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ABSTRACT
Gene repression by Polycomb Group (PcG) proteins is a conserved mechanism across

metazoans and most eukaryotic organisms. Polycomb Repressive Complex 2 (PRC2) maintains
gene repression by establishing Histone H3 lysine 27 trimethylation (H3K27me3), a repressive
histone post-translational modification (PTM), at target regions across the genome. The
mechanisms that underly PRC2 recruitment to these regions remain incompletely understood
across all model systems. In this dissertation, I used the model fungus Neurospora crassa to
study the molecular factors that underly PRC2 localization and activity. The first half describes a
model system I developed to assay the kinetics of de-novo facultative heterochromatin
establishment by PRC2. The second half looks at the role of the conserved, replication-
dependent histone chaperone, Chromatin Assembly Factor 1 (CAF-1), in maintaining gene
silencing within facultative heterochromatin regions. Collectively, this work deepens our
understanding of how PRC2 activity is targeted in fungi and elucidates the role of other
chromatin modifying complexes in this process. The findings from these studies may provide

insights into how PRC2 function is regulated across all eukaryotes and may be relevant to the



development of therapeutics that target the Polycomb repression pathway to treat cancer and

other diseases.
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CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

Chromatin Structure and Function

Chromatin is a fundamental unit of biology that is made up of a complex of DNA and
histone proteins that form within the nucleus of a cell (Kornberg, 1974; Woodcock & Ghosh,
2010). At its most basic structure, 147 base pairs (bp) of DNA wrap around a histone octamer
(made up of two tetramers, each containing an H2A, H2B, H3, and H4 histone protein) in a
spool-like fashion to form a nucleosome (Davey et al., 2002; Luger et al., 1997). Nucleosomes
are separated by ~30-100 bp of linker DNA and form arrays that have been described as “beads
on a string” (Oudet et al., 1975; Woodcock & Ghosh, 2010). This linker DNA is able to interact
with histone H1, which allows chromatin to compact into higher-order structures (Weintraub,
1984). In the “beads on a string” conformation, chromatin fibers are ~10 nm in length and further
compact to form ~30 nm solenoid-like structures (Finch & Klug, 1976; Robinson et al., 2006).
This compaction is the first in a series of steps that ultimately allows DNA to be packaged into a
chromosome that can be segregated during mitosis (Kornberg & Lorch, 1999; Woodcock &
Ghosh, 2010). Outside of mitosis, chromatin formation plays a critical role in regulating gene
expression (Allis & Jenuwein, 2016; Li et al., 2007). The histone binding activity of DNA allows
for precise control of its accessibility to transcriptional machinery and other DNA-binding
proteins, helping determine which genes are expressed in a given cell (Buenrostro et al., 2013; Li

et al., 2007; Lorch et al., 1987). One of the primary biological mechanisms that regulates this



process is epigenetic modification (Bannister & Kouzarides, 2011; Kouzarides, 2007; Strahl &
Allis, 2000).

“Epigenetics” was first coined by Conrad Waddington in 1942 and is broadly defined as
heritable changes in gene expression or function that do not involve changes to the underlying
DNA sequence (Bird, 2007; Waddington, 2012). Epigenetic modifications are made directly to
DNA and histone proteins to regulate their biological interactions (Bannister & Kouzarides,
2011; Jones, 2012). Specifically, histones can be modified on their tails at Lysine (K), Arginine
(R), and Serine (S) residues with various chemical moieties, including methyl- (me), acyl- (ac),
and phospho- (p) groups (Bannister & Kouzarides, 2011; Kouzarides, 2007; Strahl & Allis,
2000). These modifications can serve as scaffolds for binding proteins to interact with chromatin
(Bannister et al., 2001; Dhalluin et al., 1999; Min et al., 2003; Musselman et al., 2012; Taverna
et al., 2007). Furthermore, acetylation weakens histone-DNA interactions by neutralizing
positive lysine charges, thereby inhibiting chromatin compaction and promoting DNA
accessibility (Barnes et al., 2019; Oppikofer et al., 2011; Shogren-Knaak et al., 2006). These
processes partition the genome into domains that promote or preclude specific protein-chromatin
interactions (Dixon et al., 2012; Lieberman-Aiden et al., 2009; Rowley & Corces, 2018; van
Steensel & Belmont, 2017; Weintraub & Groudine, 1976). In 1928, Emil Heitz used cytological
staining techniques to make the first observations of chromatin that was “densely” or “loosely”
packed within a nucleus, which he defined as “heterochromatin” and “euchromatin” respectively
(Berger, 2019; Heitz, 1928).

Euchromatin generally localizes within the interior of the nucleus, where it is available to
interact with nuclear proteins that carry out transcriptional processes (Gilbert et al., 2004;

Lieberman-Aiden et al., 2009; Mahy et al., 2002). These regions are gene-rich and contain the



instructions to produce the proteins necessary for proper cellular function (Gilbert et al., 2004;
Mahy et al., 2002). Conversely, heterochromatin aggregates at the nuclear periphery and around
the nucleolus, thereby limiting access of DNA binding partners (Towbin et al., 2012; van
Steensel & Belmont, 2017; Vertii et al., 2019). Early chromatin research suggested that
heterochromatin regions were devoid of genes and primarily functioned to maintain chromatin
structure and genomic integrity throughout the cell cycle (Elgin & Reuter, 2013; Janssen et al.,
2018). However, recent research that followed the discovery of epigenetic modifications has
shown that some heterochromatic regions are enriched for genes whose expression needs to be
carefully controlled to maintain cellular function (Bernstein et al., 2006; Lee et al., 2006; Voigt
et al., 2013). This ultimately led to further characterization of heterochromatin into gene-poor
“constitutive” heterochromatin, and gene-rich “facultative” heterochromatin, due to its ability to
decondense in response to molecular, developmental, or environmental signals, and become
more permissive to gene expression (Allshire & Madhani, 2018; Bastow et al., 2004; Margueron
& Reinberg, 2011; Voigt et al., 2013). Genes within facultative heterochromatin are critical to
specific cellular processes, including cell differentiation and stress response among others
(Blackledge & Klose, 2021; Boyer et al., 2006; Kim & Roberts, 2016; Lee et al., 2006). The
remainder of this introduction will discuss what is known about the biological mechanisms that
control facultative heterochromatin formation and describe how my research aims to expand our
knowledge of the factors involved in establishing and maintaining the heterochromatin
environment.
The History of Polycomb

Polycomb group (PcG) proteins were initially discovered and characterized in the model

system Drosophila melanogaster due to their role in maintaining homeotic (Hox) gene



repression throughout development (Kassis et al., 2017; Schuettengruber et al., 2017; Simon &
Kingston, 2009). This repression acts to prevent homeotic transformations, developmental
mutations in which one body part aberrantly develops into another (Kassis et al., 2017;
Schuettengruber et al., 2017). Examples of these in D. melanogaster include Antennapedia
(antennae developing into legs) and the development of extra sex combs on posterior legs (hence
the designation “Polycomb”) (Kassis et al., 2017; Lewis, 1947; Schneuwly et al., 1987). The first
gene mutant with the extra sex combs phenotype, extra sex combs (esc), was described in 1942,
and several years later, the dominant Polycomb (Pc) gene mutation was identified (Lewis, 1947,
Slifer, 1942). By the early 1990s, several other gene mutations that resulted in similar
phenotypes were discovered, leading to their eventual designation as “PcG” genes (DeCamillis et
al., 1992; Duncan, 1982; Franke et al., 1992). Furthermore, the phenomenon of Position-effect
variegation (PEV) was discovered in D. melanogaster when genes were juxtaposed near a
heterochromatic domain, in turn silencing their expression (Elgin & Reuter, 2013; Wakimoto,
1998; Wallrath & Elgin, 1995). These studies provided early evidence that chromatin context can
modulate gene expression and while mechanistically distinct from Polycomb repression, PEV
helped frame models for heritable gene silencing that informed subsequent PcG studies (Elgin &
Reuter, 2013; Kassis, 2002).

The PcG protein Pc was later found to copurify in a complex with the proteins encoded
by 3 of these genes, Ph, Psc, and dRING, which became known as Polycomb Repressive
Complex 1 (PRC1) (Franke et al., 1992; Shao et al., 1999). Mass-spectrometry and genetic
studies expanded PRC1 membership to include proteins such as Scm, helping explain variant
PRC1 assemblies observed in later studies (Franke et al., 1992; Levine et al., 2002). In the early

2000s, experiments performed using a recombinant version of the PRC1 complex showed that



the complex was able to maintain gene repression by establishing repressive chromatin structures
that are antagonistic to chromatin remodelers, protein complexes that can change nucleosome
position to alter accessibility and control gene expression (Francis et al., 2004; Francis et al.,
2001; King et al., 2002). Despite this clear mechanistic role for PRC1 in gene repression, the
existence of other PcG genes whose roles remained uncharacterized suggested that there was still
much that was unknown about this pathway (Birve et al., 2001; Ng et al., 2000).

One such PcG gene was esc, which was mapped and characterized by phenotype early
on, but not found to interact with the PRC1 complex (Ng et al., 2000; Shao et al., 1999; Slifer,
1942). It was not until the early 2000s that the first Esc interactor, Enhancer of Zeste (E(z)), was
identified as a protein complex that was distinct from PRC1 (Ng et al., 2000). Soon after, a novel
PcG gene, Suppressor of zeste 12 (su(z)12), was identified, and its protein product was found to
be a core interactor with the Esc—E(z) complex (Birve et al., 2001; Muller et al., 2002). Studies
performed in vitro using a recombinant version of this complex revealed that it could modify
chromatin, and that its enzymatic activity was distinct from that of PRCI1 but, still functioned to
repress gene expression (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; Muller
et al., 2002). This biochemical evidence, in addition to the PcG phenotype characterization, led
to the designation of the Esc—E(z)-Su(z)12 complex as Polycomb Repressive Complex 2 (PRC2)
(Czermin et al., 2002; Muller et al., 2002). Soon after its characterization in Drosophila,
homologs of PRC2 proteins were identified across a wide array of eukaryotes, ranging from
fungi to plants and mammals (Connolly et al., 2013; Grossniklaus et al., 1998; Kohler et al.,
2003; O'Carroll et al., 2001; Ohad et al., 1999). These complexes have been shown to share a
conserved catalytic function with D. melanogaster PRC2 (dPRC2), suggesting that PRC2-

mediated repression emerged early on in eukaryotic evolution (Frapporti et al., 2019; Kuzmichev



et al., 2002; Muller et al., 2002; Sharaf et al., 2022). Since its discovery, the polycomb repression
pathway has been extensively researched across many biological model systems, and these
studies have provided greater context as to how epigenetic pathways contribute to gene
repression and facultative heterochromatin formation (Blackledge & Klose, 2021; Di Croce &
Helin, 2013; Margueron & Reinberg, 2011). However, there are fundamental questions about the

mechanisms that underly PcG protein activity that remain unanswered.

Polycomb Function in Eukaryotes

Multicellular eukaryotes such as plants and vertebrates contain a largely conserved
polycomb repression pathway compared to D. melanogaster (Kohler et al., 2003; O'Carroll et al.,
2001; Ohad et al., 1999; Sharaf et al., 2022). This includes complete PRC1 and PRC2
complexes, in addition to accessory subunits that control where and how these complexes act
(Blackledge & Klose, 2021; Gao et al., 2012; Kasinath et al., 2021; Laugesen et al., 2019). PRC1
and PRC2 are responsible for catalyzing histone H2A lysine 119 ubiquitination (H2AK119ub, or
H2AK118ub in Drosophila) and histone H3 lysine 27 tri-methylation (H3K27me3) respectively,
which are the two histone PTMs involved in polycomb repression (Cao et al., 2002; Czermin et
al., 2002; de Napoles et al., 2004; Kuzmichev et al., 2002; Muller et al., 2002). These PTMs have
been shown to function in a “positive feedback” loop, that recruits the proteins involved in the
polycomb repression pathway to faithfully maintain gene repression and form heterochromatic
domains at specific loci across the genome (Blackledge et al., 2020; Oksuz et al., 2018; Tamburri
et al., 2020; Zhen et al., 2016).

This loop is established by transcription factor (TF) mediated recruitment of PcG

complexes to their target sites, DNA sequences called polycomb response elements (PREs)



(Kahn et al., 2016; Kassis & Brown, 2013; Laprell et al., 2017; Oktaba et al., 2008; Okulski et
al., 2011). PREs were initially discovered in D. melanogaster, where they are well-characterized
and can be bound by TFs such as Pho, GAGA transcription factor (GAF), Zeste, etc. (Kahn et
al., 2016; Kassis & Brown, 2013; Oktaba et al., 2008; Okulski et al., 2011). While evidence of
PREs remains limited in mammals, TFs such as Ying Yang 1 (YY1) and RE1-Silencing
Transcription Factor (REST) can recruit PcG proteins, and the KDM2B demethylase has been
shown to recruit PRC1 to unmethylated CpG islands (CGlIs) (Dietrich et al. 2012; Farcas et al.,
2012; Li et al., 2017; Mendenhall et al., 2010; Perino et al., 2018; Srinivasan & Atchison, 2004).
In plants, families of TFs such as VIVIPAROUS1/ABI3-LIKE (VAL) and EMBRYONIC
FLOWER 1 (EMF1) work in unison with PcG proteins to regulate gene expression (Calonje et
al., 2008; Xiao et al. 2017; Yuan et al., 2021; Zhou et al. 2018). Additionally, there is strong and
emerging evidence for long non-coding RNAs (IncRNAs) playing a role in PRC2 recruitment,
with the X-chromosome inactivation pathway (Xist) in mammals and FLOWERING LOCUS C
pathway in plants representing some of the most well-studied systems (Bastow et al., 2004; Kim
& Sung, 2017; Nielsen et al., 2024; Plath et al., 2003; Sarma et al., 2014; Zhao et al., 2008).
While there is strong evidence for all these pathways in recruiting PcG proteins, no single one is
universal to all facultative heterochromatin domains, suggesting that polycomb recruitment is
dynamic and complex (Blackledge & Klose, 2021; Laugesen et al., 2019). Once recruited, PRC1
then deposits H2AK119ub, which has been shown to influence gene expression by restricting
RNA polymerase II (RNAPII) engagement and limiting transcriptional initiation and early
elongation (Blackledge et al., 2020; Dobrinic et al., 2021; Tamburri et al., 2020). Furthermore,
there is evidence that PRCI1 itself can contribute to chromatin compaction independent of its

catalytic function (Eskeland et al., 2010; Francis et al., 2004; Grau et al., 2011). H2AK119ub



serves as a recruitment signal that is recognized by the PRC2 accessory subunits JARID2 and
AEBP2, which bring PRC2 to these sites, allowing for establishment of H3K27me3 at what is
referred to as a “nucleation site” (Kasinath et al., 2021; Oksuz et al., 2018). Once both PTMs are
established, the CBX subunit of the PRC1 complex can then read H3K27me3 and recruit PRC1
back to these sites, completing the feedback loop that results in maintenance of both gene
repression and the two modifications (Gao et al., 2012; Min et al., 2003; Zhen et al., 2016).

Once H2AK119ub and H3K27me3 are established, H3K27me3 must spread to adjacent
nucleosomes to form a complete facultative heterochromatin domain (Fig. 1.1) (Laprell et al.,
2017; Oksuz et al., 2018). This is largely achieved by recognition of existing H3K27me3 by
PRC2 itself. Specifically, the EED subunit (dPRC2; Esc) binds H3K27me3 through its aromatic
cage, which allosterically activates the complex to catalyze H3K27 methylation on the
neighboring nucleosome (Lee et al., 2018; Margueron et al., 2009; Ueda et al., 2016). This
mechanism allows for the continuous spread of H3K27me3 until PRC2 is met by a boundary
element, such as insulator proteins, nascent RNA, or antagonistic modifications which inhibit the
complex’s activity (Dixon et al., 2012; Lavarone et al., 2019; Rhodes et al., 2020; Schmitges et
al., 2011). CTCF and cohesion loops are insulator proteins, which can form DNA loop extrusions
and exclude the activity of complexes such as PRC2 (Dixon et al., 2012; Rhodes et al., 2020;
Rowley & Corces, 2018). Examples of antagonistic modifications include H3K36me3 and
H3K4me?2/3, which are hallmarks of active transcription, and H3K27 acetylation (H3K27ac),
which typically marks active enhancers and promoters and is mutually exclusive with
H3K27me3 (Creyghton et al., 2010; Pasini et al., 2010; Schmitges et al., 2011). Formation and
maintenance of these complete facultative heterochromatin domains is critical for PcG repression

(Blackledge & Klose, 2021; Margueron & Reinberg, 2011). These same mechanisms function to



maintain proper levels of H3K27me3 across the genome through mitotic cell division and during
DNA replication, when parental histones marked by H3K27me3 are recycled evenly across both
parent and daughter DNA strands, thereby diluting the mark—a process discussed in greater
detail in a later section (Alabert et al., 2020; Jadhav et al., 2020; Petryk et al., 2018; Wenger et
al., 2023; Yu et al., 2018).

A major distinction between facultative heterochromatin and constitutive
heterochromatin is the ability to a create “dynamically repressive” environment, as previously
described (Allshire & Madhani, 2018; Blackledge & Klose, 2021; Trojer & Reinberg, 2007).
This requires the activity of mechanisms that serve to counteract the polycomb repression
pathway. This includes demethylases such as KDM6A (dPRC2; Utx) and deubiquitinases such
as PR-DUB (dPRC2; Calypso) that directly remove H3K27me3 and H2AK119ub respectively,
and counteract the spread and maintenance of facultative heterochromatin domains (Agger et al.,
2007; Lee et al., 2007; Scheuermann et al., 2010). This can make DNA within these regions
more accessible, allowing transcriptional machinery to bind and promote gene expression
(Bannister & Kouzarides, 2011; Buenrostro et al., 2013; Tie et al., 2009). Furthermore, this can
allow for the deposition and propagation of PTMs that promote or are associated with active
transcription (Creyghton et al., 2010; Pasini et al., 2010). There are some examples in which
nucleosomes exhibit bivalency of H3K27me3 and H3K4me?2/3, meaning that the same
nucleosome is modified at both residues, but on opposite H3 histone proteins (Bernstein et al.,
2006; Voigt et al., 2013). This creates a “primed” state, in which H3K27me3 can be removed,
transcription can occur, and H3K4me?2/3 and other PTMs can be propagated under specific
conditions, creating a truly dynamic chromatin environment. This mechanism is highly prevalent

in embryonic stem cells (ESCs), which require widespread and rapid transcriptional regulation



during differentiation to control cell fate (Bernstein et al., 2006; Boyer et al., 2006; Lee et al.,
2006; Voigt et al., 2013). While PRC2-mediated repression is well conserved, many of the
mechanisms that control its recruitment and activity are not, motivating research across diverse
model systems to fully understand its origins and mechanistic determinants (Kassis & Brown,

2013; Liet al., 2017; Mendenhall et al., 2010; Yuan et al., 2021).

Polycomb Function in Fungi

Commonly studied eukaryotic fungi such as Saccharomyces cerevisiae (S. cerevisiae)
and Schizosaccharomyces pombe (S. pombe) are devoid of known PRC2 homologs and
H3K27me3, suggesting that polycomb repression was lost in some fungal lineages (Grewal,
2023; Ridenour et al., 2020; Sharaf et al., 2022). While the mechanisms behind heterochromatin
formation are studied in these systems, studying facultative heterochromatin dynamics in the
same way as other eukaryotes is impossible (Ridenour et al., 2020). In the early 2010s,
H3K27me3 was mapped in the filamentous fungus Neurospora crassa, quickly followed by the
characterization of its PRC2 protein homologs (Aramayo & Selker, 2013; Jamieson et al., 2013).
N. crassa harbors a fully conserved core PRC2 complex, consisting of SUZ-12 (dPRC2;
Su(z)12), EED (dPRC2; Esc), SET-7 (dPRC2; E(z)), and CAC-3 (dPRC2; NURF-55, also called
NPF), but is devoid of known homologs for PRC1 or PRC2 accessory subunits (JARID2,
AEBP2, etc.) (Jamieson et al., 2013; McNaught et al., 2020; Ridenour et al., 2020; Sharaf et al.,
2022). Furthermore, it has been shown that knock-out (KO) deletions of PRC2 components
resulting in H3K27me3 depletion are non-lethal in N. crassa, unlike what has been observed for
mammals (Courtney et al., 2020; Jamieson et al., 2013; O'Carroll et al., 2001). This makes N.

crassa an intriguing model to study the mechanisms that underly facultative heterochromatin, as

10



a simplified PRC2 complex is the only enzyme capable of establishing and maintaining
H3K27me3 (Ridenour et al., 2020; Wiles et al., 2020). Since its discovery in N. crassa,
homologs of PRC2 have been characterized in multiple fungal species, including the filamentous
fungi Zymoseptoria tritici and Fusarium graminearum, and the pathogenic yeast Cryptococcus
neoformans (Connolly et al., 2013; Dumesic et al., 2015; Moller et al., 2019). Genes within
fungal facultative heterochromatin domains have been shown to be critical for specialized
processes such as sexual development, effector gene expression, and secondary metabolite
production (Collemare & Seidl, 2019; Connolly et al., 2013; Deaven et al., 2025; Fraser &
Whitehall, 2022).

George Beadle and Edward Tatum’s 1950s Nobel prize-winning research on the “one
gene-one enzyme” hypothesis established N. crassa as a bona fide model for genetics research
(Beadle & Tatum, 1941; Dunlap et al., 2007). This foundation has been critical for recent work
studying chromatin formation and dynamics in this system (Aramayo & Selker, 2013). To date,
studies of the PRC2 repression pathway in N. crassa have already implicated several chromatin-
modifying complexes in the process of facultative heterochromatin formation. This includes
PRC2’s accessory proteins (CAC-3/NPF, EPR-1, and PAS), the IMITATION SWITCH (ISWI)
chromatin remodeler, the histone variant H2A.Z, the histone deacetylase (HDAC) complexes
HISTONE DEACETYLASE 1 (HDA-1) and RPD3L, and the H3K36 and H3K9
methyltransferases ASH-1 and DIM-5 respectively (Basenko et al., 2015; Bicocca et al., 2018;
Courtney et al., 2020; Ebot-Ojong et al., 2025; Kamei et al., 2021; McNaught et al., 2020;
Mumford et al., 2024; Wiles et al., 2022). Many of these proteins have homologous or
orthologous counterparts in other eukaryotic species, allowing for translation of the research

done in N. crassa to other model systems (Blackledge & Klose, 2021; Sharaf et al., 2022). My
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work in this dissertation looks to build on the foundational knowledge of N. crassa PRC2
repression by identifying genes and mechanisms that play a role in maintaining gene repression

and the facultative heterochromatin environment, with a particular focus on histone chaperones.

