, leading to derepression of subset of 

genes targeted by MI-2/NuRD (30). In C. elegans, MI-2 homologs are associated with vulval 

development, modulating Ras signaling pathway (31). In Neurospora, MI-2 has not been 

characterized and its binding partners have not been identified. Hence, it would be interesting to 

see whether Neurospora MI-2 interacts with histone deacetylases and if so what genes are 

repressed by the complex. Also, given the fact that G9a targets a subunit of MI-2/NuRD in 

mammalian cell, MI-2 and its interacting partners might be non-histone substrates of DIM-5 and 

the interaction could contribute to genome integrity, although Neurospora does not have 

homologous proteins to MTA1 and NuRD complex.  

MI-2 could play a role in DNA damage response or genome maintenance since its 

function appears to play a pivotal role in growth of Δdim-5. In a human cell, CHD4 localizes to a 

DNA region damaged by the ionized radiation. Remarkably, PRC2 (EZH2, SUZ12, and EED) 

and other NuRD components (HDAC1 and MTA1) also accumulate at the damaged sites (32-

34). Accumulation of HDAC1 is reduced in the absence of CHD4 (34). In addition, in a mouse 

embryonic stem cell, both PRC2 and MI-2/NuRD localize to A:T-rich satellite repeats upon 

removal of DNA methylation (35). These observations suggest that MI-2 might localize to 

constitutive heterochromatin domains in Δdim-5 due to loss of DNA methylation at A:T-rich 

sequence or as a part of DNA damage response. Then MI-2 could function to maintain genome 

integrity at the constitutive heterochromatin domains. We are tempted to speculate that, in the 

absence of heterochromatin components, A:T-rich sequences might be recognized as the 

damaged DNA. In fact, spontaneous activation of the DNA damage response is observed in 

Δdim-5 (18). This could explain the synthetic growth defect in Δmi-2;Δdim-5. Further 

file:///C:/Users/taka/Dropbox/Taka%20and%20Zack%20Shared%20Folder/Dissertation%20Taka/CHAPTER%204_complete_draft_ver3.docx%23_ENREF_30
file:///C:/Users/taka/Dropbox/Taka%20and%20Zack%20Shared%20Folder/Dissertation%20Taka/CHAPTER%204_complete_draft_ver3.docx%23_ENREF_31
file:///C:/Users/taka/Dropbox/Taka%20and%20Zack%20Shared%20Folder/Dissertation%20Taka/CHAPTER%204_complete_draft_ver3.docx%23_ENREF_32
file:///C:/Users/taka/Dropbox/Taka%20and%20Zack%20Shared%20Folder/Dissertation%20Taka/CHAPTER%204_complete_draft_ver3.docx%23_ENREF_32
file:///C:/Users/taka/Dropbox/Taka%20and%20Zack%20Shared%20Folder/Dissertation%20Taka/CHAPTER%204_complete_draft_ver3.docx%23_ENREF_34
file:///C:/Users/taka/Dropbox/Taka%20and%20Zack%20Shared%20Folder/Dissertation%20Taka/CHAPTER%204_complete_draft_ver3.docx%23_ENREF_35
file:///C:/Users/taka/Dropbox/Taka%20and%20Zack%20Shared%20Folder/Dissertation%20Taka/CHAPTER%204_complete_draft_ver3.docx%23_ENREF_18


 

150 

characterization of Δmi-2;Δdim-5 is required to test the hypothesis and will uncover the 

functional role of the conserved chromatin remodeler MI-2 on genome integrity in Neurospora.   
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Figure. 4.1 DIM-5 catalytic mutants abolish DNA methylation. Cells were lysed by 

sonication and centrifuged. Soluble proteins in the supernatant were loaded into proteins gels and 

transferred onto a PDVF membrane. Western blot was performed to detect FLAG-tagged DIM-5 

and its mutants to assess the protein expression at his-3 locus. To look at the DNA methylation 

level, genomic DNA was isolated from each strain. DNA digested with the methyl-sensitive 
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enzyme AvaII was probed with 9e1 (methylated region) or digested with the methyl-sensitive 

enzyme HpaII and probed with 8g3 (methylated region). To confirm the endogenous dim-5 gene 

was absent, DNA was digested with ApaL1 and KpnI and probed for the dim-5 3’UTR. Southern 

blot was performed using a probe labeled with P32.   
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Figure. 4.2 DIM-5 catalytic activity is required for growth on MMS. Suspensions of 10
4
, 10