History of Histone Chaperones

Histone chaperones are a family of proteins that directly bind to histones, participate in
their transport to the nucleus, and assist in the formation of nucleosomes (Gurard-Levin et al.,
2014; Keck & Pemberton, 2012). These represent some of the key first steps that precede
chromatin formation (Hammond et al., 2017). Histone chaperones were first discovered in
experiments performed in Xenopus laevis egg extracts, a model system that provides a cell-free,
“S-phase rich” environment to study DNA replication (Almouzni & Mechali, 1988). In the late
1980s, it was shown that the proteins present in these extracts were able to copy a single stranded
DNA (ssDNA) template into double stranded DNA (dsDNA), perform DNA replication, and
promote chromatin assembly in vitro (Blow & Laskey, 1986; Stillman, 1986). These experiments
closely tied chromatin assembly to DNA replication and provided a model to identify the
proteins required for both these processes. Nucleoplasmin and N1 were the first two proteins
characterized as histone chaperones, binding to H2A/H2B and H3/H4 respectively (Dilworth et
al., 1987). Depletion of either chaperone from X. laevis cell extracts resulted in defective
nucleosome and chromatin assembly, a phenotype that was rescued upon their reintroduction,
showing that these chaperones were necessary and sufficient to promote chromatin assembly
(Dilworth et al., 1987).

Similar experiments in Human HeLa extracts showed that the proteins present were able

to replicate and assemble SV40 virus DNA into chromatin, providing a mammalian model to
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study chromatin assembly dynamics (Smith & Stillman, 1991; Stillman, 1986). These
experiments identified multiple proteins required for these processes, including Chromatin
Assembly Factor 1 (CAF-1) (Smith & Stillman, 1989). CAF-1 is a heterotrimeric histone
chaperone complex (made up of subunits pI50/CHAF1A, p60/CHAFI1B, and p48/RbAp48 in
humans) that binds to and tetramerizes H3/H4 dimers and deposits them specifically onto
replicating DNA (Kaufman et al., 1995; Liu et al., 2023; Sauer et al., 2018; Shibahara &
Stillman, 1999; Verreault et al., 1996). CAF-1 depletion in HeLa extracts prevented chromatin
assembly of replicating SV40 DNA, much like what was observed for chaperone depletion
experiments in X. laevis extracts (Dilworth et al., 1987; Smith & Stillman, 1989). The critical
observation came when DNA replication was blocked in these extracts which showed that
chromatin assembly was disrupted, even in the presence of CAF-1 (Smith & Stillman, 1991;
Stillman, 1986). Follow-up experiments identified the DNA processivity factor, Proliferating
Cell Nuclear Antigen (PCNA) as a direct interactor with the large subunit of CAF-1, which
recruits the complex to sites of DNA replication and repair (Moggs et al., 2000; Shibahara &
Stillman, 1999). These studies solidified CAF-1 as a “replication-dependent” histone chaperone

(Hoek & Stillman, 2003).
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Replication-dependent & Replication-independent Histone Chaperones

CAF-1’s characterization led to a series of experiments that defined two distinct families
of replication-dependent and replication-independent histone chaperones (Gurard-Levin et al.,
2014; Shibahara & Stillman, 1999; Tagami et al., 2004). Replication-dependent chaperones are
defined by their inability to assemble chromatin in the absence of DNA replication (Gurard-
Levin et al., 2014; Hoek & Stillman, 2003; Smith & Stillman, 1991). Their production typically
peaks during S-phase in vivo, along with their activity (Eriksson et al., 2012; Mendiratta et al.,
2019). Experiments in S. cerevisiae and HeLa extracts defined anti-silencing function 1 (ASF-1)
and nuclear autoantigenic sperm protein (NASP) as chaperones that function upstream of the
CAF-1 pathway, due to defective chromatin assembly of replicating DNA upon their depletion,
even in the presence of CAF-1 (Bao et al., 2022; Cook et al., 2011; Green et al., 2005; Le et al.,
1997; Mello et al., 2002; Munakata et al., 2000; Richardson et al., 2006; Welch et al., 1990). The
fungal-specific chaperone Regulator of Tyl Transposition 106 (Rtt106) was also characterized in
S. cerevisiae based on its association with CAF-1 and ASF-1 during S-phase (Clemente-Ruiz et
al., 2011; Huang et al., 2007; Imbeault et al., 2008; Zunder et al., 2012). While these experiments
clearly modeled a pathway of replication-dependent chromatin assembly, how this process
occurs outside of S phase had yet to be clearly defined.

Replication-independent histone chaperones are defined by their ability to promote
chromatin assembly independent of DNA replication. Their activity is typically independent of
the cell cycle and is important for reassembling chromatin after transcription and DNA repair
(Mello et al., 2002; Ray-Gallet et al., 2002; Tagami et al., 2004). Nucleoplasmin and N1 both fall
into this category, as they contributed to assembly in the absence of DNA replication (Dilworth

et al., 1987). Experiments in the 1990s in S. cerevisiae identified the Histone Regulatory (HIR)
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protein complex as a regulator of histone protein expression that controls the supply of histone
proteins throughout the cell cycle (Eriksson et al., 2012; Sherwood et al., 1993). Biochemical
purification experiments revealed that this complex interacts with ASF-1 and deposits H3/H4
onto DNA when replication is blocked (Green et al., 2005). This revealed a replication-
independent H3/H4 deposition pathway and identified ASF-1 as a general chaperone that hands
off histones to multiple chaperone complexes (Green et al., 2005; Ransom et al., 2010). Later
experiments identified human homologs of HIR complex proteins (HIRA) that exhibited H3/H4
deposition activity and interacted with human ASF-1 (Ray-Gallet et al., 2002; Ray-Gallet et al.,
2018; Ricketts et al., 2015). Further experimentation led to the characterization of several other
histone chaperones that function inside and outside of DNA replication, painting a more
complete picture of the factors involved in chromatin formation and maintenance (Gurard-Levin
et al., 2014; Hammond et al., 2017). However, there remained much that was unknown about

how disruption of their function directly impacted chromatin dynamics in vivo.

Roles of Histone Chaperones in Chromatin Assembly

For a cell to assemble DNA into chromatin, there must be an adequate supply of histone
proteins (Eriksson et al., 2012; Gurard-Levin et al., 2014; Mendiratta et al., 2019; Ransom et al.,
2010). While some chaperones such as HIR can directly regulate the levels of histone proteins,
others play roles in transporting newly synthesized histones to the nucleus, and ultimately to
other chaperones that perform chromatin assembly (Eriksson et al., 2012; Green et al., 2005;
Keck & Pemberton, 2012; Pardal et al., 2019; Sherwood et al., 1993). This process starts with
chaperones in the NASP family, which bind to histones H3/H4 in the cytosol after they are

translated and transport them across the nuclear membrane (Apta-Smith et al., 2018; Bao et al.,
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2022; Cook et al., 2011; Pardal & Bowman, 2022; Richardson et al., 2006; Welch et al., 1990).
During transport, histones are modified by histone acetyltransferase (HAT) complexes, which
facilitates their hand off to other chaperones such as ASF-1 (Agudelo Garcia et al., 2017; Apta-
Smith et al., 2018; Bao et al., 2022; Denu, 2019; Pardal & Bowman, 2022; Richardson et al.,
2006; Welch et al., 1990; Zhang et al., 2012). ASF-1 acts as a central H3/H4 donor to other
chaperone complexes that perform chromatin assembly, including CAF-1 and HIR (Green et al.,
2005; Liu et al., 2012; Liu et al., 2016; Meijsing & Ehrenhofer-Murray, 2001; Mello et al.,
2002). This pathway allows chromatin assembly to occur at any stage of the cell cycle through
replication-independent processes (Gurard-Levin et al., 2014; Ray-Gallet et al., 2011; Tagami et
al., 2004). However, replication-dependent assembly requires tighter spatiotemporal control, as it
only occurs within S-phase (Alabert & Groth, 2012; Hoek & Stillman, 2003; MacAlpine &
Almouzni, 2013; Shibahara & Stillman, 1999). ASF-1 remains a central player, delivering
modified H3/H4 dimers to CAF-1 at replication forks (Alabert & Groth, 2012; Green et al.,
2005; MacAlpine & Almouzni, 2013; Mello et al., 2002; Moggs et al., 2000; Shibahara &
Stillman, 1999). Here, two CAF-1 complexes assemble and deposit a new H3/H4 tetramer onto
either the leading or lagging DNA strands as the replication fork passes (Liu et al., 2023;
Rouillon et al., 2023; Sauer et al., 2018). Once deposited, H2A/H2B chaperones such as the
Facilitates Chromatin Transcription (FACT) and Nucleosome Assembly Protein (NAP1)
complexes add 2 copies each of H2A/H2B to the H3/H4 tetramer to build a complete histone
octamer that forms a nucleosome with DNA (Fig. 1.2) (Aguilar-Gurrieri et al., 2016; Liu et al.,
2020).

Approximately half of the nucleosomes formed during replication-dependent chromatin

assembly are comprised of newly synthesized histones (Jadhav et al., 2020; Petryk et al., 2018;
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Veronezi & Ramachandran, 2024; Wenger et al., 2023; Yu et al., 2018). The other half is made
up of parental histone proteins that were present on chromatin prior to replication and get
recycled during DNA replication (Petryk et al., 2018; Wenger et al., 2023; Yu et al., 2018).
When the replication fork passes, histones are evicted by DNA helicase allowing DNA
polymerase to read DNA and synthesize a new strand (Alabert & Groth, 2012; MacAlpine &
Almouzni, 2013; Ransom et al., 2010). Replication associated proteins including Mini-
chromosome Maintenance Complex Component 2 (MCM2-7) complex and the DNA polymerase
accessory subunits DPB3/4 bind these evicted histones and help transport them to DNA behind
the replication fork, where they are reassembled into a full nucleosome (Fang et al., 2024; Huang
et al., 2015; Petryk et al., 2018; Yu et al., 2018). ASF-1 and FACT are also known to help
chaperone recycled histones H3/H4 and H2A/H2B respectively (Aguilar-Gurrieri et al., 2016;
Huang et al., 2015; Liu et al., 2020). Recycling occurs evenly onto both leading and lagging
strands, which leaves the gaps that chaperones such as CAF-1 function to fill (Fig. 1.2) (Petryk et
al., 2018; Rouillon et al., 2023; Sauer et al., 2018; Verreault et al., 1996; Wenger et al., 2023).

A key distinction between newly synthesized and recycled histones are the histone PTMs
that are present on their tails (Alabert & Groth, 2012; Alabert et al., 2020; Stewart-Morgan et al.,
2019). Recycled parental histones exhibit a “mature” epigenetic profile, as they maintain the
histone modifications that were established prior to DNA replication (Petryk et al., 2018;
Veronezi & Ramachandran, 2024; Wenger et al., 2023). In contrast, newly synthesized histones
are devoid of these modifications and are heavily acetylated, which facilitates the binding and
transport activity of chaperone proteins(Agudelo Garcia et al., 2017; Tagami et al., 2004; Zhang
et al., 2012). Upon deposition, these histones become rapidly deacetylated, and chromatin

modifiers such as PRC2 re-establish the epigenetic environment present on the neighboring
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histones in a process commonly referred to as chromatin “maturation” (Alabert et al., 2020;
Clemente-Ruiz et al., 2011; Oksuz et al., 2018; Stewart-Morgan et al., 2019). This process is
critical for maintaining a normal epigenetic and transcriptional profile throughout cellular

division, yet the exact mechanisms are not fully understood.

CAF-1 and Heterochromatin

Prior research has shown that absence of CAF-1 histone deposition activity results in
lower nucleosome occupancy during S-phase, leaving gaps of “naked” DNA after passage of the
replication fork (Chen et al., 2023; Clemente-Ruiz et al., 2011; Ray-Gallet et al., 2011; Ye et al.,
2003). These gaps become filled in by other histone chaperones, but the kinetics of chromatin
assembly are altered, and DNA damage is accumulated at higher rates, resulting in longer S-
phase in CAF-1-deficient cells (Hoek & Stillman, 2003; Linger & Tyler, 2005; Ray-Gallet et al.,
2011; Ye et al., 2003). Although nucleosome occupancy can be fully restored in the absence of
CAF-1 activity, the epigenetic environment experiences significant perturbations. Research
across multiple eukaryotic model systems from fungi to mammals has shown that CAF-1
deficiency results defective gene silencing, which is associated with an altered heterochromatin
environment (Cheloufi et al., 2015; Cheng et al., 2019; Dohke et al., 2008; Enomoto & Berman,
1998; Franklin et al., 2022; Houlard et al., 2006; Mozgova et al., 2015; Schonrock et al., 2006;
Song et al., 2007).

In S. cerevisiae, gene silencing by CAF-1 and other replication-dependent histone
chaperones is required for proper deacetylation by sirtuin (Sir) proteins, which ultimately
facilitates the formation of a heterochromatic environment (Huang et al., 2007). CAF-1

deficiency in S. pombe and mouse embryonic stem cells (ESCs) has been linked to altered levels
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of H3K9me3 at constitutive heterochromatin (Cheloufi et al., 2015; Dohke et al., 2008; Enomoto
& Berman, 1998). These observations are consistent with the known interactions between CAF-1
and Heterochromatin Protein 1 (HP1), a reader of H3K9me3 (Huang et al., 2010; Quivy et al.,
2008; Quivy et al., 2004; Roelens et al., 2017; Thiru et al., 2004). Studies in D. melanogaster,
Arabidopsis thaliana, and CAF-1 deficient mouse embryonic stem cells (ESCs) have also
implicated the complex in gene silencing and maintenance of H3K27me3 within facultative
heterochromatin regions and have shown evidence of interaction between CAF-1 and the
catalytic subunit of PRC2 (Cheng et al., 2019; Jiang & Berger, 2017; Yee et al., 2019). In ESCs,
this results in aberrant expression of pluripotency genes during differentiation (Cheloufi et al.,
2015; Cheng et al., 2019). Studying the importance of CAF-1 function in these systems has been
difficult, due to KOs of the complex resulting in embryonic lethality in ESCs and severe
developmental defects in plants and flies (Houlard et al., 2006; Jiang & Berger, 2017; Song et
al., 2007). Furthermore, the absence of PRC2 components in S. cerevisiae and S. pombe makes it
impossible to differentiate CAF-1's role in maintaining facultative heterochromatin versus
constitutive heterochromatin (Allshire & Madhani, 2018; Sharaf et al., 2022). Due to these
challenges, our understanding of how CAF-1 helps maintain heterochromatin remains
incomplete.

N. crassa contains a conserved CAF-1 complex compared with these other model
systems, and KOs of each of the three individual subunits of the complex have shown its activity
to be non-essential for survival. Furthermore, the conservation of PRC2 in N. crassa makes it
possible to study how CAF-1 directly contributes to its function. The third chapter of this
dissertation will focus on my work in determining the role of the CAF-1 complex in maintaining

gene repression and the epigenetic environment at facultative heterochromatin in N. crassa. My
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findings will shed light on how proper chromatin assembly dynamics are critical for faithful

transgenerational inheritance of histone PTMs in eukaryotic systems.

Dissertation Overview

This dissertation will focus on the work I’ve done to elucidate the mechanisms behind the
establishment and maintenance of facultative heterochromatin by PRC2 in our model system .
crassa. The second chapter focuses on the development of an inducible PRC2 construct that I
used to assay the kinetics of de-novo H3K27me3 establishment. I was able to successfully place
the suz-12 gene under control of a quinic acid-inducible promoter, providing the ability to
control when PRC2 is active. Briefly, I observed a robust, but incomplete recovery of
H3K27me3 at its normal sites across the genome, in addition to the emergence of numerous
ectopic peaks. Furthermore, I identified specific sites at which H3K27me3 recovered rapidly
after induction, suggesting that they directly recruit PRC2. Indeed, when a partial fragment of
these sequences was ectopically inserted at a euchromatic locus, it was sufficient to recruit PRC2
and induce an ectopic facultative heterochromatin domain when H3K27me3 at normal loci was
perturbed.

The third chapter will focus on a study performed to determine the role of CAF-1 in
maintenance of facultative heterochromatin. Briefly, I found eliminating CAF-1 activity led to
defective silencing of many genes within facultative heterochromatin regions, which was
accompanied by a genome-wide rearrangement of H3K27me3. I also observed reduced ASH-1-
mediated H3K36me and increased levels of histone PTMS associated with active transcription at
these same loci. Lastly, by mutating both CAF-1 and PRC2 in the same strain background, I was

able to show that these 2 complexes play unique roles in gene silencing and maintenance of the
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heterochromatin environment. Collectively, the work performed in this dissertation makes
significant contributions to our understanding of how facultative heterochromatin is established
and maintained, and the chromatin modifying complexes that are involved in this process. These
findings may also provide insights into how PRC2 activity is regulated in other eukaryotes and

hold relevance in developing therapeutics that target PRC2 activity to treat human disease.
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Figure 1.1: Model of the PRC2 repression pathway

PRC2 establishes H3K27me3 through recruitment to target loci. The complex then recognizes
existing H3K27me3 to spread and maintain complete facultative heterochromatin domains.
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Figure 1.2: Model of CAF-1’s activity at the replication fork

CAF-1 is recruited to DNA through its interaction with PCNA. Here 2 CAF-1 complexes await
H3/H4 dimers from ASF-1 to form and deposit a H3/H4 tetramer onto DNA. Finally chaperones
such as NAP1 add H2A/H2B to complete a newly synthesized histone octamer. This process fills
in gaps left behind after histone recycling.
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Abstract

Epigenetic regulation of gene expression during organismal development is a critical
biological process that is conserved across eukaryotes. Post-translational modifications (PTMs)
that repress transcription are deposited across the genome and faithfully inherited through mitotic
divisions. Polycomb group (PcG) Proteins are a highly conserved family of proteins responsible
for catalyzing Histone H3 lysine 27 tri-methylation (H3K27me3), a repressive histone
modification that marks facultative heterochromatin. Here, we describe the development of a
system harboring an inducible Polycomb repressive complex 2 (PRC2) in the model fungus
Neurospora crassa (N. crassa). We placed the gene that encodes the SUZ-12 subunit of the
PRC2 complex (suz-12) under control of the quinate dehydratase (ga-2) promoter to generate a
qgaP-suz-12 construct. Cells lacking SUZ-12 are defective for catalytic activity of PRC2,
resulting in H3K27me3 depletion. Upon introduction of quinic acid to growth medium, gaP-suz-
12 expression was induced, and H3K27me3 was re-established de-novo across the genome.
Kinetics of H3K27me3 were variable across native loci, and we observed the emergence ectopic
peaks genome-wide that were associated with downregulated transcription. Furthermore, we
identified a cis-acting element capable of recruiting PRC2 when ectopically inserted at an
euchromatic locus. This system provides a tool to uncover the molecular mechanisms that
underly facultative heterochromatin formation in N. crassa, and determine the factors implicated

in establishment and spreading of H3K27me3.

Introduction

Throughout organismal development, eukaryotes must be able to acutely regulate their

gene expression (Allis & Jenuwein, 2016; Reik, 2007). This is primarily achieved via epigenetic
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mechanisms that conditionally activate or repress genes in response to various biological stimuli
such as cellular differentiation and environmental stress (Allis & Jenuwein, 2016; Bannister &
Kouzarides, 2011; Bird, 2007; Strahl & Allis, 2000; Wilkinson et al., 2023). Post-translational
modification (PTM) of histone proteins is one such mechanism that plays a significant role in
this process (Bannister & Kouzarides, 2011; Kouzarides, 2007). These modifications serve as
scaffolds for reader proteins that help reshape chromatin architecture and modulate
transcriptional activity (Bannister et al., 2001; Musselman et al., 2012; Tang et al., 2021;
Taverna et al., 2007; Wiles et al., 2020). Variation in the PTM landscape across the eukaryotic
genome partitions chromatin into two distinct groups: euchromatin and heterochromatin
(Allshire & Madhani, 2018; Bickmore & van Steensel, 2013; Bird, 2007; Saksouk et al., 2015;
Woodcock & Ghosh, 2010). Euchromatin is relatively accessible and available to transcription
factor binding and gene activation, whereas heterochromatin is more compact and limits access
of regulatory proteins to DNA (Weintraub & Groudine, 1976; Woodcock & Ghosh, 2010).
Heterochromatin can be further characterized into two groups, constitutive and facultative
heterochromatin, which are marked by the repressive PTMs Histone H3 Lysine 9 tri-methylation
(H3K9me3) and Histone H3 Lysine 27 tri-methylation (H3K27me3) (Kirmizis et al., 2004;
Margueron & Reinberg, 2011; Nicetto & Zaret, 2019; Saksouk et al., 2015). While constitutive
heterochromatin is typically gene poor and remains inaccessible throughout the cell cycle,
accessibility of facultative heterochromatin can be altered in response to developmental or
environmental cues (Allshire & Madhani, 2018; Blackledge & Klose, 2021; Nicetto & Zaret,
2019; Trojer & Reinberg, 2007). This is achieved through removal of H3K27me3, which allows
genes located within facultative heterochromatin regions to be derepressed (Agger et al., 2007,

Lavarone et al., 2019; Lee et al., 2007).
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H3K27me3 is catalyzed by Polycomb Repressive Complex 2 (PRC2), a Polycomb Group
(PcG) methyltransferase protein that is well conserved across eukaryotes (D1 Croce & Helin,
2013; Margueron & Reinberg, 2011; Sharaf et al., 2022). PcG proteins were first characterized in
Drosophila melanogaster, where their mutation results in various homeotic transformations
(Kassis et al., 2017; Lewis, 1978; Schneuwly et al., 1987). PRC2 establishes H3K27me3 and
spreads the PTM to build a complete, H3K27me3-marked facultative heterochromatin domain
(Laprell et al., 2017; Laugesen et al., 2019; Oksuz et al., 2018). The complex can then maintain
these domains through cellular divisions by recognizing existing H3K27me3 on parental histones
post-DNA replication and re-establishing the mark on newly incorporated histones (Jadhav et al.,
2020; Margueron et al., 2009; Ueda et al., 2016). Proper PcG function is crucial for numerous
eukaryotic developmental processes, including vernalization and X chromosome inactivation in
plants and mammals respectively (Bastow et al., 2004; Calonje et al., 2008; Plath et al., 2003;
Zhao et al., 2008). Misregulation of PRC2 has also been implicated in human diseases such as
Huntington’s disease and various cancers (Blackledge & Klose, 2021; Kim & Roberts, 2016;
Piunti & Shilatifard, 2021; Seong et al., 2010). In fungi PRC2 function has been linked to
processes such as secondary metabolite production, effector gene expression, and sexual
development (Connolly et al., 2013; Deaven et al., 2025; Ridenour et al., 2020). N. crassa
possesses a minimal Polycomb repressive system, consisting of a core Polycomb Repressive
Complex 2 (PRC2) and devoid of PRC1 homologs, making it an ideal system to study PRC2
function directly (Aramayo & Selker, 2013; Jamieson et al., 2013; Ridenour et al., 2020).
Previous studies have shown that mutation of the genes encoding any of the three core N. crassa
PRC2 subunits, EED, SET-7 (homolog of mammalian EZH2), or SUZ-12, results in complete

depletion of H3K27me3 across the genome, leading to derepression of H3K27me3-marked genes
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(Jamieson et al., 2013; Lewis, 2017; Ridenour et al., 2020). Furthermore, mutation of the CAC-3
(homolog of mammalian RbAp48/46) or PAS PRC2 accessory subunits results in a region-
specific loss of H3K27me3 from sub-telomeric domains (Courtney et al., 2020; Jamieson et al.,
2013; Klocko et al., 2016; McNaught et al., 2020). Furthermore, proteins such as the conserved
H3K27me3 reader EPR-1 are known to be important for maintenance of gene repression within
facultative heterochromatin (Tang et al., 2021; Wiles et al., 2020). Despite PRC2’s importance in
maintaining a normal heterochromatin environment, our understanding of how its activity is
regulated on a molecular level remains incomplete.

In Drosophila, PRC2 can be recruited to target genes by a class of cis-regulatory
elements called Polycomb Response Elements (PREs), which contain DNA motifs and repeat
sequences that PcG proteins are able to recognize and bind (Kassis & Brown, 2013; Kassis et al.,
2017; Laprell et al., 2017; Okulski et al., 2011). This recruitment can be influenced by the
presence of other histone modifications or transcription factors at these loci, which can vary
based on cell type or stage of development (Kasinath et al., 2021; Lavarone et al., 2019; Pasini et
al., 2010; Schmitges et al., 2011). Evidence of PREs in mammals is limited, and PRC2 has been
shown to preferentially occupy promoters and enhancers containing CpG Islands (CGIs) (Li et
al., 2017; Mendenhall et al., 2010). Conversely, research in Arabidopsis thaliana has revealed
the presence of cis-acting elements capable of recruiting PRC2 (Deng et al., 2013; Godwin &
Farrona, 2022; Xiao et al., 2017; Zhou et al., 2018). Furthermore, long non-coding RNAs
(IncRNAs) have been shown to directly recruit PRC2 to specific target regions in both plants and
mammals (Kim & Sung, 2017; Plath et al., 2003; Zhao et al., 2008). Examples include
COOLAIR, which regulates the expression of FLOWERING LOCUS C in A. thaliana, and XIST,

which has been shown to recruit PRC2 to the inactive X chromosome in mammals (Kim & Sung,
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2017; Nielsen et al., 2024; Sarma et al., 2014). Conversely, evidence of “PRE-like” sequences in
fungi remains limited (Ferraro & Lewis, 2018; Lewis, 2017). Previous work in N. crassa has
shown that insertion of a tandem telomere repeat array at the euchromatic csr-1 locus results in
ectopic nucleation and spreading of a H3K27me3 (Jamieson et al., 2018). Despite these findings,
our general understanding of how PRC2 is recruited in fungi remains poorly understood.

In this study, we aimed to assay PRC2 recruitment and the kinetics of facultative
heterochromatin formation in N. crassa through a de-novo histone methylation assay. We
accomplished this by depleting H3K27me3 via knockout of the suz-12 gene, then re-introducing
the gene under control of the promoter for the quinate dehydratase (ga-2) gene, which is only
activated in the presence of quinic acid. By changing media growth conditions, we show that we
can tightly control PRC2 activity and directly assay H3K27me3 recovery in this system. We
observed an incomplete recovery of H3K27me3 at native loci post-induction, accompanied by
establishment at ectopic sites across the genome. We show that this rearrangement is associated
with transcriptional changes caused by a switch to quinic acid containing media. Furthermore,
we identify the existence of a cis-regulatory element that can ectopically recruit PRC2 when
H3K27me3 maintenance is perturbed. Finally, we compare the H3K27me3 profile of our time
course samples to those of previously studied mutants with H3K27me3 defects, allowing us to
contextualize their role in establishment, spreading, and maintenance of facultative
heterochromatin. Collectively, our data demonstrates the power of the gaP-suz-12 system to
uncover the mechanisms required for proper establishment and maintenance of facultative
heterochromatin in N. crassa. Future experiments utilizing gaP-suz-12 may provide insights into

how PRC?2 activity is regulated in other eukaryotes.
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Results

Induction of gaP-suz-12 results in de-novo establishment and spread of H3K27me3

It is well known that PRC2 can faithfully maintain H3K27me3 domains after they are
established, yet our understanding of how H3K27me3 is established de-novo remains incomplete
(Alabert et al., 2020; Blackledge & Klose, 2021; Jadhav et al., 2020; Laugesen et al., 2019). We
aimed to learn what molecular factors contribute to H3K27me3 establishment in N. crassa
through development of an inducible PRC2 construct, gaP-suz-12. The gaP-suz-12 strain was
generated by transforming a copy of the suz-12 gene tethered to a ga-2 promoter into a Asuz-
12/his-3(V661D) double mutant strain, which complemented both mutations (Fig. 2.1A).
Expression of gaP-suz-12 remains off in normal growth conditions and is quickly activated upon
introduction of quinic acid to the growth medium, producing a functional SUZ-12 (Fig. 2.1B).
Concordantly, H3K27me3 is depleted in the gaP-suz-12 background due to absence of the native
suz-12 gene, which renders the PRC2 complex inactive. Upon gaP-suz-12 induction, SUZ-12 is
produced and the PRC2 complex is reactivated, resulting in progressive recovery of H3K27me3
genome-wide (Fig. 2.1C-E). H3K27me3 was quickly recovered at the telomeres, consistent with
the known recruitment activity of telomere repeats (Fig. 2.1C & D). Interestingly, time points
collected before induction (0 hr) displayed H3K27me3 at telomere ends, suggesting leaky
expression of the gaP-suz-12 construct occurs in the absence of quinic acid (Fig. 2.1 D). In later
timepoints, H3K27me3 enrichment is recovered at internal sites hundreds of kb away from
chromosome ends, suggesting that PRC2 can re-establish the mark at normally methylated loci
(Fig. 2.1D). However, analysis of all loci enriched for H3K27me3 in WT revealed that 143 peaks
(encompassing ~14% of normally H3K27me3-marked DNA) were not enriched for H3K27me3,

suggesting that recovery of H3K27me3 is incomplete by 24 hours post-induction (Fig. 2.1E &
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1F). We hypothesized that 24 hours may not be a long enough growth period to observe
complete re-establishment. Thus, we performed a 96-hour time course, which revealed a further,
yet still incomplete rescue of H3K27me3 at native loci (Fig. S2.1). We categorized normally
H3K27me3-marked loci into 3 groups based on their H3K27me3 enrichment profile during the
qaP-suz-12 time course: “rapid recovery” if they displayed significant enrichment by 4 hours
post induction, “delayed recovery” if they displayed significant enrichment after 8 hours, and
“unrecovered” if they did not display significant enrichment by 24 hours (Fig. 2.1C-D).
Collectively, these results demonstrate the ability to precisely control the expression of SUZ-12

and subsequent PRC2 activity using the gaP-suz-12 construct.

Gene repression is partially restored upon gaP-suz-12 induction

It is known that mutation of the PRC2 complex results in derepression of genes within
facultative heterochromatin regions. Considering this, we asked if de-novo establishment of
H3K27me3 was accompanied by a restoration of gene repression. Indeed, plotting expression
levels of 528 H3K27me3-repressed genes revealed a significant increase of gene expression in
qaP-suz-12 that was rescued by 24 hours post-induction (Fig. 2.2A). 42 of the 45 H3K27me3-
marked genes upregulated in the gaP-suz-12 0-hour timepoint are also upregulated in Asuz-12
suggesting PRC2 inhibition is responsible for changes in gene expression (Fig. S2.2A). Despite
this, rescue of gene repression was incomplete, as the average expression level of H3K27me3-
repressed genes remained significantly higher compared to 0-hour WT sample. Additionally,
plotting relative expression levels for 386 differentially expressed, H3K27me3-marked genes
revealed clusters of genes that remained expressed by 24 hours post-induction (Fig. 2.2B).

Furthermore, 43 of the 70 upregulated H3K27me3-marked genes fell within late or unrecovered
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H3K27me3 regions, which may explain the inability of PRC2 to re-establish H3K27me3 at these
loci by 24 hours post-induction (Fig. 2.2C, S2.4A).

Indeed, genes within regions of delayed or unrecovered H3K27me3 displayed higher
average expression levels in the 24-hour gaP-suz-12 timepoint compared to either WT timepoint,
whereas rapidly recovered genes did not (Fig. S2.2B). This suggests that maintained gene
expression may antagonize PRC2 activity during the gaP-suz-12 time course. Interestingly, 38
H3K27me3-marked genes upregulated in gaP-suz-12 post-induction were not upregulated in the
0-hour timepoint, and 23 of these were also upregulated in WT strains grown in quinic acid (Fig.
2.2D). This suggests that quinic acid growth conditions may be altering gene expression patterns.
Indeed, 34 H3K27me3-marked genes and 726 genes in total were upregulated in both WT and
qaP-suz-12 strains 24 hours post-induction (Fig. 2.2D & E). Collectively, these results suggest
that induction of the gaP-suz-12 construct results in a partial rescue of PRC2-mediated gene

repression.

H3K27me3 is established at ectopic loci post-gaP-suz-12 induction

Our western blot data suggested that the SUZ-12 produced by the gaP-suz-12 construct
was abundant at levels comparable with the native protein (Fig. 2.1B). Despite this, we observed
an incomplete rescue of H3K27me3, leading us to ask if PRC2 exhibited “off-target” activity at
non-H3K27me3-marked regions when establishing H3K27me3 de-novo (Fig. 2.1C-F, Fig.
S2.1A). Analysis of time course samples revealed the emergence of 155 ectopic peaks in gaP-
suz-12 by 24 hours post-induction (Fig. 2.3A). These peaks encompassed approximately 9% of
methylated sites in the 24-hour gaP-suz-12 timepoint (Fig. 2.3B, S2.5A). Only 8 of these peaks

were significantly enriched in the WT 24-hour time point, suggesting that ectopic methylation
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patterns are largely a result of de-novo H3K27me3 establishment. This observation motivated us
to ask what factors may contribute to the altered pattern of methylation observed in this assay.

It is known that PRC2 is recruited to maintain gene repression in a cell type-specific
context. We wondered if the adjusted growth conditions used may result in repression of non-
H3K27me3-marked genes, thereby facilitating PRC2 recruitment during the gaP-suz-12 time
course. Analysis of 164 genes that fall within ectopic H3K27me3 peaks revealed a significant
decrease in their average expression level in both WT and gaP-suz-12 strains 24 hours post-
induction relative to an uninduced strains (Fig. 2.3C). Furthermore, plotting relative expression
levels of 161 differentially expressed, ectopically methylated genes revealed a large cluster that
exhibited reduced expression post-induction in both WT and gaP-suz-12 strains (Fig. 2.3D). This
suggests that repression of these genes is independent of PRC2 activity, and that the complex
may be recruited to these genes de-novo.

Indeed, differential expression analysis of 890 genes enriched for H3K27me3 across all
time course conditions revealed that 63 genes were downregulated in gaP-suz-12 24 hours post-
induction relative to an uninduced WT strain, including 28 of the 165 genes that fall within
ectopic H3K27me3 peaks (Fig. 2.3E). In total, 26 H3K27me3-marked genes and 576 genes
genome-wide were downregulated in both gaP-suz-12 and WT 24 hours post-induction, further
suggesting that quinic acid growth conditions result in widespread transcriptional changes (Fig.
2.3E, S2.5B). Collectively, these data suggest that H3K27me3 enrichment patterns are associated
with altered gene expression caused by the growth conditions used in the gaP-suz-12 time
course, rather than re-activation of PRC2. Furthermore, the lack of ectopic methylation ina WT
strain grown under identical conditions suggests that maintenance of native H3K27me3 may

prevent a shift of the PTM to ectopic loci.
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Putative nucleation sites emerge hours post-gaP-suz-12 induction

One of the primary motivations for developing an inducible Polycomb system was to
determine the factors necessary for PRC2 recruitment. Specifically, we were interested to know
if N. crassa possesses “PRE-like” DNA sequences that directly recruit PRC2, or if H3K27me3
establishment is largely dependent on chromatin context. To this end, we decided to more closely
analyze the loci at which H3K27me3 was recovered early in the time course. We observed a
robust recovery of H3K27me3 at subtelomeric sites 4 hours post-induction, an expected result
due to the known recruitment activity of telomere repeats in N. crassa (Fig. 2.1C & D, 2.4A)
(Jamieson et al., 2018). This methylation accounted for approximately 75% of all H3K27me3-
marked loci in this timepoint (Fig. S2.5A). In addition, we observed the early emergence of
multiple peaks at internal sites, suggesting that PRC2 may be directly recruited to these loci (Fig.
2.4B, S2.6A). We identified five of these sites and designated them as putative “nucleation” sites
for downstream analysis.

We next wanted to determine if the DNA sequences at these putative nucleation sites are
sufficient to recruit PRC2. We adapted the approach previously used in (Selker paper) and
ectopically cloned 1-2 kb DNA fragments flanking peak summits for each nucleation site into the
euchromatic csr-1 locus (Fig. 2.4C). Surprisingly, ChIP-seq analysis revealed that none of the
ectopically inserted putative nucleation sites were sufficient to induce a H3K27me3 domain at
csr-1 (Fig. S2.4B). We hypothesized that recruitment of PRC2 to native loci may sequester the
complex, preventing establishment of an ectopic H3K27me3 domain. This hypothesis is
supported by the observation that H3K27me3 established de-novo in gaP-suz-12 exhibits a
unique pattern compared to a WT strain cultured under identical conditions (Fig. 2.3A & B). We

performed ChIP-seq on nucleation site insertion strains in an Aepr-1 background and observed
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the emergence of a novel H3K27me3 domain at csr-1 for a putative nucleation site on the right
arm of LGIII (Fig. 2.4D). The pattern of enrichment closely matched what was observed when a
telomere repeat array was inserted at csr-1 suggesting that these loci are particularly conducive
to PRC2 activity (Fig. 2.4D). Collectively these data support the existence of cis-acting elements

capable of directly recruiting PRC2 in N. crassa.

gaP-suz-12 time course delineates the roles of chromatin regulatory proteins in PRC2 activity

Extensive research using the N. crassa model system has revealed the importance of
numerous chromatin regulatory proteins in establishing and maintaining a proper facultative
heterochromatin environment (Basenko et al., 2015; Bicocca et al., 2018; Courtney et al., 2020;
Ebot-Ojong et al., 2025; Jamieson et al., 2013; Jamieson et al., 2016; Kamei et al., 2021;
Mumford et al., 2024; Wiles et al., 2020). However, it has remained challenging to determine the
exact mechanisms by which these factors contribute to PRC2 activity. We compared the results
of our gaP-suz-12 time course to ChIP-seq data from other chromatin-related protein deficient
mutants to further contextualize their defects in H3K27me2/3 occupancy. We first looked at sites
of early recruitment, which revealed that mutants such as Adisw, AhH2Az, and ash-1(Y888F)
exhibit fairly normal patterns of H3K27me?2/3, displaying a profile similar to that of a 4-hour
qaP-suz-12 time point (Fig. 2.5A & B, S2.7A). Even an 4hpo mutant, in which most
H3K27me2/3 is redirected to constitutive heterochromatin, exhibited a subtle enrichment at both
sub-telomeric and putative nucleation sites (Fig. 2.5A). However, when looking at regions that
experience late or no recovery during the gaP-suz-12 time course, AhH2Az and Ahpo exhibited a
nearly full depletion, while the defect in Aisw was partial (Fig. 2.5A & B, S2.7A). H3K27me2/3

enrichment in ash-1(Y888F) at these loci was more robust, suggesting that ASH-1 catalytic
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activity is less critical for H3K27me2/3 at these sites (Fig. 2.5A & B, S2.7A). These data suggest
that these mutants are more involved with the spreading and maintenance of H3K27me2/3 at
native loci, while establishment remains relatively unaffected.

We also looked at enrichment in a 4cac-3 mutant, which has previously been shown to
display depletion of H3K27me2/3 at sub-telomeric regions. Indeed, this mutant exhibited a loss
of H3K27me2/3 at a majority of loci that are recovered early in the gaP-suz-12 time course (Fig.
2.5A & B, S2.5A & B). Interestingly, Acac-3 was the only mutant analyzed that exhibited
depletion of H3K27me3 at putative nucleation sites (Fig. 2.5A). In contrast, regions that
experience late or no recovery during the gaP-suz-12 time course displayed robust H3K27me2/3
in Acac-3 (Fig. 2.5A & B, S2.5A & B). These results suggest that CAC-3 is more important for
normal establishment of H3K27me2/3 at native loci, rather than spreading or maintenance.
Interestingly, none of these mutants exhibited significant enrichment of H3K27me?2/3 at loci
with ectopic methylation in gaP-suz-12, suggesting that these sites gain methylation primarily
due to time course growth conditions (Fig. 2.5B). Collectively, these comparisons shed greater
light on the roles of chromatin-regulatory proteins in maintaining a proper facultative

heterochromatin environment.

Discussion

The proper recruitment of PRC2 to establish and maintain facultative heterochromatin
domains is crucial for transcriptional repression, organismal development, and safeguarding
cellular identity, yet the mechanisms underlying this process remain incompletely understood.
Previous work has identified a number cis- and trans-regulatory pathways that are able to direct

PRC2 localization and activity by promoting or antagonizing PcG protein-histone interactions.
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Here, we report the development of a system with which we can assay the kinetics of de-novo
methylation by the PRC2 complex. By depleting H3K27me3 enrichment genome-wide through
mutation of suz-12, we begin with a cellular context in which repression of genes within normal
facultative heterochromatin domains cannot be maintained by PRC2. Through reintroduction of
an inducible gaP-suz-12 gene, we aimed to determine how PRC?2 is recruited to establish and

spread H3K27me3 across the genome.

Expression of gaP-suz-12 can induce facultative heterochromatin formation

We showed that we can successfully induce expression of the gaP-suz-12 construct by
using quinic acid as a carbon source, resulting in widespread recovery of H3K27me3 across the
genome (Fig. 2.1A & B). H3K27me3 recovery at native loci was incomplete and PRC2
established methylation at ectopic sites during the 24-hour time course (Fig. 2.1C-F, Fig. 2.3A &
B). We sought to understand what contributes to this altered pattern of methylation when
H3K27me3 is established de-novo. Interestingly, comparing our data to H3K27me3 enrichment
in complemented Aeed strain revealed that it did not exhibit the same ectopic methylation
patterns, even though this strain must also recover H3K27me3 de-novo (Fig. S2.3C) (Courtney et
al., 2020). This suggests that the ectopic H3K27me3 phenotype in gaP-suz-12 is specific to the
time course conditions, rather than a general phenotype that occurs upon PRC2
complementation. Furthermore, our western blot data suggests that expression of gaP-suz-12
results in production of SUZ-12 at levels similar to WT (Fig. 2.1B). This likely rules out the
possibility that gaP-suz-12 is not expressed at high enough levels to achieve complete recovery.
Collectively, our data supports a model in which PRC2 quickly establishes H3K27me3 de-novo

and reaches an equilibrium at which H3K27me3 is maintained at both native and ectopic loci.
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This would necessitate the presence of other factors that differentially recruit PRC2 in this time

course compared to WT conditions.

Changes in gene expression influence de-novo methylation patterns

To maintain expression of the gaP-suz-12 construct, strains needed to be cultured in low
glucose containing media as described in (Campbell et al., 1994; Giles et al., 1985; Lamb et al.,
2013). We observed that these adjusted growth conditions resulted in an altered transcriptional
profile, and we asked if this may be influencing PRC2 recruitment (Fig. 2.2E, S2.5B). Indeed,
we observed a rearrangement of H3K27me3 from normally H3K27me3-marked genes that
remained upregulated in gaP-suz-12 24 hours post-induction, to downregulated genes outside of
facultative heterochromatin regions (Fig. 2.3, Fig. S2.2). This result, in addition to the
inconsistencies in H3K27me3 enrichment compared to a PRC2 complementation under normal
conditions, provides strong evidence that quinic acid media promotes an altered pattern of PRC2
recruitment. While not all genes that are ectopically methylated are downregulated, it is possible
the genes that are may serve as the initial recruitment sites for PRC2 de-novo, facilitating spread
of H3K27me3 to neighboring genes.