3
, 

10
2 

or 10 conidia of the indicated strains were spot-tested on media with or without methyl 

methanesulfonate (MMS). Strains were grown three days at 32 °C. 
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Figure 4.3 DIM-5(W318A) has a reduced catalytic activity but sufficient to induce PRC2 

mislocalization. ChIP was performed using indicated strains pulling down nucleosomes 

containing H3K9me3 or H3K27me3. The, qPCR was performed to look at the relative 

enrichment of a constitutive heterochromatin locus peak 90. Locus 90-1 (euchromatin), 90-2 

(boundary between euchromatin and constitutive heterochromatin) and 90-3 (constitutive 

heterochromatin) were amplified to examine the  H3K9me3 or H3K27me3 level. Enrichment 

was normalized to locus 90-1.     
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Figure 4.4 Replicative stress tolerance of H3K9 mutants. (A) Suspensions of 10
4
, 10

3
, 10

2 
or 

10 conidia of the indicated strains were spot-tested on media with or without methyl 

methanesulfonate (MMS) or camptothecin (CPT). Strains were grown three days at 32 °C. 

Approximately 200 conidia were spread on a series of (B) MMS or (C) CPT to examine the 

sensitivity of the indicated strains to the DNA damaging agents.  
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Figure 4.5 Removal of H3K27 methylation can suppress the MMS hypersensitivity in 

H3K9Q but induce hypersensitivity to CPT. Suspensions of 10
4
, 10

3
, 10

2 
or 10 conidia of the 

indicated strains were spot-tested on media with or without methyl methanesulfonate (MMS), 

camptothecin (CPT), or hydroxyurea (HU).    
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Figure 4.6 hH3
K9Q 

and
 
hH3

K9R  
have aberrant facultative chromatin. H3K27me3 ChIP-seq 

was performed using the indicated strains. Reads from Illumina sequencing were mapped to 

Neurospora genome (V12).  
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Figure 4.7 MMS sensitivity of mutants of methyl-lysine binding proteins in wild-type and 

Δdim-5 background. Suspensions of 10
4
, 10

3
, 10

2 
or 10 conidia of the indicated strains were 

spot-tested on media with or without methyl methanesulfonate (MMS)   
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Table S4.1  