In contrast with this hypothesis a WT strain grown under identical conditions does not
experience a similar rearrangement of H3K27me3, despite sharing a similar gene expression
profile (Fig. 2.3). We hypothesize that this is due to existing H3K27me3 at native loci
maintaining the PTM at native loci. Conversely, completely stripping H3K27me3 prior to quinic
acid induction may be what facilitates ectopic methylation, as there is no H3K27me3 present to
recruit PRC2. Future experiments performed under quinic acid conditions in a mutant

background that perturbs maintenance could be used to test this hypothesis. Future experiments
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that aim to connect altered gene expression with off-target H3K27me3 could potentially provide
insights into how altered PRC2 activity may contribute to specific disease states in humans.
Collectively, these data suggest that the altered H3K27me3 pattern observed in gaP-suz-12 is
closely associated with altered gene expression, although further work is needed to determine the

exact mechanism behind H3K27me3 rearrangement.

gaP-suz-12 time course reveals putative PRC2 recruitment sequences

We were interested in using our gaP-suz-12 strain to identify sites at which H3K27me3 is
quickly recovered to determine where PRC2 is recruited in N. crassa. While most H3K27me3
was located at subtelomeric regions, we were able to identify internal sites at which PRC2 is able
to establish H3K27me3 as soon as 4 hours post induction (Fig. 2.4A & B, S2.6A). These results
suggested that these internal sites are capable of directly recruiting PRC2, although inserting
them into the csr-7 locus did not result in ectopic H3K27me3 like what is observed for telomere
repeats (Fig. S2.66B) (Jamieson et al., 2018). We hypothesized that telomere repeat arrays may
represent a stronger recruitment motif, which allows for establishment of an ectopic H3K27me3
domain in an otherwise WT background. Considering this, we decided to perturb normal PRC2
activity in a strain harboring an ectopically inserted nucleation site.

We introduced an Adepr-1 mutation into strains with nucleation sites at cs7-/ and observed
that the site located on the right arm of LGIII was capable of inducing an ectopic H3K27me3
domain (Fig. 2.4D). epr-1 is a reader of H3K27me3 that is conserved in many eukaryotes and
has been shown to be important for H3K27me3-marked gene repression (Wiles et al., 2020).
While deficiency of epr-1 has mild effects on H3K27me3 enrichment, it has been shown to be

important for formation of nuclear foci, suggesting that its deletion may be important for
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maintaining specific chromatin interactions. This may also prevent PRC2 from being sequestered
to native loci, which ultimately facilitates formation of the ectopic H3K27me3 domain. Further
experimentation should look at the effect of depr-1 on H3K27me3 in other mutants and growth
conditions and employ the mutant for testing the recruitment activity of other putative nucleation
sites. By the same logic, depr-1 is a potential candidate to test the effect of quinic acid-

containing media on H3K27me3 patterns.

Chromatin regulators are uniguely involved in establishment and maintenance of facultative

heterochromatin

Prior Research in our lab and others has revealed that mutation of various chromatin
regulators results in defective facultative heterochromatin formation in N. crassa, including
histone variants, PTM writers and readers, and chromatin remodelers (Basenko et al., 2015;
Bicocca et al., 2018; Courtney et al., 2020; Jamieson et al., 2016; Kamei et al., 2021; Wiles et al.,
2020; Wiles et al., 2022). We compared the pattern of H3K27me3 in these mutants to regions of
early, late, and unrecovered H3K27me3 during the gaP-suz-12 time course, which revealed
unique characteristics of each phenotype. Mutants such as 4hH2Az and Aisw were defective for
H3K27me3 at regions of later recovery, while mutants such as 4cac-3 are unable to methylate
early recovered regions (Fig. 2.5A & B). This analysis provides insights into how these proteins
specifically contribute to the establishment and maintenance of facultative heterochromatin.
Interestingly, every mutant except Acac-3 was able to efficiently methylate the putative
nucleation sites identified on LGIII and LGVI. This, in addition to the inability of Acac-3 to
methylate subtelomeric regions, suggests that the mutant may be defective for establishment of

H3K27me3 at normal PRC2 target regions. It is possible that CAC-3 allows PRC2 to properly
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bind to cis-regulatory elements that directly recruit PRC2. Future experimentation should focus
on conducting gaP-suz-12 time courses in strains with mutations of chromatin regulators, to see
how their deficiency impacts de-novo facultative heterochromatin formation. We hypothesize
that strains such as Aisw and 4hH2Az may struggle to recover methylation outside of early
recovered regions, while 4cac-3 may struggle to methylate at most loci if it is truly required for
DNA binding of PRC2.

In summary, development of an inducible PRC2 complex provides a tool to visualize
H3K27me3 recovery and de-novo recruitment patterns in N. crassa. This system provides a
tractable platform to dissect the role of various chromatin regulators in establishing and
maintaining a proper facultative heterochromatin environment. Findings from these studies will
improve our understanding of how PRC2 activity is regulated in fungi and may potentially hold

relevance for Polycomb function across metazoans.

Materials and Methods

Media conditions

Strains for ChIP and RNA-seq experiments were grown overnight in Vogel’s minimal
media (VMM) containing 2.0% glucose as previously described (Davis & de Serres, 1970).
Uninduced samples were harvested after overnight growth. To induce expression of gaP-suz-12,
strains cultured overnight were transferred to VMM containing 0.1% glucose and 12.5 mM
quinic acid, as previously described (Campbell et al., 1994; Giles et al., 1985; Lamb et al., 2013).

Strains grown longer than 24 hours were reinduced in fresh quinic acid media every 24 hours.
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Cloning and strain construction

Knockout (KO) strains were obtained from the FGSC KO collection (Dunlap et al.,
2007). To generate the gaP-suz-12 construct, A copy of the native suz-12 gene was fused to the
ga-2 gene promoter and inserted into a plasmid containing DNA flanks homologous to the Ais-3
gene locus via Gibson cloning. The construct was then linearized and transformed into the his-3
locus of a Asuz-12/his-3-V661D strain via homologous recombination. To generate the
nucleation site strain for LGVI 1, a ~2.5 kb DNA fragment containing the sequence of the
nucleation site was amplified by PCR and inserted into a plasmid containing DNA flanks
homologous to the csr-1 gene via Gibson cloning. This construct was linearized and transformed
into the csr-1 locus via homologous recombination. Fragments used to generate other sites were
ordered from twist biosciences, amplified by PCR, and transformed into the csr-/ locus via
homologous recombination. All cloned fragment sequences can be found in Appendix 2.1.
Nucleation site insertion strains were crossed to KO strains to generate double mutants. Crosses
were performed on low-nitrogen synthetic cross (SC) media as previously described (Davis & de
Serres, 1970). Spores were collected 14 days post-fertilization, germinated on SC plates, and
picked to selective media slants. All strains were genotyped by PCR, western blotting, or growth

on selective media.

Neurospora transformation

DNA transformations were performed as previously described in (Margolin et al., 1997).

Transformants were picked to selective media slants and genotyped by PCR or western blotting.
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Protein extraction & western blotting

Cultures were grown in a shaking incubator overnight (~18-22 hours) in liquid VMM +
2.0% glucose at 32 °C and 180 rpm, then transferred to liquid VMM + 0.1% glucose + 12.5 mM
quinic acid for 4-24 hours at 32 °C and 180 rpm. Cultures were harvested and washed with 1x
PBS, and protein was extracted by sonication on ice for 1 min. (60 sec. on, 60 sec. off; 30 um
Amplitude) in protein extraction buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA,
0.02% IGEPAL, 1 mM PMSF, 1x Protease Inhibitor Cocktail; Cat #: HY-KO0011). Cell lysates
were centrifuged at 17,000 g (~13,300 rpm) at 4 °C, and the supernatant containing protein
extract was mixed 3:1 with 4x Laemmli sample buffer, boiled at 95 °C for 3 minutes, and run on
7% SDS-PAGE gels at 185 V for ~45 minutes. Protein was transferred to 0.45 pm PVDF
membranes (Sigma; Cat #: [IPVH00010; activated using supplier recommendations) via wet
transfer in 1x Towbin’s Buffer with SDS (25 mM Tris, 192 mM glycine, 20% methanol, 0.01%
SDS) for 1.5 hours at 100 V and 4 °C. Blots to assay SUZ-12 expression were incubated with a
primary antibody targeted to 3x-FLAG (Sigma; Cat #:F1804-200UG) in 3% milk in 1x TBST
overnight. Blots were then washed 3x with 1x TBST for 5 minutes each, then incubated with an
anti-mouse secondary antibody (Thermo Fisher; Cat #: 31430) in 3% milk in 1x TBST for 30
minutes. Blots were then washed 3x with 1x TBST for 5 minutes each, then developed for 5
minutes using a west femto chemiluminescent substrate developer kit (Thermo Fisher, Cat #:

34096).
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ChlP-seq & ChIP-gPCR

ChIP experiments were performed as previously described (Ferraro & Lewis, 2018),
using antibodies recognizing present in Table S2.3. ChIP samples were analyzed by Illumina

sequencing.

RNA Isolation
RNA extraction was performed as previously described (Zhou et al., 2018). Briefly, total
RNA was extracted using TRIzol reagent (Thermo Fisher; Cat #:15596026) and then purified

with 7.5 M LiCl. RNA purity was analyzed on agarose gels prior to library preparation.

Library preparation

ChIP Libraries were constructed as previously described (Courtney et al., 2020; Ferraro
& Lewis, 2018). Size selection with magnetic beads was performed after the adapter ligation and
PCR steps with Sera-Mag SpeedBeads (65152105050250) suspended in a solution of 20 mM
PEG 8000, 1 mM NacCl, 10 mM Tris-HCI, 1 mM EDTA (Rohland & Reich, 2012). RNA
Libraries were prepared using a NEBNext Ultra II Directional RNA Library Prep Kit according

to manufacturer specifications (E7760S).

Bioinformatic analyses

Peaks were called for all ChIP-seq samples using MACS3 (v3.0.1). ChIP-seq enrichment
was quantified using the csaw package in R (v1.42.0) and normalizing to input samples.
H3K27me3 enrichment was calculated from 500 bp upstream to 300 bp downstream of the TSS.

Genes were considered enriched for H3K27me3 if they exhibited > 1 1og2FC over input, and
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their gene bodies and promoters fell within MACS3 peak calls. Genes were considered
differently enriched for H3K27me3 if they exhibited = 1 log2FC enrichment compared to
uninduced WT samples. Peak coverage was calculated by summing the number of bp within
each respective category. RNA-seq data was analyzed using the DEseq package in R (v1.48.2).
Genes were considered “repressed” if they exhibited < 10 TPM on average across WT samples.
Genes were considered differentially expressed if they exhibited + 1 log2FC (2-fold change) in

expression compared to WT and an adjusted p-value of < 0.05.

Data availability

Prior to publication, sequencing data generated at the University of Georgia will be
deposited to the National Center for Biotechnology Information’s Gene Expression Omnibus
database (https://www.ncbi.nlm.nih.gov/geo). A summary list of Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra) accession numbers and associated strain information for
samples generated at the Joint Genome Institute and other previously published datasets analyzed
in this study are included in Supplementary Table S2.4. All scripts used are publicly available on

GitHub at https://github.com/eddietorres24/Research.
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Figure 2.1: gaP-suz-12-3x-FLAG is functional and produces H3K27me3 recovery by 24
hours

(A) Diagram displaying how the ga-suz12-3xFLAG strain was generated. (B) Western blot
displaying levels of suz-12-3xFLAG enrichment. ga-suz12-3xFLAG samples were collected at 0,
6, and 24 hours post-induction. A suzl2-3x-FLAG strain was used as a positive control.
H3K4me?2 was used as a loading control. * denotes a background band observed in samples
incubated with the M2-FLAG primary antibody. (C) Whole-chromosome view of

H3K27me3 enrichment in WT and gaP-suz-12 samples from 0 to 24 hours post-quinic acid
induction on LGIII (D) Zoom-in view of H3K27me3 enrichment in WT and gaP-suz-12 samples
from 0 to 24 hours post-quinic acid induction on the left arm of LGIII. Colored lines denote early
recovering (black) late recovering (blue) and unrecovered (red) peaks (E) Heatmap displaying
H3K27me3 enrichment across all H3K27me3 peaks called in WT in 300 bp windows across
WT, Asuz-12, and induced or uninduced gaP-suz-12 strains. All values with < 1 log2FC vs. input
and an FDR > 0.05 were set to 0. Recovered and unrecovered peaks were clustered separately.
Recovered peaks were sorted by enrichment across gaP-suz-12 samples. Unrecovered peaks
were sorted by enrichment in WT (F) Pie chart displaying % of total bp that fall into each of the
three recovery categories.
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Figure 2.2: gaP-suz-12 induction restores gene repression.

(A) Box plot displaying expression levels of 528 H3K27me3-repressed genes (logz(Transcripts
per Million)). ** (p <0.01) represents significant difference in average expression level relative
to WT Ohr based on Wilcoxon test. (B) Heatmap displaying relative expression level of 386
differentially expressed, H3K27me3-repressed genes in induced and uninduced WT and gaP-
suz-12 strains. Data is row-normalized, and genes (rows) are hierarchically clustered by
expression similarity across strains (columns). (C) Browser shots displaying ChIP-seq data for
H3K27me3 enrichment at two loci on LGVI (left) and LGV (right) in WT and gaP-suz-12
strains uninduced or induced for 24 hours in quinic acid. (D) Venn diagram displaying overlap
H3K27me3-marked genes upregulated in uninduced gaP-suz-12, induced gaP-suz-12, and
induced WT strains (E) Venn diagram displaying all genes upregulated in induced gaP-suz-12
and WT strains.
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Figure 2.3: gaP-suz-12 induction results in ectopic H3K27me3

(A) Browser shots displaying ChIP-seq data for H3K27me3 enrichment at two loci on LGIII
(left) and LGIV (right) in WT and gaP-suz-12 strains uninduced or induced for 24 hours in
quinic acid. (B) Heatmap displaying H3K27me3 enrichment across all H3K27me3 peaks called
in WT or gaP-suz-12 in 300 bp windows across 4suz-12 and induced or uninduced WT and gaP-
suz-12 strains. All values with <1 log2FC vs. input and an FDR > 0.05 were set to 0. Ectopic
peaks are denoted by blue bars. Recovered, unrecovered, and ectopic peaks were clustered
separately. Recovered and ectopic peaks were sorted by enrichment across gaP-suz-12 samples.
Unrecovered peaks were sorted by enrichment in WT (C) Heatmap displaying relative
expression level of 164 differentially expressed, ectopically H3K27me3-marked genes in
induced and uninduced WT and gaP-suz-12 strains. Data is row-normalized, and genes (rows)
are hierarchically clustered by expression similarity across strains (columns). (D) Box plot
displaying expression levels of 165 ectopically H3K27me3-marked genes (logz(Transcripts per
Million)). * represents significant difference in average expression level relative to WT Ohr
based on Wilcoxon test. (E) Venn diagram displaying overlap of H3K27me3-marked genes that
are ectopically enriched for H3K27me3 gaP-suz-12, and downregulated in induced gaP-suz-12
or WT strains
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Figure 2.4: gaP-suz-12 time course reveals putative nucleation sites

(A) Browser shots displaying ChIP-seq data for H3K27me3 enrichment at two loci on LGIII
(left) and LGIV (right) in WT and gaP-suz-12 time course strains. (B) Zoom-in view of
H3K27me3 enrichment at putative nucleation sites of LGIII and LGVI (C) Diagram explaining
integration of ectopic nucleation sites into csr-/ (D) Zoom-in browser shot displaying
H3K27me3 enrichment at the csr-/ locus in putative nucleation site strains compared with
controls. Red arrow represents location of ectopic fragment insertion.
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Figure 2.5: gaP-suz-12 H3K27me3 profile resembles mutants of other chromatin regulators

(A) Browser shots displaying ChIP-seq data for H3K27me3 enrichment at two loci on LGVI in
WT, induced gaP-suz-12 time course strains, and mutants of various chromatin regulators (B)
Heatmap displaying H3K27me3 enrichment at called peaks in WT and gaP-suz-12 strains across
WT, induced gaP-suz-12 time course strains, and strains with mutations of various chromatin
regulators. Peaks (rows) are clustered into 4 groups: early recovered, late recovered,
unrecovered, and ectopically methylated during the gaP-suz-12 time course.
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Supplemental Figures and Tables
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Figure S2.1: 96-hour gaP-suz-12 time course reveals incomplete recovery of H3K27me3

(A) Heatmap displaying H3K27me3 enrichment at all peaks called in WT and gaP-suz-12 ChIP-
seq samples across induced and uninduced WT strains and induced gaP-suz-12 strains. Clusters
were made based on enrichment in gaP-suz-12 24 hours post-induction. Recovered and ectopic
clusters are sorted based on enrichment across all strains. The unrecovered cluster is sorted based
on enrichment in uninduced WT strains.
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Figure S2.2: Upregulation of gene expression is associated with H3K27me3 recovery

(A) Venn diagrams displaying overlap of H3K27me3-marked genes within late recovering or
unrecovered H3K27me3 regions that are upregulated in induced gaP-suz-12 strains, or
H3K27me3-marked genes that are upregulated in Asuz-12 and uninduced gaP-suz-12 strains (B)
Violin plot displaying expression levels of 524 ectopically H3K27me3-marked genes
(log2(Transcripts per Million)). * (p < 0.05) & ** (p < 0.01) represents significant difference in
average expression level relative to WT Ohr based on Wilcoxon test.
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Figure S2.3: Ectopic methylation is associated with gaP-suz-12 time course growth

conditions

(A) Pie chart displaying percentage of H3K27me3 enrichment within Native and ectopic
domains in induced gaP-suz-12 strains. (B) Venn diagrams displaying overlap of genes
downregulated in induced WT and gaP-suz-12 strains. (C) Zoom-in browser shots displaying
H3K27me3-enrichment at two loci on LGVI and LGV for induced and uninduced WT, induced

qaP-suz-12, and eed complementation strains.
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Figure S2.4: Putative nucleation sites cannot recruit PRC2 to csr-1 in a WT background

(A) Pie chart displaying percentage of H3K27me3 enrichment within subtelomeric and internal
domains in gaP-suz-12 strains 4 hours post-induction. (B) Zoom-in browser shot displaying
H3K27me3-enrichment at the csr-1 locus in WT, ectopic telomere insertion, and ectopic
nucleation site insertion strains. Red arrow represents location of ectopic fragment insertion.
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Figure S2.5: Deficiency of chromatin-associated proteins perturbs H3K27me3
establishment and maintenance

(A) Heatmap displaying H3K27me3 enrichment at genes within called peaks in WT and gaP-
suz-12 strains across WT, induced gaP-suz-12 time course strains, and strains with mutations of
various chromatin regulators. Genes (rows) are clustered into 4 groups: early recovered, late
recovered, unrecovered, and ectopically methylated during the gaP-suz-12 time course. (B)
Metaplots displaying H3K27me3 enrichment at called peaks in WT and gaP-suz-12 strains
across WT, induced gaP-suz-12 time course, and Acac-3 strains. Peaks are clustered into 4
groups: early recovered, late recovered, unrecovered, and ectopically methylated during the gaP-
suz-12 time course.
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Table S2.1: Strains used in this study

Strain Genotype Source

S2 WT FGSC

S375 suz-12::hph FGSC

S898 epr-1::hph FGSC

ETT111-3 suz-12::hph, his-3::qaP-suz-12-3xFLAG::his-3" This Study
ETT180-4 suz-12::hph, his-3"::qaP-suz-12-3xFLAG::his-3" This Study
ETT156-5 csr-1::LGIII nucleation site 1 This Study
ETT157-2 csr-1::LGIII nucleation site 2 This Study
ETT158-1 csr-1::LGV nucleation site 1 This Study
ETT161-4 csr-1::LGVI nucleation site 1 This Study
ETT159-1 csr-1::LGVI nucleation site 2 This Study
ETX121-1 epr-1::hph csr-1::LGIII nucleation site 1 This Study
ETX121-3 epr-1::hph csr-1::LGIII nucleation site 1 This Study
ETX123-1 epr-1::hph csr-1::LGVI nucleation site 1 This Study
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Table S2.2: Primers used in this study

Primer Name Sequence Description Designed
csr-1-geno-F TCCCGGGATTTCTTGG | csr-1 genotyping This Study
CATC primer
csr-1-geno-R AGCATTCAATGTGTT | csr-1 genotyping This Study
GGCGA primer
suzl2 geno F TCCGTCTTTTGGGTAG | suz-12 genotyping | This Study
CTAGAT primer
suzl2 geno R GGGTTGTGCGAGGTG | suz-12 genotyping | This Study
TGG primer
HPH 300 Universal | TAAAGGGAGGAAGGG | hph genotyping This Study
CGAAC primer
Gibson Primer 1 TAAGAATTCGATATC | Gibson Cloning This Study

pEAG249G AAGCTTATC Primer for plasmid
backbone
Gibson Primer 2 CGGCCGCTCTAGAAC | Gibson Cloning This Study
pEAG249G TAGTG Primer for plasmid
backbone
LGVI nuc 3 F CACTAGTTCTAGAGC | LGVI 1 nucleation | This Study
GGCCGCAGCAGCTGC | site Gibson
AAGGAGCAAA Cloning Primer
LGVI nuc 3 R GATAAGCTTGATATC | LGVI 1 nucleation | This Study
GAATTCTTACCAAGTT | site Gibson
CAACAAGTCTGTT Cloning Primer
Universal Flanking s | CAATCCGCCCTCACT | Universal primers | This Study
eq F ACAACCG for twist fragments
Universal Flanking s | TCCCTCATCGACGCC | Universal primers | This Study
eq R AGAGTAG for twist fragments
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Table S2.3: Antibodies used in this study

Antigen Supplier Catalog #
H3K27me3 Abcam ab6002
H3K27me2/3 Active Motif 39535
FLAG Sigma-Aldrich F1804

Table S2.4: Sequencing samples used in this study

Title Type SRA
Asuz-12 rep 1 RNA SRR9027658
Asuz-12 rep 2 RNA SRR9027759
Asuz-12 rep 3 RNA SRR9027689
Aepr-1 H3K27me2/3 rep 1 ChIP SRR8730376
csr-1::(TTAGGG)17 H3K27me2/3 ChIP SRR6051552
Aeed; his-3::eed-3xFLAG: :his-3" H3K27me2/3 | ChIP SRR11266651
Ahpo H3K27me3 ChIP SRR2026380
Aisw H3K27me2/3 ChIP SRR11806697
AhH2A4z H3K27me2/3 ChIP SRR11266618
ash-1(Y888F) H3K27me2/3 ChIP SRR7690295
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Appendix

Appendix 2.1: DNA sequences cloned in this study

LGIII 1 nucleation site:

TCCATTGCCAAGTCTGGTCGTGAATGGCTGCTGGTGGAGATAGTATCCGAAACACAC
CGGGTTAAGTAAATGCTAAATAGGGATTCGGATGAATTCATGGGGTTGAACTCCACT
TCTTCAACCTTGTTCCCGAGTCCATCCTAAAGTCAACCTGAATCTCCTTTGGTCGAGA
TAAAGCGATGTGCAATGAATGGAATTTGAGACATGATATAGAAAAAACTGAAGAGA
TGAAGCTTGAAAAAGTGAGAAATCATGAAATTTGCCGGAAGTAGGGACGTCCAACA
ATTGTGCGGGCAATGAAACTGGGAGCGTCCCTGGCCAGAAACATTCGGGAGCCCGT
ATGCTATCGCCGTGGGCCGCGAGAATACCTTAAGCTCGAGTGGAGGGATCTTGGTA
AGGTTGAGACGTATTGAAGATGGGGCAGACGTGTGCCGATCCGTTTGTCCTGCGTCG
CTTCAGTGTGATCGGATTGCGCACAGATCATGTCCGAGAAGCTTTGACTTAAGGTTT
AGTAGTATGATCTGAATGGAAAGCGATGAGCAGACGAGAAACCCGGAGGAGTGTA
AAAAGATCATGAAGCGGCAGTGAGGCTCAGATATCGGTATACTGGCAAATGGCAGT
TCAAATACAGGGGCACGTAGACAACAATGAGCACACTGAAAATTTAGAAGAACTCC
AGAAACCTTCAACTCATGCTGGATGACGTATCGTGCGTTGTCATCCCGAGGGCCAAA
TCCAAAACTGAGCCGGTGGTGAATGCAAGAGCGGATGAGAACAATAAGGGCAACCT
TCAGTGGAACGGCTGGAAGTGTGAGAAATCCGCGAAAATCAAACGGAAAGAGCTCA
AATATATCGGTCCCGATGAGACATCTGCTGCACTTGAATAGCTCCCGTCTATGTACA
TAGCCATTATCTTGGACAAGAAACAGTCGCACCGCATCTTCGAGTGCAACTCCGTCC
TGCCTTCCGGCTAACGGTCCCCACAGACGAGGAAGATCAGGGGTGCAGTTTCCGTTC
CGCTGGTCATTGTTAGATCTGCGACTTCCATTGCATGGATTTGGCCGAGCCTTTGTGC
CAAGACCAGAGGCAGACAAGATAAGATCTGTGGACGGGCCGTTTTAGCGTATCCGG
TAAACATTTTCTGTAGAAACCTTGGCAATCGGCGGAAACCGTTAGCGACTGCAATGC
CACATGGATTCAAGAGTGTTCTCGCGAAAAGGTTCCTTTTCTCAGTCAATGCGATGA
TTTCGATTTTCTTTGCCTTCCTTCGCAAATCCTCCTTTGTTCCTACCCTCTCGAATGAT
TTCGTCGTTACCGAGTTGTGTCTGTCCCCTCGACGTTTAGGATCCATCTTTATGAGTA
GGGCACCCCTGTCAGTGAGTGGAAATACGGCCAATGAGATAGAATCAACCTGACAG
AAAGGGAAGGTGTGACAGGGTTCTTGCCGAAACCAAAACGCCGAGCCTCCATGGTG
CCTTCCCCACTGTAGACGACGTGCCATGGGTGACATCAATTGACCCTGAAAGGTCAT
GTTTGTCGGACCGGAGGACGATTATCGGTGATCGAAGTAACGGAGTAGACACAGTT
TCTGGGGGATAATGGGATCGTTAATGCATACCTGTTTAGAGGTACTCGCCGTATTTC
CCTCCAAGTTGACATGATATCCGGCTGTCAAGTCGTGCGCAATCGGTACAAACAGAA
GTTGCGACTCTCCAGAGGCCATCGCACCGGAACTTGGCGTTGTATCAAATACCCTTC
ATCGTACTTTCCAAATGCCAGAGTGAAATGGTGATGTTCCCACTGCATGATTGTTAC
TTCCTTACTCGCTATCACCTTCTCCTACTGTTTCCCCCGCTCGCAGCGAGGGGTTCCT
GCTCGCCGCTTTGCTTCGGTAATGCTGCCAGAATCGCCGAGGCAGCCGAATGAGCCG
TCATGCACATGTGCTTGGCAGATATTTGACAGAAAGAGGATCGTGAGCAGCCTCGG
CGAGAAGAGGGAAAGCCCACATACGTGTACGGTGCAGCTGACACCTAAATGCATGC
GTGGTAAATCGAGCTCGTCCTTGGCAGTTGAAACGGACTGCACCGGGACATGTTCCT
CCAGTCCAACTGGGACCATTGCCATTGCCCAGAATCCACGCGCATGGGTTGGCTCAG
TTATGTGCCCGCTCTCCCTCTTCTTCCAAATATCCTTCGATATCGTCAGGGGAATCAT
TTGCTTCCGTCACCTCCTTGCTCCTGCCTTTGGCCCCCATCGTGGACGAAAGTGTCGT
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AGCCTATTCCCATCGTCCATTTTCGCAACTGCCCCTTATACTGTTGATGGCAACAACG
CGTCCCGTCCTCGCGCCTTCCACCTGCCACCTGCAATGTTGACCCTGACCCACTCTGC
TTCAGCGCCCTATCATTTGCGAGCTCTCGTGTTGTTCTGTGACGGCTCGCTGACTTTG

CTGTCATGTACCGGTCCTCATTTCCATCTCTTGGCCTTTGATGCGATATCGACAGACT

CGACCCGTTTCAGAGATAACCTGAGAAGATTTCGCGCCGGTGATCTCTGGCGGACCT
ACTTCCCACACGGACCCAAAATTTCCTACGCCCCCCTCTTTCTGTATCGGCAACGTTT
TGTACATCAACCCGTGCTTCCAGATGGCCCAAAAGCCTCCACCAGGAGCTTGTAGTT
GGCGACCTGGAGAGCTGTATCCTTCGATGGGGGAAAGTACTCCAGTTTGATCTAT
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LGIII 2 nucleation site:

CATTGTGTCTTGGGTATACCCAATATGCCACGATTGCAAGCGACTTTATTTTACCTCT
GAACTTGATTTCAATGTACCTGATTTCCGATTAGAAATATTGAAAGGGGACTCGTAC
TGCGTTTACTCTCTATTGGAATCATCAACCGGTTCATCCTTCACTTCATGACAAAAAG
CCCACCAGTTACTTCAGGTCCTTCCACTCAGGAGTCTTCTTGATGAACTCCTCCCATG
TAGTCAACTTGTCCTCGACCAACGAATGTGTCCAGTCCAGACTCTCGCCGCCGTAGT
ACCCAAAGGTACCCAGAAGCAAAAAGTTCTCTAGCAGCTCTTGGGCCACATAGTCC
GGCATGCCAGCGCCCTTGAGATTGTCAAGATAAACATCTCCTGGAACCTGGTAGTAC
GAGGCCGTCGCCCCGGCCTCGGGAAACACCTTCTTGAAGCCTTCAACCACCTGGTCG
CCCGTCAAGTACTCGGTTGCACCGAGGAGTCTCTTGCCGAGGGTTTCCTCGCGGTGG
AGGACGGCCGCCTTGACGAACTTGCCTGTGTCTGCCGTGTCGAAAAGGGGGAAGAT
TGACGAGCTCGCGGGGGTGGGCAGGGCAAATGTCCACTTGCCGGTGTTGGTGTCGT
GGTGGGTTAGACCGAGAGCCGGGCCGGAAAAGTTGGACATGTAGAAACCTGGGAG
GAAGAAGGTGGAGGGGAGACTGGTGGCGATGGAGCGGGCGTACTCTTCTACCTCGG
CTTTGCTGTCGAAGTGGTAGAGGTGGGGCAGTTTGCCTTTGCTCACTGTTTGGGTTTT
TGTTGTTAGAGGATTGTTACCTAACATGTACCTTTACAGGCAGGTACAATAGGTATA
TATGCCTGGTGGACAAGATTGAAGGCAGAGATGAGAACAAACAAACATTTGTTAAT
ATTCAAAACAGAACTCCAAATAAAGTGCTGCACGCCCGCCTCGGCAGCTGCATCCA
CCAGGTTCTTGCCCTGCTGCACCTCGACGTCCTTGTCCATCTTCTCCCAGTAGTTGGT
CACGGCGAAAACGGCATACGCGCCGTCGACTGCTGCCCGGAGACTCGACTTGTCGT
TCAGATCGGCGGC
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LGV I nucleation site:

TGCCCTTACAGCTTCTCTGGTACAGGAATTGGTATGAAGACCGTGATACTAGGTCTT
ACGACGAATACATAGCTCCAAGCTGGTCTTATGCCTCCATCCCTAGCGCAATAAATC
CGCCCAGAATTCTAGACGGGTGCGATCGATATAAGGAACAGGAATACCGACCTATT
ATTCAGATTCTAGACGCGACCATCGCCCTGGTGGATGAGAACAATCCATTTGGAGCA
GTATCAGGGGGAGCATTGCGTATAGAAGGCCCTTTGGCGAATAGCTCCCTGATTAAA
CATTATGGGGTTTCCAGAATTTTTCCGACCTACGAAATTAATATTACGTATCAGGAT
GGACCGACTCGAGTAGGAATGTGCTACATGGATAGAATGCGCTATTACGGACAGAT
GGCGACCAAGCAAAAGCCGATTTACTTGCTTCCTGTTATGCTGAACATGTCCATTTTT
TATGGATACTATAACGAGAAGACTGTTAGTGGGTTGATACTACAAGAGACGAGTGA
CGAAAATACGTTTCGAAGAGTTGGGGTGTTTGTGGTTGAAAGGCCTAGGCAGAAGG
AAAATGCATGTGGCGTTCGGATGTTACAAGAAGCTTGTCGCTCTCAAAATGGGCTGG
ATGAGGATGGTGCATTCCCTGAATGGGGGAAGTTTCGGACTATTACTCTCGTCTAAC
TTTCACTCTTTCTTTGTTTTGTGCTTTCATTTTCTAGTATTCTTCGTTCTCCTTTTGTGT
GTTCTCTCCTTGGTACAGCTCAACGTCAAGTACGCTTCAAGCGTTCATATTCCTTCCT
TTGTACCTAGAACAACCAACTGACCCAGACTTCAAACACCATGTCCCGACTTTCAGC
TGTTATTGACTGACATCTGCTAGACATCTAACTTCAAGATACCTCAGCAGAGCTCTC
GAGATGCCAGCTTCGCCATACCTTTCTAACTCTTAGTACCGTGCCTAGCTATTAAACC
TCCAACTCGTCTTTTGCCCTCTTATGTCATTACCTAGCTATCTGAATATCCTTGCACG
AATTGCATTACACAGACCCCCTTCTCTGTAACGTAGCCGAAGACACTCTACAATAGC
TCGAAGCTCACAGTTACGTGCTTGACAGAACTTGAACACGAGGGGTACCGACACAG
TTGAGATGAAAACTACCTCCATGCCTCTCTCTGCCAAGGCAAAAAAACTTTCACTTT
CGACGCAACGCGTATTTCGATGATTTTGTTTATCGTCTGGCCTCATCTCTTCTACCTC
TACAGGTTCAGATAACGAAACTAGTGGTCATCCGTAGCTCTTCTCGTGCCTAGCTAG
AGGTATAAATCAGTGTGGTCGCCCTCGGAGAAGCCAAAACCTCTTCCTTCTTTCTTC
ATGTGCACTAGCACACAACCAACATCACTCACTTGACAGTTACCACAGCACCAACA
GCGCGGTTACTACCTCCCCATTTCCAACTCACTTCCCCCCCTGTCTGTCCTTCAGCAT
CATCCAGATCACAGGTATCCTTCGCCTGCTCTCGCCATCGAACCAGCGGGCAGTCAC
TTACTCCTACCTTACCTCTACTCCTTGCCCGTGATCACCATCACCTTGCCCTCAGCTG
ACTGAAACCTCAAGAGGTACCTAAGATGGCCCCAACCAAAGAAGAACTCGACCGCG
CCCTCAACGAAATCCAAGCCACCTTCCTCTCCAGGGAAACCAAGCTCGCCAAAGCCT
ACGCCGAGCACCCCGATCCGGACGCGTGGTACTTGAACTTTATTAGCTGCCTTGCTA
AAGTCGCTGCTGGACCGCCGCCGTTGCCCTCTACCACCACTGGTCACAAGCAGCCAG
CAGCTGGGGTTGGAGTTGGAGTTGGGGTTGAAGCTGAAGTTGAACCTGAGGCGGCA
AAGGATAGTGGCGGTTGTGATGTGATTGCGGGGGTGGGTACCACCTCTAGAGGTAT
GAAGAGACCTAGTGTTGAGGAGATGGATGGTGGTAGTGGTAACGGCAGAGGCACCG
GCACAGGCAAGAAAGTGAGGGTTGAGCATTCTATGTCGACTGGGGACACCGAGTAC
CGGACAGCCGAAGGTGTTCTGGTTAGTACTACGATGACTGGTAAGTTGTTGTTGCTT
TGCACTTCCAGACTCGTCCGTCCGTGTCTTGTGGATCGAGCTAATTGACTGACCTCTA
TGGACAAGTTAGGAACAGGCACCCGTTGGATAGTCCCGGCTTGACCACAGCGACTG
GTGATGTGAAGGTGGAGGTAAAAAGGGAGGAATAGGAGATGGAGAGGACGAACGA
AACAGCACTGGTGGTTCAAGAA
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LGVI I nucleation site:

TCAAACTCAACTCCGACATCGCAAAGAAGACCGCCGCCTGGAGGAGACGTATCAGC
TTGCGTAGCGCCGCTTTAGGGACCACCAGCGGAACCAGAGGCACCACCGCCAGCAG
CGGCACCTCCCTTTGAAGCACCACCCTTAGCAGAACCACCAGCGGCACCACCACCA
GATGCGGCACCTCCCTTCGAAGCACCTCCCTTAGCAGAACCTCCACCAGCAGCGGA
AGCACCTCCACCAGCAGTAGCACCACCAGCTGCGGCACCGCCTCCACCAGCAGCGG
CACCACCCTTAGAAGCACCGCCTTTGGAATCACCTCCCTTCGAAGCGCCTCCCTTCG
AAGCACCACCCTTAGCAGCACCACCTCCACCAGCAGTAGCACCACCAGCTGCGGCA
CCTCCCTTCGAAGCACCACCCTTAGCAGAACTATCACCACCACCTCCACCAGCAGCG
GCACCACCAGAGGCACCTCCCTTACCGGAAGCGGCGCCGGCGGCGGCACCTCCCTT
CGAAGCACCTCCTTTAGCAGAACCTCCACCAGCAGCGGAAGCACCTCCACCAGCAG
TAGCACCACCAGCTGCGGCACCGCCTCCACCAGCAGCGGCACCACCCTTAGAAGCA
CCACCCTTGGAAGCACCACCCTTAGCAGCACCTCCGCCAGCAGCGGCACCACCAGC
TGCAGCACCTCCACCAGCAGTAGCACCACCAGCTGCAGCCCCTCCACCCGCAGCGG
CACCACCCTTAGAAGCACCACCCTTGGAAGCAGCACCTCCACCAGCAGTAGCACCA
CCAGCTGCGGCACCACCTCCACCAGCAGCGGCACCACCCTTAGAAGCACCACCCTT
GGAAGCACCACCTCCACCAGCAGTAGCACCACCAGCTGCGGCACCACCTCCACCAG
CAGCGGCACCACCCTTAGAAGCACCGCCCTTGGAAGCACCTCCTTTAGCAGCACCGC
CCTTAGAAGCACCTCCCTTATCAGCTCCCTTAGAAGCACCTCCCTTGGTAGCACCAC
CAGCCGTAGCACCACCAGCTGTAGTACCACTGCTAGCGGTACTTCCACTACTACTAG
CAGTAGTACTAGCGGCAGTGGCACTGCTAGCGGCACTGCCACGATGTTTTCTCTTGC
CGATTACACTCGGCTCGAGATTGCTACCATCATCAAAGACCACGGCCCTAGGATCAC
GACGGACGGGAACGGAGCGGCGAGCGCCGGCCCGGATGGTGGGTGAAGGAGAAGC
GATGACGCCGGGGGAGTCAGGGTGGCGGGCGGCCAGAGAACCGGAGTCGCCGGGG
GCAAAGCCAGTCGGGGCCGCGTAGGCGGAGAGAGCCGAGGTAAGGAGGAAGAACG
AAGAGAGCTTCATGTCGACGTTGAAGTGGGTGTTGTTGGGTTGTTGTGTAGATCAGT
TGTAAGAGTGAAATGGGTAAGGTAAGTTTGGGTCTTTGAAAGTATTGGTGTCAAAAC
ACAAGTTGTGAAGTTACTGGCCGGCAGATGAGAGCGTGGGAGGTAAGGTTGAAATG
GGTACACGATAGAAGGTGGTAAGTGAAGAAGCTGATGACCGGCAGCGGGAGAAGA
AAAGAAGTCAAGGAGTACCAGACTCGACTCTGTTGGTGTTCGAAGGAAGTCGAACG
GAGACAAGACAAATGTGTCCTTGTTGTTGTTGCTGCTGATGCTGCTACAGATGAGAA
GAGATTCCCCCTCCAAATCAGAGAGTAAACGATAGTTATATACGCCAAGACTCGTGC
GCGTTGTGGGTGCCCATCCGGCATTCGGTATCCAGAGTCCAGAGAACTGGTGTCTGA
CATCTGTGGGTCCGTGAGGGGCTGTGAAGGAGGCGCGAAACGGAATGGTCGGTTAC
CCAGTAGGGCAGGACCTGCTACCACGATGGCCGAATCTCCACGTCTCGAACCATGA
CAGTTTCGAAGCAGCTCGAAGGGAGCTGTCAGATGTCAGTTGGTGTTAGGTTGTGAA
ACCATCCAGGGAAATGTTTCGGTTGAAAGATGTTTTCGATACAAAACTCCTAGAATC
ATGGCTGTCCTGTTGGTTGTGTCATGGCTGTGTTTTCGAAGTGGTGTCGGATCGACGT
TAGCCACTAGTATGGAAAACCTTTTTCTTTCGTGGTCGCTTGTAACTGCTAGATCACC
CGGCGGTTCGTGTTTCTTTCGGTTCCCTCCTTTCGTCTAGTGGTCTTCTGGTCCTTCTC
CGATGAAGAAGAGACTGGGACAGGCCGGGATGAACTCGAAATTCTGACGACGAGAT
GGCTTTGCGTCAAGGGGTCTGGAGACAGAACATTGGTCTGTCTGTGTTAGGGGAAG
AAAACAGGGAAGTTCGTAGTTGTTCGTGTCAGGAGTACGGAGAAAGTTGAGACGGG
TGGCGAGTTCAGCGTTCGGATGGGCAGGACTCCGGAGGGGGTAAAGCAAGTCTGAG
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CTCAGGATTCTGGAAGAGTTTGTCGAGGACAGCGTGATGGACGATGGCTGGCTTGTG
TTGTGAAACTCTAAGGATAA

LGVI 2 nucleation site:

CTCCAGCGATCGCAAGATGCAAGTCCCAATTCGTTAATGAAAAACATTTGCACACAA
CTTCTGAAAAGACCTTGTAAAGCTGGATGTTTGAACCATGTTTCTACCTTATAGTAA
AGTCCTCGGTCCAGATTCATTACCATCCCCTATCCCTTGGATGGAAGGGAATTCACA
TGTCGGCGCTTGCCAAAGCGAGAACCAACCTCAACCTTTCCAACCGCATCTCAAAAT
GTCAAATAGGAAAAATGTGGCAGCACCGATGCCGATGCAGACATATCAAGAGCACC
ACGACATGGCACTTTGCAACCTGTTTTCAGTCATGCGATCCCGTGAAGTCTTCGCGC
CAACCCGTCTCTTGCCTGTCATTTGGTAACCGCAAGCTCGCAAATCTCGATCTTGCC
AGAACCATGGGCAACACTCCGATCAGACTGACCGGATGCAAACCCCTTCCTGCCGT
GGGAGATCTCTTGATATTGGCTTTTAGATCCTGATAACTGCCTGTCTTCTCTTACCAG
TCTTGACTATGCCTGCTGATGCAACTGAATCCCTCCCACTGGTGCCGCTCAATACAG
GAGAAAGCGGGACCGTTGCCTCCGCAGATGCTTCTACAGCCTGTACAGCTCGACTTC
CACAGTTTGATGGCCATTGCATTTTCCTTCTCTCTTTCGCTAGCCACGGTTTGCGACT
GAGACTTCATCCAGACTTTGGTCGAGTGTTGGTGCAACTCCCGTCGGGTCGCACAAC
TTTCCCGTGCTCTCCCATGCCGCAGAGCGTAGGGCACATAGAGGGGCAAGAAAGAA
AGCGAAAACAAGAAAAGCAACGGCAGGAAACTTGAGCTTGGCGATATGTGCTCATG
ATTTGTTTTGAGTGAGTTTTGTACCCATGTCTGACCTAACGCGCCTGCGTCCCGCTTC
AGCAACCAAGTTAAAAATCTCTCGTAGCAAAGCACACA
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CHAPTER THREE
CHROMATIN ASSEMBLY FACTOR 1 IS REQUIRED FOR NORMAL GENE REPRESSION

AND FACULTATIVE HETEROCHROMATIN FORMATION IN NEUROSPORA CRASSA'

1 Torres, E.V., Link, C., Yap, R., Ferraro, A.R., Pelham, J.F., and Lewis, Z.A., 2025, Chromatin Assembly Factor 1 is Required for Normal Gene
Repression and Facultative Heterochromatin Formation in Neurospora crassa

To be submitted to PLOS Genetics
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Abstract

Formation of facultative heterochromatin by Polycomb Repressive Complex 2 (PRC2) is
a well conserved epigenetic mechanism that functions to control transcriptional dynamics across
eukaryotes. PRC2 catalyzes histone H3 lysine 27 tri-methylation (H3K27me3), a dynamic
histone post-translational modification (PTM) that helps maintain gene repression in specific
cellular contexts. PRC2 repression has been implicated in numerous developmental processes
and human ailments, including Huntington’s disease and various cancers. In this study, we reveal
the replication-dependent histone chaperone, Chromatin Assembly Factor 1 (CAF-1), is required
for normal PRC2 activity in model fungus N. crassa. CAF-1 deficiency results in widespread
misregulation of gene expression, particularly within facultative heterochromatin domains,
which is accompanied by a rearrangement of H3K27me3 patterns. We show that PRC2 activity
remains intact in the absence of CAF-1 activity, and that regional losses of H3K27me3 are
associated with reduced levels of ASH-1 catalyzed H3K36 methylation, and gains of histone
PTMs associated with active transcription. Furthermore, analysis of a double mutant deficient for
both CAF-1 and PRC2 revealed that these complexes play distinct roles in maintaining gene
repression and facultative heterochromatin. Collectively, these results shed light on CAF-1's role

in maintaining a repressive chromatin environment in eukaryotes.