Strains used in this study 

Strain Genotype Source/reference 

S2 Wildtype FGSC# 2489 

S181 Δhpo-1::hph+ FGSC # 14522 

S242 Δdim-5::bar+, his-3::dim-5-FLAG This Study  

S243 Δdim-5::bar+, his-3::dim-5-FLAG This Study  

S244 Δdim-5::bar+, his-3::dim-5-FLAG This Study  

S246 Δdim-5::bar+, his-3::dim-5-FLAG This Study  

S247 Δdim-5::bar+, his-3::dim-5-FLAG(209E) This Study  

S248 Δdim-5::bar+, his-3::dim-5-FLAG(209E) This Study  

S249 Δdim-5::bar+, his-3::dim-5-FLAG(N241Q) This Study  

S250 Δdim-5::bar+, his-3::dim-5-FLAG(N241Q) This Study  

S251 Δdim-5::bar+, his-3::dim-5-FLAG(N241Q) This Study  

S252 Δdim-5::bar+, his-3::dim-5-FLAG(N241Q) This Study  

S253 Δdim-5::bar+, his-3::dim-5-FLAG(F281W) This Study  

S254 Δdim-5::bar+, his-3::dim-5-FLAG(F281W) This Study  

S255 Δdim-5::bar+, his-3::dim-5-FLAG(Y283F) This Study  

S256 Δdim-5::bar+, his-3::dim-5-FLAG(Y283F) This Study  

S257 Δdim-5::bar+, his-3::dim-5-FLAG(Y283F) This Study  

S258 Δdim-5::bar+, his-3::dim-5-FLAG(L317A) This Study  

S259 Δdim-5::bar+, his-3::dim-5-FLAG(L317A) This Study  

S260 Δdim-5::bar+, his-3::dim-5-FLAG(W318A) This Study  

S261 Δdim-5::bar+, his-3::dim-5-FLAG(W318A) This Study  

S262 Δdim-5::bar+, his-3::dim-5-FLAG(W318A) This Study  

S263 Δdim-5::bar+, his-3::dim-5-FLAG This Study  

S264 Δdim-5::bar+, his-3::dim-5-FLAG(209E) This Study  

S265 Δdim-5::bar+, his-3::dim-5-FLAG(N241Q) This Study  

S266 Δdim-5::bar+, his-3::dim-5-FLAG(F281W) This Study  

S267 Δdim-5::bar+, his-3::dim-5-FLAG(F281W) This Study  

S268 Δdim-5::bar+, his-3::dim-5-FLAG(Y283F) This Study  

S268 Δdim-5::bar+, his-3::dim-5-FLAG(Y283F) This Study  

S269 Δdim-5::bar+, his-3::dim-5-FLAG(L317A) This Study  

S270 Δdim-5::bar+, his-3::dim-5-FLAG(W318A) This Study  

S271 Δdim-5::bar+, his-3::dim-5-FLAG(W318A) This Study  

S272 Δdim-5::bar+, his-3::dim-5-FLAG(W318A) This Study  

S273 Δdim-5::bar+, his-3::dim-5-FLAG This Study  

S274 Δdim-5::bar+, his-3::dim-5-FLAG(209E) This Study  

S275 Δdim-5::bar+, his-3::dim-5-FLAG(Y283F) This Study  

S276 Δdim-5::bar+, his-3::dim-5-FLAG(L317A) This Study  
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S277 Δdim-5::bar+, his-3::dim-5-FLAG This Study  

S278 Δdim-5::bar+, his-3::dim-5-FLAG(N241Q) This Study  

S279 Δdim-5::bar+, his-3::dim-5-FLAG(Y283F) This Study  

S280 Δdim-5::bar+, his-3::dim-5-FLAG(N241Q) This Study  

S302 FgH3::bar+   (18) 

S303 hH3::hH3K9Q::hph+   (18) 

S304 hH3::hH3K9R::hph+   (18) 

S305 hH3::hH3K9Q::hph+   (18) 

S306 hH3::hH3K9R::hph+   (18) 