Introduction

Eukaryotic organisms regulate gene expression in response to environmental and
developmental stimuli. This is accomplished through a variety of epigenetic mechanisms
including histone post-translational modification (PTMs) (Allis & Jenuwein, 2016). Certain

histone PTMs can activate or repress gene expression by regulating genome accessibility to
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transcription factors, RNA polymerases, and various chromatin modifying enzymes (Allis &
Jenuwein, 2016; Kouzarides, 2007; Li et al., 2007). Regions of the genome marked by repressive
histone PTMs are referred to as heterochromatin, which is characterized by its compact structure
that is generally inaccessible to DNA-interacting proteins (Allshire & Madhani, 2018; Janssen et
al., 2018). Heterochromatin can be further categorized into constitutive and facultative
heterochromatin. Constitutive heterochromatin is characterized by repeat rich, gene poor regions
of the genome, while facultative heterochromatin is gene rich and dynamically repressive,
meaning genes in these regions can be expressed under specific cellular contexts or
environmental conditions (Grewal, 2023; Saksouk et al., 2015; Trojer & Reinberg, 2007).
Facultative heterochromatin is established and maintained by Polycomb Group (PcG)
proteins, which deposit repressive histone PTMs that contribute to chromatin compaction. This
includes histone H3 lysine 27 trimethylation (H3K27me3), which is catalyzed by Polycomb
Repressive Complex 2 (PRC2) (Cao et al., 2002; Muller et al., 2002). Proper formation of
facultative heterochromatin is critical for maintaining gene repression and contributes to several
biological processes across eukaryotes, including X-chromosome inactivation in mammals and
vernalization in plants (Bastow et al., 2004; Di Croce & Helin, 2013; Plath et al., 2003). These
systems also possess Polycomb Repressive Complex 1 (PRC1), another PcG complex that works
in parallel with PRC2. The activity of both these complexes is required for proper formation of
facultative heterochromatin in these systems (Blackledge & Klose, 2021; Di Croce & Helin,
2013; Francis et al., 2004). Defects in the PcG gene repression pathway have been shown to
cause numerous developmental defects, and are associated with several human diseases,
including Huntington’s disease and various cancers (Kim & Roberts, 2016; Margueron &

Reinberg, 2011; Seong et al., 2010).
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While many commonly studied fungi such as Saccharomyces cerevisiae and
Schizosaccharomyces pombe lack PcG complexes, many fungal lineages have retained PRC2-
catalyzed H3K27me3, which has been shown to contribute to biological processes such as
regulation of sexual development, secondary metabolite biosynthetic gene clusters, and effector
gene expression (Collemare & Seidl, 2019; Connolly et al., 2013; Deaven et al., 2025; Fraser &
Whitehall, 2022; Ridenour et al., 2020). The filamentous fungus Neurospora crassa contains a
conserved core PRC2 complex made up of subunits EED, SUZ-12, and SET-7, but is devoid of
homologs for most other PcG proteins (Aramayo & Selker, 2013; Jamieson et al., 2013). This
simplified system makes N. crassa an attractive model to directly probe the roles of other
chromatin modifying complexes in the PRC2 repression pathway. To date, studies in N. crassa
and other fungi have implicated a range of factors in proper PRC2 activity, including its
accessory proteins (CAC-3/NPF, EPR-1, and PAS), the IMITATION SWITCH (ISWI)
chromatin remodeler, the histone variant H2A.Z , the histone deacetylase (HDAC) complexes
HISTONE DEACETYLASE 1 (HDA-1) and RPD3L, and the H3K36 and H3K9
methyltransferases ASH-1 and DIM-5 respectively (Basenko et al., 2015; Bicocca et al., 2018;
Courtney et al., 2020; Ebot-Ojong et al., 2025; Kamei et al., 2021; McNaught et al., 2020;
Mumford et al., 2024; Wiles et al., 2020). In contrast to mammalian systems, in which
H3K36me3 is typically antagonistic to PRC2 activity (Alabert et al., 2020), ASH-1 catalyzed
H3K36me has been shown to localize at the promoters and gene bodies of H3K27me3-marked
genes in N. crassa and other fungi (Bicocca et al., 2018; Janevska et al., 2018; Moller et al.,
2023; Xu et al., 2024). Furthermore, a catalytic point mutant of N. crassa ASH-1 (ash1(Y88S8F))

was previously shown to experience a near complete loss of H3K36me3 at H3K27me3-marked
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genes, which resulted in altered H3K27me patterns (Bicocca et al., 2018). In contrast, SET-2 is
responsible for methylating the gene bodies of actively transcribed genes.

Despite major advances in our understanding of facultative heterochromatin formation in
filamentous fungi, the role of histone chaperones remains underexplored. Histone chaperones are
a group of chromatin modifying complexes that are responsible for transporting newly
synthesized or recycled histones to DNA and assembling them into nucleosomes (Gurard-Levin
et al., 2014; Hammond et al., 2017). Histone chaperones are generally categorized into two
groups, replication-dependent or replication-independent, based on their activity inside or outside
of S-phase (Ransom et al., 2010; Tagami et al., 2004). Proper function of replication-dependent
chaperones has been shown to be critical for maintenance of epigenetic modifications across
cellular divisions (Alabert & Groth, 2012; Dreyer et al., 2024; Hammond et al., 2017).
Chromatin Assembly Factor 1 (CAF-1) is a highly conserved, heterotrimeric, replication-
dependent histone chaperone complex, whose canonical role is tetramerizing and depositing
newly synthesized histone H3/H4 dimers onto DNA behind the replication fork (Smith &
Stillman, 1989). CAF-1 is recruited to replication fork and sites of DNA double-strand breaks
(DSBs) through the interaction of its large subunit (V. crassa; CAC-1) with the DNA
processivity factor Proliferating Cell Nuclear Antigen (PCNA) (Moggs et al., 2000; Ransom et
al., 2010; Shibahara & Stillman, 1999; Zhang et al., 2000). Here, 2 CAF-1 complexes await
H3/H4 dimers from other chaperone proteins to form and deposit a new H3/H4 tetramer onto
naked DNA (Liu et al., 2023; Rouillon et al., 2023; Sauer et al., 2018; Smith & Stillman, 1989,
1991). Previous work in S. cerevisiae and S. pombe has implicated CAF-1 and other replication-
dependent chaperones in gene silencing and heterochromatin maintenance (Dohke et al., 2008;

Enomoto & Berman, 1998; Franklin et al., 2025; Huang et al., 2007). Studies in Drosophila,
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Arabidopsis thaliana, and CAF-1 deficient ESCs have implicated activity of the complex in
proper gene silencing, H3K27me3 maintenance, and cellular plasticity (Cheloufi et al., 2015;
Cheng et al., 2019; Dreyer et al., 2024; Franklin et al., 2022; Houlard et al., 2006; Huang et al.,
2010; Ishiuchi et al., 2015; Jiang & Berger, 2017; Mozgova et al., 2015; Roelens et al., 2017;
Schonrock et al., 2006; Song et al., 2007). However, CAF-1 knockouts exhibit severe
developmental defects in these systems, and are embryonic lethal in mammals, making it
difficult to study its role in facultative heterochromatin formation (Hoek & Stillman, 2003;
Schonrock et al., 2006; Song et al., 2007). Much like PRC2, N. crassa has a fully conserved
CAF-1 complex, which we show is non-essential for survival.

Here, we report that mutation of individual CAF-1 subunits results in derepression of
H3K27me3-marked genes in N. crassa. This is accompanied by widespread changes to the
chromatin environment, including loss of H3K27me3 at genes within facultative
heterochromatin domains. Comparing the phenotypes of CAF-1 and PRC2-deficient mutants
revealed that many of the observed changes in the chromatin environment were a result of CAF-
1-deficiency rather than H3K27me3 depletion. Lastly, double mutants deficient for both CAF-1
and PRC2 activity displayed a more severe silencing defect for H3K27me3-marked genes than
either single mutant and resulted in additive defects to the chromatin environment, suggesting
that CAF-1 acts in parallel with PRC2 to maintain facultative heterochromatin. Collectively,
these results reveal that CAF-1 plays a role in safeguarding the chromatin environment by

maintaining gene repression within heterochromatic loci in N. crassa.
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Results

The CAF-1 complex is required for normal repression of genes within facultative

heterochromatin

Based on previous research in other model systems, we hypothesized that one or more
histone chaperones would be required for proper establishment or maintenance of facultative
heterochromatin in N. crassa (Hammond et al., 2017). To test this, we obtained mutant strains
lacking individual histone chaperone-coding genes available from the N. crassa gene deletion
collection and performed RNA-seq (Dunlap et al., 2007). Plotting average transcription levels of
506 H3K27me3-marked genes normally repressed in WT mycelia (H3K27me3-repressed)
revealed that mutations in any of the three genes encoding the individual subunits of the CAF-1
complex (Acac-1, Acac-2, Acac-3) displayed significantly elevated expression levels on average,
comparable with that of Asez-7, which lacks the catalytic subunit of PRC2 (Fig. 3.1A). Other
histone H3/H4 histone chaperone-deficient mutants tested exhibited no significant induction
H3K27me3-marked genes (Aasf-1, Anaf-1, Anaf-2, Aatrx), suggesting CAF-1 activity is required
for PRC2-mediated gene repression.

To examine expression of H3K27me3-marked genes at the individual gene level, we
constructed a heatmap plotting relative transcript levels for H3K27me3-repressed genes that are
differentially expressed in one or more of the histone chaperone-deficient mutants. These data
revealed clusters of H3K27me3-repressed genes that were most highly expressed in CAF-1-
deficient mutants relative to other histone chaperone-deficient mutants or Asez-7 (Fig. 3.1B). The
pattern of gene induction was similar for Acac-1 and Acac-2, which displayed overlap for ~75%
of genes upregulated across both mutants (Fig. 3.1D). This concordance likely reflects the fact

that disrupting any interactions between the CAF-1 subunits severely diminishes the complex’s
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H3—H4 binding activity (Kaufman et al., 1995; Liu et al., 2016; Sauer et al., 2018). The gene
expression pattern of Acac-3 was distinct, likely because CAC-3 and its homologs are present in
multiple chromatin modifying complexes, including the SIN3 and RPD3S/L histone deacetylase
(HDAC) complexes and PRC2 itself (Fig. 3.1B & D) (Jamieson et al., 2013; Lin et al., 2022;
Martinez-Balbas et al., 1998; Tang et al., 2021; Zhang et al., 1997). CAF-1—-deficient mutants
exhibited widespread transcriptional changes, with 2,973 genes being differentially expressed
across all three mutants relative to WT (~28% of the genome), and H3K27me3-marked genes
being among the most highly upregulated (Fig. 3.1C & D). Despite this, neither Acac-1 nor
Acac-2 exhibited any obvious growth defects, but were sensitive to DNA damage, which is
consistent with CAF-1's known role in DNA repair in other systems (Fig. S3.3). Furthermore,
CAF-1 mutants displayed substantial overlap of upregulated H3K27me3-marked genes, with 202
of the 369 genes upregulated across all three mutants held in common, suggesting a direct role of
the CAF-1 complex in silencing these genes (Fig. 3.1E). Collectively, these data suggest that
CAF-1-deficiency results in widespread misregulation of gene expression, particularly within

facultative heterochromatin domains.

CAF-1 is required for normal H3K27me3 patterns at facultative heterochromatin

Interestingly, 104 of the 315 H3K27me3-marked genes upregulated in Aser-7 remained
repressed in Acac-1 and Acac-2, while 81 genes upregulated in Acac-1 or Acac-2 remained
repressed in Aset-7 (Fig. 3.1E). This observation suggests that the derepression of H3K27me3-
marked genes in CAF-1 deficient mutants is not a direct result of H3K27me3 depletion. We next
asked if CAF-1-deficiency leads to defects in normal H3K27me3 occupancy. Indeed, we

observed that some clusters of upregulated genes experienced a loss of H3K27me3, with a total
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of 200 genes displaying a significant loss of H3K27me3 compared to WT (Fig. 3.2A & B, left
panel). Analyzing genome-wide H3K27me3 levels revealed a significant rearrangement of the
PTM in all three mutants, including both regional losses and ectopic gains at novel loci (Fig 2C).
The Acac-3 strain displayed a sub-telomeric loss and internal ectopic gain of H3K27me3 as
previously reported (Courtney et al., 2020; Jamieson et al., 2013), but the enrichment pattern in
the Acac-1 and Acac-2 strains was distinct from Acac-3, consistent with their gene expression
profiles (Fig. 3.2A-C). The Acac-1 and Acac-2 profiles were highly similar, suggesting that
inhibition of CAF-1 activity is responsible for the observed H3K27me3 defect. Independent
validation of select regions by ChIP-qPCR supported ChIP-seq observations, and replicate
experiments using an alternative H3K27me3 antibody produced identical results (Fig. S3.4).
Furthermore, complementing either mutation resulted in a full recovery of the H3K27me3
phenotype (Fig. S3.10). Interestingly, measuring H3K27me3 levels by western blot revealed that
CAF-1 deficiency did not result in a significant global decrease of H3K27me3 (Fig. 3.2D).

We next asked if these losses of H3K27me3 were correlated with increased transcription
of H3K27me3-marked genes. Indeed, 147 of the 190 protein-coding genes that lose H3K27me3
in Acac-1 or Acac-2 were also upregulated in either strain (Fig. 3.2E). Additionally, 90 protein-
coding genes were located at sites of ectopically gained H3K27me3, 10 of which were
significantly downregulated (Fig. 3.2B, right panel). Furthermore, plotting relative H3K27me3
enrichment against relative expression levels for these genes between WT and Acac-1
(log2FC[Acac-1/WT]) revealed a weak correlation between loss of H3K27me3 and upregulated
gene expression (Fig. 3.2F). Acac-2 displayed a similarly weak correlation between H3K27me3
levels and gene expression, while Acac-3 showed little correlation (Fig. S3.5A). However, an

additional 145 H3K27me3-marked genes upregulated in Acac-1 or Acac-2 did not lose
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H3K27me3, suggesting that increased expression alone is not causing the observed H3K27me3
defect (Fig. 3.1E, Fig. S3.3B). Collectively, these data suggest that the silencing defects of CAF-
1 mutants are associated with an altered facultative heterochromatin environment, but that
perturbing the complex does not prevent genome-wide PRC2 activity. Furthermore, considering
the alternative roles and distinct methylation profile of CAC-3, we decided to focus our
downstream analysis on the Acac-1 and Acac-2 mutants to specifically determine the role of

CAF-1 in facultative heterochromatin formation.

CAF-1 deficiency impacts ASHI1 Mediated H3K36me within facultative heterochromatin regions

Considering the partial defect of H3K27me3 in CAF-1-deficienct mutants, we next asked
if altered levels of other repressive histone modifications might explain the silencing defect
observed in Acac-1 and Acac-2. We first looked at H4K20me3, a mark that colocalizes with
H3K27me3 and contributes to gene repression in Zymoseptoria tritici (Moller et al., 2023).
ChIP-seq analysis of H4K20me3 revealed that the PTM is widespread, largely colocalizing with
H3K36me3 (Fig. S3.6). No obvious defects in H4K20me3 patterns were observed in Acac-1,
Acac-2, or Aset-7 compared to WT (Fig. S3.6C & E). Previous work in S. pombe and ESCs
found that CAF-1-deficiency results in altered H3K9me3 at constitutive heterochromatin and
revealed a direct interaction between CAF-1 and Heterochromatin Protein 1 (HP1), a H3K9me3
reader protein (Cheloufi et al., 2015; Dohke et al., 2008; Houlard et al., 2006; Murzina et al.,
1999; Thiru et al., 2004). However, ChIP-seq experiments in CAF-1-deficient mutants revealed
no significant loss or rearrangement of H3K9me3, suggesting that constitutive heterochromatin

remains intact in the absence of N. crassa CAF-1 activity (Fig. S3.6A-C & D). Finally, we
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assayed levels of H3K36me3 to determine if CAF-1 activity is important for ASH-1 catalytic
function at facultative heterochromatin.

ChIP-seq analysis revealed that CAF-1-deficient mutants displayed a mild reduction of
H3K36me3 at promoters and gene bodies of 83 H3K27me3-marked genes (Fig. 3.3A-C). The
Aset-7 mutant displayed a loss of H3K36me3 at only 33 of these 83 promoters, while gene
bodies remained relatively unaffected (Fig. 3.3A & C). 63 of the 76 protein-coding, H3K27me3-
marked genes that lost H3K36me3 were upregulated in Acac-1 or Acac-2 (Fig. 3.3D). However,
plotting log2FC of H3K36me3 against log2FC of gene expression in CAF-1-deficient mutants
relative to WT revealed a weaker correlation than what was observed when plotting against
log2FC of H3K27me3, while Aset-7 displayed no obvious correlation (Fig. S3.8A-C).
Reductions of H3K36me3 and H3K27me3 displayed a synergy, with 51 of 76 the protein-coding
genes that lose H3K36me3 in Acac-1 or Acac-2 also exhibiting a loss of H3K27me3 (Fig. S3.7A
& S3.7B). Previously published H3K27me2/3 data for ash-1(Y888F) displayed an appreciable
overlap with the altered H3K27me3 pattern in CAF-1-deficient mutants, with 152 of the 200
genes that lose H3K27me3 in Acac-1 or Acac-2 also losing H3K27me2/3 in ash1(Y888F) (Fig.
3.3E, Fig. S3.7D) (Bicocca et al., 2018). Furthermore, 256 of the 292 H3K27me3-marked genes
upregulated in Acac-1 or Acac-2 are also upregulated in ash-1(Y888F) (Fig. 3.3D). This
represents a higher percentage of overlap than genes that display upregulation in Acac-1 or Acac-
2 and Aset-7 (~67%), or Aset-7 and ashl(Y888F) (~74%) (Fig. 3.1E, S3.7D). ash-1(YS888F) also
exhibits depletion of H3K36me2/3 at 985 non-H3K27me3-marked genes, 47 of which exhibited
loss of H3K36me3 in CAF-1-deficient mutants, while Aset-7 remained unaffected (Fig. S3.7C).

H3K36me3 at genes within other euchromatic regions was not lost in any of the mutants (Fig.
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3.3A). Collectively, these data support a PRC2-independent effect of CAF-1-deficiency on ASH-

1 catalytic activity, while SET2 activity remains unaffected.

CAF-1 Deficiency Leads to Gain of Active PTMs Within Facultative Heterochromatin Regions

Considering the transcriptional misregulation and defects in heterochromatin formation
observed in CAF-1 mutants, we next asked if CAF-1 deficiency results in an increase of histone
PTMs associated with active transcription at H3K27me3-marked genes. We decided to look at
H3K4me and pan-lysine acetylation (Kac), PTMs that are known to antagonize PRC2 activity
(Creyghton et al., 2010; Pasini et al., 2010; Schmitges et al., 2011; Tie et al., 2009). ChIP-seq
analysis of H3K4me2 revealed gains in 24 H3K27me3-marked genes in Acac-1 or Acac-2 (Fig.
3.4B, Fig. S3.9A). 22 of these 24 genes, in addition to 26 other H3K27me3-marked genes gained
H3K4me2 in Aset-7, suggesting that this phenotype arises due to H3K27me3 loss (Fig. 3.4B &
C, Fig. S3.9A). Gains in Kac were more widespread, with 104 genes exhibiting elevated levels in
Acac-1 or Acac-2 (Fig. 3.4A & B). Interestingly, Kac patterns were distinct between CAF-1 and
PRC2-deficient mutants, with only ~11.5% of genes with increased Kac in Acac-1 or Acac-2
exhibiting gains in Aset-7, which also displayed elevated Kac at 37 unique genes (Fig. 3.4A &
C). Conversely, Acac-1 and Acac-2 displayed significant overlap in enrichment of both
H3K4me?2 and Kac, with 60 of the 62 genes that gain either modification in Acac-1 also
exhibiting gains in Acac-2, supporting a CAF-1-centric role in regulation of these modifications
within facultative heterochromatin (Fig. S3.9C). Surprisingly, Acac-2 displayed gains of
H3K4me?2 or Kac at an additional 60 genes compared to Acac-1, suggesting CAC-2 may play an

alternative role in regulating these modifications outside of the CAF-1 complex (Fig. S3.9C).
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Approximately 77% of H3K27me3-marked genes with gains in these H3K4me?2 or Kac
were upregulated in Acac-1 or Acac-2, and changes in gene expression exhibited a weak positive
correlation with enrichment of Kac in both Acac-1 and Acac-2, while Aset-7 displayed little
correlation (Fig. 3.4D, Fig. S3.9C & F). Plotting log2FC of H3K27me3 or H3K36me3 against
log2FC of Kac in CAF-1-deficient mutants relative to WT revealed a weak negative correlation,
while Aset-7 displayed no obvious correlation (Fig. 3.4D, Fig. S3.8D-F, Fig. S3.9E).
Furthermore, clustering analysis revealed that genes that gain Kac experience the largest
depletions of H3K27me3 in CAF-1-deficient mutants (Fig. 3.4A, Fig. S3.9B & S3.9D).
Conversely, genes that only gained Kac in Aset-7 experienced no depletion of H3K27me3 in
Acac-1 or Acac-2, suggesting that elevated Kac is closely associated with local depletion of
H3K27me3 in CAF-1-deficient mutants (Fig. 3.4A, Fig. S3.9B). Expectedly, genes that gained
Kac in CAF-1-deficient mutants also experienced the largest increases in gene expression
relative to WT, whereas the same was true for genes that gained Kac in Aset-7 (Fig. 3.4A).
Collectively, these data suggest that upregulation of gene expression in CAF-1-deficient mutants

is closely associated with changes in the chromatin environment that perturb PRC2 activity.