S394 hH3::hH3K9A::hph+ This Study  

S395 hH3::hH3K9A::hph+ This Study  

S396 hH3::hH3K9Q;K27R:hph+ This Study  

S397 hH3::hH3K9Q;K27R:hph+ This Study  

S398 hH3::hH3K27Q::hph+ This Study  

S399 hH3::hH3K27Q::hph+ This Study  

S400 hH3::hH3K27Q::hph+ This Study  

S401 hH3::hH3K27Q::hph+ This Study  

S402 hH3::hH3K27R::hph+ This Study  

S403 hH3::hH3K9Q;K27Q:hph+ This Study  

S404 hH3::hH3K9Q;K27Q:hph+ This Study  

S405 hH3::hH3K27Q::hph+ This Study  

NCU00738.7 Δcdp-2::hph FGSC #11771 

NCU00738.7;Δdim-5 Δcdp-2::hph, Δdim-5::bar+ This Study  

NCU01522.7 Δcdp-3::hph FGSC #11772 

NCU01522.7;Δdim-5 Δcdp-3::hph, Δdim-5::bar+ This Study  

NCU04017.7 Δhpo-1::hph, Δdim-5::bar+ This Study  

NCU05530.7 ΔNCU05530.7::hph FGSC #12173 

NCU05530.7;Δdim-5 ΔNCU05530.7::hph,Δdim-5::bar+ This Study  

NCU03060.7 crf6-1/chd1 FGSC #14805 

NCU10337.7 Δmi-2::hph, This Study  

NCU10337.7;Δdim-5 Δmi-2::hph,Δdim-5::bar+ This Study  

NCU02134  ΔNCU02134::hph FGSC # 12751 

NCU02134 ;Δdim-5 ΔNCU02134::hph, Δdim-5::bar+ This Study  

NCU04794  ΔNCU04794 ::hph FGSC # 18163 

NCU04794 ;Δdim-5 ΔNCU04794 ::hph, Δdim-5::bar+ This Study  
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CHAPTER 5 

CONCLUSIONS 

The goal of these studies was to elucidate the molecular mechanisms by which 

heterochromatin components regulate genome integrity in the tractable model organism for 

chromatin research Neurospora crassa. Heterochromatin is required for normal growth and 

development in many eukaryotes. However, how heterochromatin maintains genome integrity is 

complex because many chromatin associated factors are associated with the densely packaged 

form of chromatin. Despite the fact that heterochromatin has been extensively studied using 

various model systems and current understanding of heterochromatin is expanding at fast pace, 

we still do not fully understand a role of heterochromatin in genome integrity. Neurospora is 

suited for chromatin research because of its genetically tractable nature and chromatin 

components resembling ones in plants and animals. Also, Neurospora allows us to do 

experiments that are difficult or impossible to do in other model organisms. Using this tractable 

model, I investigated a role of heterochromatin components in genome integrity. My work 

provides insights into how heterochromatin components facilitate normal chromosomal 

architecture. Also, my dissertation research is relevant to understanding of cancer cells and 

contributes to provide the basic knowledge of heterochromatin function that should serve as a 

foundation for development of therapeutics for cancer treatment.  

Previous research in Neurospora has provided the conclusive model for DNA cytosine 

methylation pathway directed by H3K9me3. The H3K9 methylation is mediated by the KMT 

complex composed of DIM-5, DIM-7, DIM-9, DDB1, and CUL4. All of the components are 
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essential for both H3K9 methylation and DNA methylation in Neurospora. Interestingly, single 

deletion mutants of each KMT complex become hypersensitive to MMS, an alkylating agent that 

causes the stalled DNA replication fork and double stranded breaks (DSBs). This indicates that 

the KMT complex is required for genome integrity and that the mutation of KMT complex might 

result in defective DNA replication, chromosomal segregation, or/and DNA repair. In Chapter 2, 

I demonstrated that Δdim-5 has aberrant γH2A distribution whereas, in wild-type, γH2A is 

enriched in constitutive heterochromatin domains. It suggests that DNA damage checkpoint is 

activated in Δdim-5 in the absence of the exogenous DNA damaging agent and γH2A spreads all 

over the genome. The aberrant γH2A induction appears to occur in other heterochromatin 

mutants, hH3
K9Q

, hH3
K9R

, Δhpo, and Δ-hda1, but not in Δdim-2. This illustrates the importance 

of heterochromatin components in maintaining normal genome integrity.          

In order to understand the underlying mechanisms of the defects in Δdim-5, suppressors 

of the MMS hypersensitive mutants are isolated by the UV mutagenesis followed by screening 

on 0.025% MMS plates. After performing bulk segregate analysis followed by whole genome 

sequencing of suppressors, we identified suppressors of Δdim-9, which was EED, a component 

of PRC2 complex. As suppressors are lacking both K9 methylation and K27 methylation, we 

hypothesized that Δdim-5 MMS hypersensitive phenotype would be suppressed by deletion of 

SET-7. In Chapter 3, I constructed the deletion of set-7 in the Δdim-5 background and tested if 

the double mutant grows on MMS. Indeed, removal of H3K27 methylation suppressed the MMS 

hypersensitive phenotype and partially rescued the cell growth defect of Δdim-5. Also, the 

aberrant γH2A formation observed in Δdim-5 was also suppressed, although γH2A enrichment at 

the edge of heterochromatin domains was reduced. As growth defects and MMS hypersensitive 

phenotype of Δdim-5 seems to be related to H3K27 methylation, we mapped H3K27me3 
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distribution in Δdim-5 performing ChIP-Seq. I demonstrated the complete relocalization of 

H3K27me3 from facultative heterochromatin domains to constitutive heterochromatin domains. 

H3K27me3 at the constitutive heterochromatin domains is the cause of growth defects and MMS 

hypersensitivity. H3K27me3 is catalyzed by PRC2 that regulates a number of developmental 

processes in higher eukaryotes. PRC2 is required for normal cellular differentiation, and its 

dysregulation has a link to cancer such as glioma.  

PRC2 is composed of SET-7, SUZ12, EED, and NRF in Neurospora. SET-7 is a catalytic 

subunit of PRC2 that catalyzes the tri-methylation of Lysine 27 of H3 (H3K27me3), directing 

the formation of facultative heterochromatin domains and silencing of the genes in these loci. 

SUZ12 and EED are required for the SET-7 catalytic activity, and NRF appears to have a minor 

role in PRC2 recruitment. Currently, how the PRC2 is recruited to certain chromosomal 

domains, how the H3K27 methylation is maintained, and how the boundary of the facultative 

domains is controlled is extensively studied by many researchers.  In chapter 4, I tried to identify 

the components that function downstream of K27me3 at the constitutive heterochromatin 

domains in Δdim-5. I hypothesized that not only PRC2 but also other factors are mislocalized to 

the A:T-rich domains through H3K27me3. I, therefore, made double mutants of a putative 

methyl-binding protein and Δdim-5 to see if it suppresses the MMS hypersensitivity of Δdim-5. 

However, Suppression of the MMS hypersensitivity was not observed in any of the double 

mutants. This suggests that the putative methyl-lysine binding proteins are not the cause of 

toxicity in Δdim-5.    

Overall, I demonstrated that heterochromatin components are required to maintain 

normal chromosomal organization, such γH2A and H3K27 methylation. In the absence of 

heterochromatin components such as Δdim-5 and H3K9 methylation, a number of factors start 
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functioning aberrantly. Checkpoint activation occurs in the absence of exogenous DNA 

damaging agents and PRC2 recruitment is completely changed. I speculate that not only PRC2 

but also other chromatin associated factors are misregulated. In fact, in mice, upon removal of 

H3K9me3 or DNA methylation, PRC2 complex is recruited to constitutive heterochromatin 

domains of A:T-rich satellite repeats, transforming regions into facultative heterochromatin. At 

the same time, many factors, usually not present in the A:T-rich satellite repeats, start 

accumulating at the sites, leading to structurally different type of repressive chromatin. 

Therefore, my findings are relevant to heterochromatin regulation in animals and provide a 

strong foundation to investigate PRC2 recruitment.        

   

Future directions 

In Chapter 2, I demonstrated that γH2A a component of constitutive heterochromatin in 

Neurospora and heterochromatin components are required for normal distribution. This has been 

observed in S. cerevisiae and S. pombe. Currently, readers of γH2A are not known in 

Neurospora. In S. pombe, Brc1 mediate DNA damage response through its BRCT domain that 

specifically binds to the phosphorylated serine 129 of H2A. Since Neurospora has 10 proteins 

harboring a putative BRCT-domain, we asked if they can also bind γH2A and function as 

components of heterochromatin. Since we wanted to test if they localize to heterochromatin, I 

tagged the BRCT-domain proteins with RFP and observed their localization under fluorescent 

microscopy. Preliminary results suggest that RTT107, FCP1, and PES1 might be components of 

heterochromatin based on nuclear localization. Others did not show clear RFP signal in cells, 

possible due to the low expression level. PES1 appears to be highly induced upon MMS-induced 

damage. Future work will be to confirm if RFP-tagged proteins remain functional, as the bulky 
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nature of RFP might interfere with the native functions. Also, using a spin column with resins 

conjugated with RFP-antibody, ChIP-seq should be performed to identify the binding sites of 

BRCT-domain proteins. The pilot experiment using HP1-RFP was already done and enrichment 

of HP1-RFP at heterochromatin domain was confirmed by qPCR.  