CAF-1 and PRC2 play distinct roles in gene repression

Genome-wide analysis of the epigenetic landscape in CAF-1-deficient mutants revealed
significant impacts to the integrity of the facultative heterochromatin environment. Previous
research from our lab has shown that genes within facultative heterochromatin regions are
important for sexual development in N. crassa, and are not expressed during asexual growth
unless H3K27me3 is perturbed (Courtney et al., 2020; Deaven et al., 2025; Ebot-Ojong et al.,

2025; Kamei et al., 2021). H3K27me3-marked genes becoming upregulated in CAF-1-deficient
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mutants despite persistence of PRC2 activity led us to ask if CAF-1 is directly involved in the
PRC2 gene repression pathway. To address this question, we generated a double mutant for cac-
I and the PRC2 subunit suz-12 (Acac-1Asuz-12), which allowed us to determine the impact of
CAF-1 on gene silencing in the absence of H3K27me3. Acac-1Asuz-12 exhibited a striking
silencing defect, with 500 of the 545 protein-coding H3K27me3-marked genes (~92%)
exhibiting significant upregulation compared to WT (Fig. 3.5A-D). Notably, Acac-1Asuz-12
displayed upregulation of nearly every H3K27me3-marked gene upregulated in Acac-1 or Asuz-
12, in addition to 146 genes that were not upregulated in either single mutant, suggesting that
CAF-1 and PRC2 work in parallel to maintain proper gene repression at facultative
heterochromatin (Fig. 3.5B & C). Plotting relative expression levels for individual genes across
these 3 mutants revealed distinct clusters of genes upregulated in either Acac-1 or Asuz-12,
further supporting this hypothesis. Interestingly, 4,577 genes were differentially expressed in
Acac-1Asuz-12 (~47% of the genome), 2,699 of which were upregulated, suggesting that
combined CAF-1 and PRC2-deficiency results in a genome-wide misregulation of gene
expression (Fig. 3.5D). Collectively, these data suggest that CAF-1 and PRC2 play unique roles
in maintaining gene repression and independently contribute to silencing of H3K27me3-marked

genes.

CAF-1 and PRC2 work together to maintain the facultative heterochromatin environment

The observation of widespread gene misregulation in Acac-1Asuz-12 led us to ask this
strain exhibited additional defects in the epigenetic environment when compared with the single
mutants, particularly within facultative heterochromatin. ChIP-seq analysis in Acac-1Asuz-12

revealed an additive gain of H3K4me2 at 62 H3K27me3-marked genes (Fig. 3.6A, B, & D). This
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included every gene that gained H3K4me?2 in either Acac-1 or Asuz-12, supporting the
hypothesis that gains H3K4me?2 are a result of H3K27me3 depletion (Fig. 3.6B & D).
Interestingly, gains of Kac in Acac-1Asuz-12 were not additive but rather displayed a profile that
was distinct from either single mutant. 33 genes gained acetylation in Acac-1Asuz-12 that were
not differentially acetylated in either Acac-1 or Asuz-12, and the double mutant displayed partial
overlap in acetylation profiles with both single mutants (Fig. 3.6C & D, Fig. S3.12A & B). This
suggests that the acetylation pattern observed in Acac-1 is redistributed upon depletion of
H3K27me3. Interestingly, genes that gained Kac in Acac-1 exhibited similar gene expression
profiles in Acac-1Asuz-12, suggesting that upregulation of these genes may occur upstream of
Kac deposition (Fig. S3.12A & SB). Indeed, plotting log2FC of Kac against log2FC of gene
expression for Acac-1Asuz-12 relative to WT revealed no obvious correlation.

We also decided to assay levels of H3K36me3 in the Acac-1Asuz-12 to see how ASH-1
catalytic activity was impacted. ChIP-seq analysis revealed a more severe loss of H3K36me3 at
H3K27me3-marked genes in Acac-1Asuz-12 than either Acac-1 or Asuz-12, particularly within
gene bodies (Fig. 3.6E & F). Genes outside of facultative heterochromatin regions that lose
H3K36me2/3 in ash-1(Y888F) exhibited no further defect in H3K36me3 compared with Acac-1
(Fig. S3.12D). Interestingly, H3K36me3 at SET-2-methylated genes was reduced in all 3 ChIP-
seq experiments performed on Acac-1Asuz-12, unlike what was observed for either single mutant
(Fig. 3.6E, Fig. S3.12D). Collectively, these data suggest that CAF-1 and PRC2 work in parallel

to properly maintain the facultative heterochromatin environment.
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Discussion

The mechanisms that underly facultative heterochromatin formation and maintenance
have remained a topic of extensive research. Leveraging the N. crassa model system, we show
that the CAF-1 histone chaperone complex is required for repression of H3K27me3-marked
genes and maintenance of the facultative heterochromatin environment, and that its role in these

processes is independent of PRC2 activity.

CAF-1 is important for gene silencing genome-wide

We identified CAF-1 as the only H3/H4 histone chaperone whose mutation resulted in
derepression of H3K27me3-marked genes, and genome-wide analysis revealed that this silencing
defect was not limited to genes within facultative heterochromatin (Fig. 3.1). These results are
consistent with previous work that implicates CAF-1 in gene silencing across many model
systems, although the exact mechanisms remain unclear. Previous work suggests that CAF-1-
deficiency results in lower nucleosome occupancy and altered assembly kinetics, specifically
during S phase, which may provide a window of opportunity for transcription factors, RNA
polymerase, and other transcriptional machinery to bind to promoters before chromatin is
ultimately reassembled by other factors (Barrientos-Moreno et al., 2023; Chen et al., 2023;
Cheng et al., 2019; Fennessy & Owen-Hughes, 2016; Munoz-Viana et al., 2017). This could
explain the upregulation of genes within heterochromatin regions in particular, as
heterochromatic DNA has been shown to be packaged quickly and efficiently after passage of
the replication fork. Alternatively other H3/H4 chaperones that fill in gaps left by CAF-1's
absence could incorporate other histone variants or directly contribute to recruitment of

transcriptional machinery to these sites. Indeed, prior studies using HeLa cells have shown that
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the H3/H4 chaperone HIRA incorporates histone H3.3 variants at gaps left behind when CAF-1
activity is impaired during replication, and that H3.3 signal was highly correlated with
enrichment of RNA pol II (Ray-Gallet et al., 2011). To try and determine the driving force
behind the silencing defects in CAF-1-deficient mutants, we decided to profile the chromatin
environment to determine if changes in gene expression were associated with changes to the

epigenome.

CAF-1 deficiency leads to defects in the heterochromatin environment

The observation that many H3K27me3-marked genes were upregulated in response to
CAF-1 deficiency prompted us to begin our epigenetic analyses by assaying H3K27me3
enrichment, which unsurprisingly revealed a significant defect in normal H3K27me3 occupancy
(Fig. 3.2). Interestingly, we did not observe a significant global loss of H3K27me3, but rather a
rearrangement of H3K27me3 patterns genome-wide, suggesting that overall PRC2 activity was
not reduced in the absence of CAF-1 (Fig. 3.2B-D). What causes this rearrangement is unknown,
but we hypothesize that displacement from upregulated genes “frees up” more PRC2 to
methylate other regions of the genome. This is in line with a “source-sink™ hypothesis, in which
WT conditions would normally isolate PRC2 activity (the source) to a specific set of loci that
most strongly recruit the complex (the sink) (Murphy & Berger, 2023). However, many
upregulated genes fell within loci that did not exhibit H3K27me3 depletion, suggesting that other
factors contribute to the observed H3K27me3 defect.

This observation motivated us to assay levels of other histone PTMs in the CAF-1
mutants, starting with H3K36me3 as a logical next step considering its known roles in

transcriptional regulation, and its co-localization with H3K27me3 in fungi (Bicocca et al., 2018;
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Carrozza et al., 2005; Keogh et al., 2005; Moller et al., 2023; Xu et al., 2024). We observed that
CAF-1-deficiency resulted in a subtle decrease of H3K36me3 at genes that lose the PTM in the
absence of ASH-1 catalytic activity (Fig. 3.3, Fig. S3.7). Based on these data, we hypothesize
that CAF-1 deficiency may reduce the efficiency at which the ASH-1 complex is able to perform
its catalytic function. One possibility is that reduced histone occupancy at ASH-1-methylated
genes during S phase could eliminate the availability of a substrate for ASH-1 to act on, which
may contribute to the observed silencing defect. Alternatively, increased transcription of ASH-1-
methylated genes might recruit SET-2 in place of ASH-1, which could explain the greater loss of
H3K36me3 at promoters versus gene bodies in both CAF-1- and PRC2-deficient mutants (Fig.
3.3B & C). By the same logic, it is possible that decreased ASH-1 activity at H3K27me3-marked
genes results in a larger proportion of ASH-1 complexes acting outside of facultative
heterochromatin. This may be consistent with the observed redistribution of H3K27me3 to genes
that are downregulated in CAF-1-deficient and ASH-1 catalytic mutants.

Future work should include biochemical experiments to determine if CAF-1 directly
interacts with ASH-1, or if CAF-1-deficiency alters ASH-1's association with chromatin.
Furthermore, determining what stages of the cell cycle ASH-1 is most highly expressed could
provide more context as to when H3K36 methylation is re-established at promoters post-DNA
replication. Collectively, these observations shed light on the relationship between H3K27me3,
H3K36me3, and gene expression in eukaryotic fungi, and agrees with recent studies which

suggest that H3K27me3 and H3K36me3 exhibit crosstalk activity in these systems.
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CAF-1 inhibition Results in a more active chromatin environment

Our observations of elevated expression and loss of H3K27me3 and H3K36me3 at genes
within facultative heterochromatin led us to ask if these changes were accompanied by gains in
PTMs associated with active transcription. Indeed, ChIP-seq experiments for H3K4me2 and Kac
revealed elevated levels of both PTMs at sites of H3K27me3 depletion (Fig. 3.4, Fig. S3.9).
Gains of H3K4me?2 within facultative heterochromatin in CAF-1-deficient mutants largely
coincided with the observed gains in PRC2-deficient mutants, which suggests that H3K4me?2 is
deposited as a result of H3K27me3 depletion at these genes as opposed to elevated levels of gene
expression (Fig. 3.4C, Fig. S3.9A). Conversely, gains in Kac were distinct between CAF-1 and
PRC2-deficient mutants and overlapped closely with both elevated gene expression and
H3K27me3 depletion in CAF-1 deficient mutants (Fig. 3.4A & C, Fig. S3.9B). This observation,
in addition to the fact that PRC2-deficient mutants did not display elevated Kac levels at the
same genes, supports a model in which elevated lysine acetylation precedes loss of H3K27me3
in CAF-1-deficient mutants. This would be in line with the observations made for repressive
modifications in CAF-1-deficient mutants, as acetylation, particularly on H3K27, is known to
antagonize PRC2 activity, and efficient deacetylation is required for H3K36me3 deposition
during transcription (Carrozza et al., 2005; Creyghton et al., 2010; Keogh et al., 2005; Pasini et
al., 2010; Tie et al., 2009; Venkatesh & Workman, 2013).

While it is unsurprising that gains in Kac are correlated with increased expression of
H3K27me3-marked genes, it is still unclear which occurs first. A model in which CAF-1
deficiency results in reduced nucleosome occupancy and increased gene expression during S-
phase may create a more accessible chromatin environment that allows histone acetyltransferases

(HATS) to deposit acetylation co-transcriptionally. This would explain both the observed defects

116



in gene silencing and H3K27me3 patterning at facultative heterochromatin in CAF-1-deficient
mutants. Alternatively, it is possible that CAF-1-deficiency leads to defective recruitment of
HDAC complexes, which may result in hyper-acetylation at facultative heterochromatin. This
could then promote transcription, ultimately resulting in reduced H3K27me3 and ASH-1-
catalyzed H3K36me3. Indeed, CAF-1 is necessary for normal activity of Sir deacetylase proteins
in S. cerevisiae (Huang et al., 2007; Sharp et al., 2003; Tamburini et al., 2006). Furthermore, it is
known that the CAC-3 subunit of CAF-1 also a member of HDAC complexes, in addition to
both PRC2 and ASH-1 across multiple model systems (Lin et al., 2022; Martinez-Balbas et al.,
1998; Zhang et al., 1997). It is possible that this protein helps coordinate the activity of all these
complexes at heterochromatin, and perturbing any part of this pathway leads to altered activity or
association of CAC-3 with the other complexes. Indeed, CAC-3 mutation leads to severe defects
in silencing and heterochromatin formation that are distinct from either CAF-1 or PRC2-
deficient mutants, suggesting that the activity of all these complexes is altered (Fig. S3.13).
Further experimentation will be needed to elucidate the mechanism behind the gains in Kac and
determine if they are directly responsible for the H3K27me3 defects observed in CAF-1-

deficient mutants.

CAF-1 and PRC2 play unique roles in gene repression and heterochromatin maintenance

We observed that a unique set of H3K27me3-marked genes were upregulated between
CAF-1 and PRC2-deficient mutants, leading us to ask what the consequences of dual CAF-1 and
PRC2-deficiency would be on gene repression and heterochromatin environment. (Fig. 3.1B &
E, Fig. 3.6B). RNA-seq experiments revealed a widespread, robust upregulation of almost all

H3K27me3-marked genes in a Acac-1Asuz-12 mutant (Fig 3.5A-C). This suggests that while
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CAF-1-deficiency results in upregulation of a subset of H3K27me3-marked genes, PRC2 activity
is still able to maintain repression of others and vice versa. Additionally, nearly half the genome
was differentially expressed in this mutant, representing a much higher ratio than what is
observed for either single mutant (Fig. 3.5D). The split between upregulated and downregulated
genes was approximately 60-40, which likely suggests that induction of hundreds of genes that
are usually repressed in WT mycelia results in downregulation of genes that are normally highly
expressed due to limited availability of transcriptional machinery.

These results motivated us to assay levels of H3K4me?2 and Kac in Acac-1Asuz-12, which
revealed a unique profile in each modification compared with either single mutant. While gains
of H3K4me?2 at H3K27me3-marked genes were additive, Kac displayed a “hybrid” enrichment
pattern, displaying partial overlaps with both Acac-1 and Asuz-12, in addition to emergence of
novel peaks (Fig 3.6B-D). These data also support a source-sink-like model, in which HATs are
ectopically recruited the regions of H3K27me3 depletion, which would explain why Kac is
redirected when a H3K27me3 is depleted compared to a Acac-1 background. Furthermore, the
observation that expression of these genes is induced in Acac-1Asuz-12, even in the absence of
elevated Kac, suggests that transcription may precede Kac deposition at these genes, although
whether or not this induction would occur in a Acac-1 mutant in the absence of increased Kac
remains unclear.

In agreement with the increased levels of gene expression and active chromatin
modifications, Acac-1Asuz-12 also displayed an additive loss of H3K36me3 at H3K27me3-
marked genes (Fig. 3.6E). This suggests that ASH-1 methyltransferase activity at these genes is
closely tied to transcriptional repression by CAF-1 and PRC2. Interestingly SET-2 methylated

genes also displayed reduced H3K36me3 at gene bodies in Acac-1Asuz-12, a phenotype more
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consistent with an ash-1(Y888F) mutation than that of either single mutant (Fig. 3.6E, Fig.
S3.12D). This observation may agree with the hypothesis that SET-2 is being pulled away from
its normal targets, due to many normally repressed genes being transcribed in this mutant. In
summary, we hypothesize that Acac-1Asuz-12 experiences a major shift from a repressive to
permissive chromatin environment, particularly within facultative heterochromatin regions,
resulting in widespread transcriptional upregulation of otherwise silenced genes.

In conclusion, this study elucidates a clear role for the replication-dependent histone
chaperone CAF-1 in PRC2 gene repression and facultative heterochromatin formation. We show
that CAF-1 inhibition leads to a significant defect in H3K27me3-marked gene repression,
accompanied by a loss of H3K27me3 and H3K36me3 at promoters and gene bodies. This results
in a more permissive chromatin environment, characterized by gains in H3K4me2 and Kac,
PTMs associated with active transcription and accessible chromatin. These phenotypes are not
fully recapitulated in PRC2-deficient mutants, suggesting that the CAF-1 complex plays a unique
role in maintaining facultative heterochromatin independent of PRC2.

Further experimentation will be needed to determine the exact mechanism behind the
H3K27me3 defect in CAF-1-deficient mutants. While the catalytic activity of PRC2 does not
seem to be significantly reduced, our data show a clear mislocalization of the complex across the
genome. Whether this is a result of elevated transcription levels, inhibition of PRC2 by other
PTMs, changes in chromatin accessibility, a combination of these factors, or an alternative
pathway remains unclear. Our results support the conclusions from prior studies, which have
shown that CAF-1 perturbations lead to significant defects in chromatin structure and gene
silencing within heterochromatic regions across many eukaryotes. It will be interesting to further

study the mechanisms that underly CAF-1's repressive activity, as these studies may shed light
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on the importance of proper chromatin assembly kinetics post-DNA replication in faithfully

maintaining transcriptional repression and the epigenetic environment.

Materials and Methods

Strains generation and growth conditions

Knockout strains not obtained from the KO collection were generated by transforming a
hygromycin resistant construct at the gene of interest and plating on selective media.
Heterokaryotic strains were backcrossed to WT to obtain homokaryotic mutants. Crosses were
performed on low-nitrogen synthetic cross (SC) media as previously described (Davis & de
Serres, 1970). Spores were collected 14 days post-fertilization, germinated on SC plates, and
picked to selective media slants. Strains were genotyped by PCR or western blotting. Strains for
ChIP and RNA-seq experiments were grown overnight in Vogel’s minimal media as described in
(Davis & de Serres, 1970). Complementation strains were generated by transforming 3xFLAG-
tagged, full length gene constructs into the his-3 locus of strains harboring a mutation for the
complemented genes. The cac-1-3xFLAG: :his-3" complement was generated by crossing a strain
with the complement construct into a cac-/ mutant, as this strain was unable to be transformed,
likely due to known defects in homologous recombination and DNA repair (Linger & Tyler,

2005; Park et al., 2011).

RNA isolation:
RNA extraction was performed as previously described (Zhou et al., 2018). Briefly, total
RNA was extracted using TRIzol reagent (Thermo Fisher; Cat #:15596026) and then purified

with 7.5 M LiCl. RNA purity was analyzed on agarose gels prior to library preparation.
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ChlP-seq and ChIP-gPCR:

ChIP experiments were performed as previously described (Ferraro & Lewis, 2018),
using antibodies in Table S3. ChIP samples were analyzed by Illumina sequencing and gPCR

(SYBR Green Universal Master Mix, Bio-Rad, 4309155)

ChIP and RNA library preparation

ChIP Libraries were constructed as previously described (Courtney et al., 2020; Ferraro
& Lewis, 2018). Size selection with magnetic beads was performed after the adapter ligation and
PCR steps with Sera-Mag SpeedBeads (65152105050250) suspended in a solution of 20 mM
PEG 8000, 1 mM NacCl, 10 mM Tris-HCI, 1 mM EDTA (Rohland & Reich, 2012). RNA
Libraries were prepared using a NEBNext Ultra II Directional RNA Library Prep Kit according

to manufacturer specifications (E7760S).

DNA transformation:

DNA transformations were performed as previously described in (Margolin et al., 1997).

Transformants were picked to selective media slants and genotyped by PCR or western blotting.

Protein extraction & western blotting:

Cultures were grown in a shaking incubator overnight (~18-22 hours) in liquid VMM +
1.5% sucrose at 32 °C and 180 rpm. Cultures were harvested and washed with 1x PBS, and
protein was extracted by sonicating tissue on ice for 1 min. (60 sec. on, 60 sec. off; 30 um
Amplitude) in protein extraction buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA,

0.02% IGEPAL, 1 mM PMSEF, 1x Protease Inhibitor Cocktail; Cat #: HY-KO0011). Cell lysates
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were centrifuged at 17,000 g (~13,300 rpm) at 4 °C, and the supernatant containing protein
extract was mixed 3:1 with 4x Laemmli sample buffer (Bio-Rad, 1610747), boiled at 95 °C for 3
minutes, and run on SDS-PAGE gels at 185 V for ~45 minutes. Western blots probing for
3xFLAG-tagged constructs were transferred to 0.45 um membranes (1.5 hours wet transfer in
Towbin’s buffer) and blocked for 1 hour in 5% milk in TBST, then incubated at 4 C overnight
with an anti-M2-FLAG antibody (Sigma-Aldrich, F1804) in 5% milk in TBST. Western blots
probing for H3K27me3 constructs were transferred to 0.45 um membranes (7-minute Trans-Blot
Turbo Transfer, 1704150) and blocked for 1 hour in 5% BSA in TBST, then incubated at 4 C
overnight with an anti-H3K27me3 antibody (diagenode, NBP2-59295) in in 5% BSA in TBST.
Anti-mouse and anti-rabbit primary antibodies were probed with Goat anti-Mouse IgG (H+L),
HRP (Fisher, 31430) and Goat anti-Rabbit IgG (H+L), HRP (Fisher, 31460) secondary
antibodies respectively. Membranes were developed using West-Femto Maximum Sensitivity
Substrate (34094) for 5 minutes and imaged on a Bio-Rad chemidoc imaging system

(12003153).