While γH2A mediates the DNA damage response, it is not clear what it biologically 

means by γH2A localization in constitutive heterochromatin. It has been shown in S. cerevisiae 

that γH2A enrichment correlate with DNA polymerase stall sites. Neurospora constitutive 

heterochromatin might be an impediment of DNA replication because it contains A:T-rich 

repetitive sequences that might be prone to make secondary structures. However, we currently do 

not have evidence that DNA polymerases stall at heterochromatin domains. I fused replisome 

components POLD, TOF1 and MRC1 with 3xFLAG and performed ChIP-Seq to identify the 

polymerase stalling sites in genome. However, we could not see enrichment of the proteins 

anywhere in genome, possible because POLD, TOF1 and MRC1 were not crosslinked with 

DNA. I also tagged these components with RFP to see if they localize at the heterochromatin 

domain in nucleus. However, I could not see any fluorescent signal inside cell probably because 

expression level of POLD, TOF1 and MRC1 was too low.            

In Chapter 3, I demonstrate that K27me3 is redistributed in Δdim-5. However, how PRC2 

is recruited to A:T-rich domains and how it is no longer recruited to the normal domain are not 

clear. Also, how PRC2 is targeted to the normal domains remains elusive. PRC2 is highly 

conserved and plays an important role in normal development in plants and animals. Despite 

PRC2 recruitment has been extensively studies in Drosophila and mammals, molecular 

determinants of targeting are still elusive. Δdim-5 has the excellent phenotype to study PRC2 

recruitment process. One of the hypotheses we try to test is if R-loop is responsible for 
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recruitment of PRC2 to A:T-rich domains in Δdim-5. Because the silencing in the constitutive 

heterochromatin domains is presumably lost in the absence of H3K9me3 and DNA methylation, 

AU-rich repetitive transcripts from constitutive heterochromatin domain might be prone to form 

DNA-RNA duplex that could attract PRC2 complex. In S. pombe and mammal, R-loop has been 

shown to direct constitutive heterochromatin formation. I made constructs overexpressing RNase 

H in the Δdim-5 background to see if it inhibits PRC2 recruitment through elimination of the 

DNA-RNA duplex. Preliminary results show that Rnase H overexpression causes a subtle 

growth defect in wild-type and appears to be lethal in Δdim-5. Whether or not Rnase H is 

overexpressed needs to be confirmed. Elucidation of PRC2 mechanism will expand our 

knowledge of facultative heterochromatin formation and how a single cell differentiates into 

many cell types in animals. 

 In Chapter 4, I found Δmi-2;Δdim-5 has a synthetic growth defect, indicating that MI-2 

plays an important role in facilitating growth in Δdim-5. As described above Δdim-5 has aberrant 

facultative heterochromatin and the spontaneous DNA damage checkpoint induction. I speculate 

that the constitutive heterochromatin in the absence of DIM-5 is recognized as a “damage” 

activating the DNA damage checkpoint.  As it has been shown that PRC2 and MI2/NuRD 

components localize to double stranded break sites in mammalian cells, I hypothesize that MI-2 

plays a role in DNA damage response. It would be interesting to see if the same synthetic growth 

defect is observed in DNA repair mutants in Δdim-5 background. Not only PRC2 but also other 

components are like to be redistributed to constitutive heterochromatin in Δdim-5. The important 

question is if they are causing toxic effects or actually promoting the growth. H3K27me3 is 

obviously the former. Identification of components recruited to the A:T-rich domain in Δdim-5 

will be a key to understand the molecular mechanism of genome maintenance. 