Bioinformatic analyses

Peaks were called for all ChIP-seq samples using MACS3 (v3.0.1). ChIP-seq enrichment
was quantified using the csaw package in R (v1.42.0) and normalizing to input samples.
H3K27me3 and H3K36me3 enrichment was calculated from 500 bp upstream to 300 bp
downstream of the TSS. Kac was calculated from 1000 bp upstream to 800 bp downstream of the
TSS. H3K4me?2 enrichment was calculated over the whole gene body (TSS to TES). Genes were
considered enriched for H3K27me3 if they exhibited > 1 log2FC, and their gene bodies and

promoters fell within H3K27me3 MACS3 peak calls. Genes were considered enriched for
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H3K36me3, H3K4me2, or Kac if they exhibited > 0 log2FC over input. Genes were considered
differently enriched if they exhibited + 0.75 log2FC (~1.7-fold change) enrichment compared to
WT for H3K27me3, H3K36me3 and H3K4me2, and + 0.585 log2FC (~1.5-fold change)
enrichment compared to WT for Kac. RNA-seq data was analyzed using the DEseq package in R
(v1.48.2). Genes were considered “repressed” if they exhibited < 10 TPM on average across WT
samples. Genes were considered differentially expressed if they exhibited & 1 log2FC (2-fold

change) in expression compared to WT and an adjusted p-value of < 0.05.

Data availability:

Prior to publication, sequencing data generated at the University of Georgia will be
deposited to the National Center for Biotechnology Information’s Gene Expression Omnibus
database (https://www.ncbi.nlm.nih.gov/geo). A summary list of Sequence Read Archive
(https://www.ncbi.nlm.nih.gov/sra) accession numbers and associated strain information for
samples generated at the Joint Genome Institute and other previously published datasets analyzed
in this study are included in Supplementary Table S3.4. All scripts used are publicly available on

GitHub at https://github.com/eddietorres24/Research.
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Figure 3.1: CAF-1 deficiency results in derepression of H3K27me3-marked genes

(A) Violin plot displaying expression level of H3K27me3-repressed genes (n= 506) in WT and
histone chaperone-deficient mutants. * indicates significant difference in average expression
level across all plotted genes compared to WT based on Wilcoxon test. (B) Heatmap displaying
relative expression level of 496 differentially expressed, H3K27me3-repressed genes in WT and
histone chaperone-deficient mutants. Data is row-normalized, and genes (rows) are hierarchically
clustered by expression similarity across strains (columns). (C) Volcano plots displaying logosFC
in gene expression (x-axis) against —logio(adjusted p-value) (y-axis) for all V. crassa genes in
CAF-1-deficient mutants compared to WT. “n” represents total number of differentially
expressed genes. Non-differentially expressed and non-H3K27me3-marked genes are colored
gray. (D) Venn Diagrams displaying overlap of genes significantly upregulated or downregulated
in CAF-1-deficient mutants (“n” represents total) (E) Venn Diagrams displaying overlap of

H3K27me3-marked genes significantly upregulated in CAF-1-deficient and PRC2-deficient (“n
represents total).
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Figure 3.2: CAF-1 deficiency results in aberrant H3K27me3 patterns

(A) Whole chromosome view of H3K27me3 enrichment and log,FC of gene expression on
linkage group VI. (B) Zoom-in views of H3K27me3 enrichment and logoFC of gene expression
at two facultative heterochromatin domains on linkage group VI. (C) Heatmap displaying
H3K27me3 enrichment (log,[ChIP/Input]) in WT, CAF-1 deficient mutants, and Aset-7 across
H3K27me3-methylated regions. Values with an FDR > 0.05 were set to 0. Rows correspond to
300-bp bins within H3K27me3-marked loci, clustered and sorted by enrichment in WT and
mutant strains. (D) Western blots performed on whole-cell extract displaying global levels of
H3K27me3 and total histone H3 in WT CAF-1 deficient mutants, and 4set-7. Numbers represent
H3K27me3 band intensities quantified by densitometry and normalized to total H3 (E) Venn
diagram displaying overlap of H3K27me3-marked genes that lose H3K37me3 or are upregulated
in Acac-1 or Acac-2. (F) Scatter plot displaying logoFC of H3K27me3 enrichment (x-axis)
against logoFC of gene expression (y-axis) for H3K27me3-marked genes in Acac-1 vs. WT.
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Figure 3.3: CAF-1 deficiency impacts ASH-1-catalyzed H3K36me3

(A) Metaplots displaying mean H3K36me3 enrichment from —0.8 kb to +1.5 kb relative to the
TSS for three gene sets: H3K27me3-marked, ASH-1-dependent; H3K27me3-depleted, and SET-
2-methylated genes (“n” = total for each category). CAF-1-deficient mutants (4dcac-1, Acac-2)
are represented by dashed lines and controls (WT, 4set-7, ash-1(Y888F)) are represented by solid
lines. (B) Zoomed in browser shots displaying enrichment of loss of H3K36me3 and log>FC of
gene expression at 2 facultative heterochromatin domains on linkage group VI. ash-1(Y888F)
data represents H3K27me2/3 enrichment (C) Heatmaps displaying H3K36me3 enrichment from
—0.8 kb to +1.5 kb relative to the TSS for H3K36me3-enriched, H3K27me3-marked genes (n =
XX). Clusters represent genes that lose or retain H3K36me3 in Acac-1 and Acac-2 (n = 505) (D)
Venn diagrams displaying overlap of genes that lose H3K36me3, lose H3K27me3, or are
upregulated in Acac-1 and Acac-2 (n = 342) and genes that are upregulated in 4cac-1 and Acac-2
or upregulated in ash-1(Y888F) (n = 440) (E) Heatmap displaying H3K27me3 enrichment for
WT and CAF-1-deficient mutants, and H3K27me?2/3 enrichment for ash-1(Y888F)
(log2[ChIP/Input]) across H3K27me3 methylated regions. Values with an FDR > 0.05 were set
to 0. Rows correspond to 300-bp bins within H3K27me3-marked loci, clustered and sorted by
enrichment in WT and Adcac-1, Acac-2.
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Figure 3.4: CAF-1 deficiency results in an euchromatin-like environment at H3K27me3-
marked genes

(A) Heatmaps displaying: Kac from —1 kb to +0.8 kb relative to the TSS (Left), RNA-seq signal
across gene bodies (Center), and H3K27me3 from —1 kb to +0.8 kb relative to the TSS (Right) at
H3K27me3-marked genes (n=571). Genes (rows) are split into four clusters (top to bottom):
Kac gained in CAF-1—-deficient mutants (1), Kac gained in 4set-7 but not in CAF-1-deficient
mutants (2) , no change in Kac vs WT (3), and unacetylated in all strains (4). Clusters are
individually sorted by RNA-seq signal across all strains. (B) Browser shots displaying gains of
H3K4me?2 and Kac, logoFC of gene expression at 2 facultative heterochromatin domains on
linkage groups IV and VI. (C) Venn diagrams displaying overlap in H3K27me3-marked genes
that gain H3K4me2 or gain Kac in Acac-1/Acac-2 or 4set-7. (D) Scatter plots displaying log2FC
of H3K27me3 enrichment (x-axis) against log2FC of Kac enrichment (y-axis) for H3K27me3-
marked genes in Acac-2 vs. WT, and log2FC of Kac enrichment (x-axis) against logoFC of gene
expression (y-axis) for H3K27me3-marked genes in Acac-2 vs. WT
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Figure 3.5: CAF-1 and PRC2 play distinct roles in H3K27me3-marked gene repression

(A) Violin plot displaying expression level of H3K27me3-repressed genes (n = 506) in Acac-1,
Asuz-12, and Acac-14suz-12. * and ** indicates significant difference in average expression
level across all plotted genes compared to WT based on Wilcoxon test (* = p-value < 1.5¢-14 ,
** = p-value < 1.04e-88) (B) Heatmap displaying relative expression level of 496 differentially
expressed, H3K27me3-repressed genes in WT, Acac-1, Asuz-12, and Acac-14suz-12. Data is
row-normalized, and genes (rows) are hierarchically clustered by expression similarity across
strains (columns). (C) Venn diagram displaying overlap of H3K27me3-marked genes
upregulated in Acac-1 or Asuz-12 and Acac-14suz-12 (D) Volcano plots displaying log2FC in
gene expression (x-axis) against —logio(adjusted p-value) (y-axis) for all N. crassa genes in Acac-
14suz-12 compared to WT. “n” represents total number of differentially expressed genes. Non-
differentially expressed and non-H3K27me3-marked genes are colored gray.
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Figure 3.6: CAF-1 and PRC2 work in parallel to maintain facultative heterochromatin

(A) Browser shots displaying gains of H3K4me2 and Kac, logoFC of gene expression at 2
facultative heterochromatin domains on linkage groups III and VI. (B) Heatmap displaying
H3K4me?2 enrichment across gene bodies at H3K27me3-marked genes enriched for H3K4me2 in
WT, Acac-1, Asuz-12, or Acac-14suz-12. Genes (rows) are split into four clusters denoted by
colored bars (top to bottom): H3K4me?2 gained in CAF-1—deficient mutants (blue) , H3K4me?2
gained in Asuz-12 but not in CAF-1-deficient mutants (red) , no change in H3K4me2 vs WT
(green), and H3K4me?2 gained only in Acac-14suz-12 (yellow). Clusters are individually sorted
by H3K4me?2 enrichment across all strains. (C) Heatmap displaying Kac enrichment from —1 kb
to +0.8 kb relative to the TSS at H3K27me3-marked genes enriched for Kac in WT, Acac-1,
Asuz-12, or Acac-14suz-12. Genes (rows) are split into four clusters denoted by colored bars (top
to bottom): Kac gained in CAF-1—deficient mutants (blue), Kac gained in 4suz-12 but not in
CAF-1-deficient mutants (red) , no change in Kac vs WT (green), and Kac gained only in Acac-
1Asuz-12 (yellow). Clusters are individually sorted by Kac enrichment across all strains. (D)
Venn diagrams displaying overlap in genes that gain H3K4me2 or Kac in Acac-1, Asuz-12, and
Acac-14suz-12 (E) Metaplots displaying mean H3K36me3 enrichment from —0.8 kb to +1.5 kb
relative to the TSS for two gene sets: H3K27me3-marked and ASH-1-dependent; H3K27me3-
depleted (“n” = total for each category). CAF-1-deficient mutants (dcac-1, Acac-14suz-12) are
represented by dashed lines and controls (WT, Asuz-12, ash-1(Y888F)) are represented by solid
lines. (F) Browser shots displaying loss of H3K36me3 and logoFC of gene expression at 2
facultative heterochromatin domains on linkage groups Il and V1.
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Figure S3.1: QC analysis of RNA-seq samples for histone chaperone-deficient mutants

(A) Correlation plot displaying similarity of expression profiles across RNA-seq samples for
histone chaperone mutants and ash-1(Y888F). (B) PCA Plot displaying likeness of expression
profiles of RNA-seq samples for histone chaperone mutants and ash-1(Y888F). (C) MA plots
displaying mean normalized counts (x-axis) against log2FC in gene expression for CAF-1
deficient mutants vs WT. (D) GO analysis for genes that are upregulated in both Acac-1 and
Acac-2. (E) GO analysis for genes that are downregulated in both Acac-1 and Acac-2.
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Figure S3.2: QC analysis of ChIP-seq samples

(A) Correlation plot displaying similarity of ChIP-seq enrichment across all samples used in
analysis. H3K27me3 samples are annotated at the top left. Full results with sample labels can be
found in Dataset S1G. (B) PCA plot displaying likeness of enrichment profiles for all ChIP-seq
samples used in analysis. Circles represent individual replicates and are colored by antibody.
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Figure S3.3: CAF-1 deficiency results in DNA damage sensitivity

(A) Spot test displaying MMS sensitivity (0.02 and 0.025% v/v) of CAF-1 and PRC2-deficient
mutants. VMM plate was used as a negative control.
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Figure S3.4: Abcam antibody replicates the H3K27me3 profile

(A) Whole-chromosome view of H3K27me3 enrichment in WT, CAF-1-deficient mutants, and
Aset-7 on LGVI. The Abcam antibody displays a highly similar profile compared to the Cell
Signaling antibody. (B) Zoom-in views of H3K27me3 enrichment in WT, CAF-1-deficient
mutants, and 4set-7 at two facultative heterochromatin regions on LGVI. (C) Zoom-in views of
three facultative heterochromatin regions analyzed by ChIP-qPCR. Red lines denote genes that
were targeted by gPCR primers. (D) Bar graph displaying H3K27me3 enrichment (*2Ct) at three
H3K27me3-marked genes in WT and CAF-1-deficient mutants.
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Figure S3.5: Loss of H3K27me3 is weakly correlated with transcriptional changes in 4cac-2

(A) Scatter plot displaying log2FC of H3K27me3 enrichment vs. log2FC of gene expression in
Acac-2 vs WT. (B) Scatter plot displaying 1og2FC of H3K27me3 enrichment vs. log2FC of gene
expression in Acac-3 vs WT. (C) Scatter plot displaying log2FC of H3K27me3 enrichment vs.
log2FC of gene expression in ashl(Y88SF) vs WT.
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Figure S3.6: CAF-1 deficiency does not impact H3K9me3 or H4K20me3

(A) Whole-chromosome view of H3K27me3, H3K9me3, and H4K20me3 enrichment in WT,
CAF-1-deficient mutants, and Aset-7 on LGIII. (B) Zoom-in views of H3K27me3, H3K9me3,
and H4K20me3 enrichment in WT, CAF-1-deficient mutants, and Aset-7 at two facultative
heterochromatin regions on LGIII. (C) Heatmaps displaying H4K20me3 enrichment across all
called H4K20me3 peaks in WT, CAF-1-deficient mutants, and 4set-7. (D) Heatmaps displaying
H3K9me3 enrichment across all called H3K9me3 peaks in WT, CAF-1-deficient mutants, and
Aset-7. (E) Heatmaps displaying H4K20me3 enrichment across H3K27me3-marked genes in
WT, CAF-1-deficient mutants, and Adset-7.
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Figure S3.7: CAF-1 deficiency impacts ASH-1 activity independent of PRC2

(A) Heatmaps and metaplots displaying H2K27me3 enrichment across H3K27me3-marked
genes in WT, CAF-1-deficient mutants, and 4set-7. genes are clustered by loss of H3K27me3 in
CAF-1-deficient mutants. Clusters are individually sorted by H3K27me3 enrichment (B)
Heatmaps and metaplots displaying H3K36me3 enrichment across H3K27me3-marked genes in
WT, CAF-1-deficient mutants, and 4set-7. genes are clustered by loss of H3K27me3 in CAF-1-
deficient mutants. Clusters are individually sorted by H3K36me3 enrichment (B) Heatmaps and
metaplots displaying H3K36me3 enrichment across H3K27me3-depleted genes that lose
H3K36me3 in ash-1(Y8S8SF) for WT, ash-1(Y888F), CAF-1-deficient mutants, and Aset-7. genes
are clustered by loss of H3K36me3 in CAF-1-deficient mutants (D) Venn Diagram displaying
overlap between genes that lose H3K27me3 in 4cac-1 or Acac-2 and lose H3K27me2/3 in ash-
1(Y888F) (E) Venn Diagram displaying overlap between genes that are upregulated in Aset-7
and upregulated in and ash-1(Y888F)
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Figure S3.8: Loss of H3K36me3 is correlated with gene expression and lysine acetylation in

CAF-1-deficient mutants

(A) Scatter plot displaying log2FC of H3K36me3 enrichment vs. log2FC of gene expression in
Acac-1 vs WT. (B) Scatter plot displaying log2FC of H3K36me3 enrichment vs. log2FC of gene
expression in Acac-2 vs WT. (C) Scatter plot displaying log2FC of H3K36me3 enrichment vs.
log2FC of gene expression in Aset-7 vs WT. (D) Scatter plot displaying log2FC of H3K36me3
enrichment vs. l1og2FC of Kac enrichment in Acac-1 vs WT. (E) Scatter plot displaying log2FC
of H3K36me3 enrichment vs. log2FC of Kac enrichment in 4cac-2 vs WT. (F) Scatter plot

displaying log2FC of H3K36me3 enrichment vs. log2FC of Kac enrichment in 4set-7 vs WT.
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Figure S3.9: Loss of H3K27me3 in CAF-1-deficient mutants is correlated with gains in
H3K4me2 and acetylation

(A) Heatmaps displaying H3K4me2 enrichment at H3K27me3-marked genes enriched for
H3K4me?2 in WT, CAF-1-deficient mutants, and 4set-7. Genes (rows) are split into three clusters
(top to bottom): H3K4me?2 gained in CAF-1-deficient mutants (1), H3K4me?2 gained in Aset-7
but not in CAF-1-deficient mutants (2), and no change in H3K4me?2 vs WT (3). (B) Metaplots
displaying H3K27me3 enrichment in 4 clusters of genes: Kac gained in CAF-1-deficient
mutants (1, dark blue) , Kac gained in 4set-7 but not in CAF-1-deficient mutants (2, light blue) ,
no change in Kac vs WT (3, green), and unacetylated in all strains (4, orange). (C) Venn
diagrams displaying overlap of genes that lose H3K27me3 in Acac-1 or Acac-2, gain Kac or
H3K4me2 in Acac-1 or Acac-2 and are upregulated in Acac-1 or Acac-2 (Top) and genes that
gain Kac in 4cac-1 or gain Kac in 4cac-2 (Bottom). (D) Heatmaps displaying H3K27me3
enrichment (left) and Kac enrichment (right) at H3K27me3-marked genes in WT, CAF-1-
deficient mutants, and Aset-7. Genes are clustered by loss of H3K27me3 in CAF-1-deficient
mutants. Clusters are individually sorted by Kac enrichment (E) Scatter plots displaying log2FC
of H3K27me3 enrichment vs. log2FC of Kac enrichment in Acac-1 vs WT (left) and log2FC of
Kac enrichment vs. 1og2FC of gene expression in Acac-1 vs WT (E) Scatter plot displaying
log2FC of Kac enrichment vs. log2FC of gene expression in 4set-7 vs WT.
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Figure S3.10: CAF-1 complementation restores the facultative heterochromatin
environment

(A) Western blot displaying protein expression of the cac-1-3xFLAG: :his-3" and cac-2-
3xFLAG::his-3" complementation constructs (B) Browser shots displaying H3K27me3,
H3K4me2, and H3K36me3 enrichment in WT, CAF-1-deficient mutants, and CAF-1
complements at a facultative heterochromatin region on LGIV (C) Metaplots displaying
H3K36me3 enrichment at H3K27me3-marked genes and H3K27me3-depleted genes that lose
H3K36me3 in ash-1(Y8S8SF) for WT, ash-1(Y888F), CAF-1-deficient mutants, and CAF-1
complements (D) Heatmaps displaying H3K27me3 enrichment at H3K27me3-marked genes in
WT, CAF-1-deficient mutants, and CAF-1 complements. Genes are clustered by loss of
H3K27me3 in CAF-1-deficient mutants. Clusters are individually sorted by H3K27me3
enrichment (E) Heatmaps displaying H3K4me2 enrichment at H3K4me2-enriched, H3K27me3-
marked genes in WT, CAF-1-deficient mutants, and CAF-1 complements.
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Figure S3.11: QC analysis of RNA-seq for Acac-14suz-12

(A) Correlation plot displaying similarity of expression profiles across RNA-seq samples for
Acac-1, Asuz-12, and Acac-14suz-12. (B) PCA Plot displaying likeness of expression profiles of
RNA-seq samples for Acac-1, Asuz-12, and Acac-14suz-12. (C) MA plots displaying mean
normalized counts (x-axis) against log2FC in gene expression for Asuz-12 (Top) and Acac-
1Asuz-12 (Bottom) vs WT. (D) GO analysis for genes that are upregulated in Acac-14suz-12. (E)
GO analysis for genes that are downregulated in Acac-14suz-12.
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Figure S3.12: Acac-14suz-12 experiences additive defects in the heterochromatin
environment

(A) Heatmaps displaying Kac enrichment (Left) and RNA-seq signal (Right) at H3K27me3-
marked genes in WT, Acac-1, Asuz-12, and Acac-14suz-12. Genes (rows) are split into five
clusters (top to bottom): Kac gained in CAF-1—deficient mutants (1) , Kac gained in 4set-7 but
not in CAF-1-deficient mutants (2) , no change in Kac vs WT (3), Kac gained only in Adcac-
1A4suz-12 (4), and unacetylated in all strains (5). Clusters are individually sorted by RNA-seq
signal (B) Metaplots displaying enrichment of Kac (Top) and RNA-seq signal (Bottom) at
H3K27me3-marked genes that gain Kac in CAF-1 for WT (dark blue), Acac-1 (green), Asuz-12
(light blue), and Acac-14suz-12 (aqua) (C) Heatmap displaying H3K36me3 enrichment at
H3K36me3-enriched, H3K27me3-marked genes for WT, ash-1(Y888F), Acac-1, Asuz-12, and
Acac-14suz-12. Genes (rows) are split into three clusters (top to bottom): H3K36me3 lost in
CAF-1-deficient mutants (1), H3K36me3 lost only in Acac-14suz-12 (2), and no H3K36me3 lost
(3). (D) Metaplot displaying H3K36me3 enrichment at SET-2 methylated genes for WT, Acac-1,
Asuz-12, and all 3 replicates of Acac-14suz-12. (E) Metaplot displaying H3K36me3 enrichment
at H3K27me3-depleted genes that lose H3K36me3 in ash-1(Y888F) for WT, ash-1(YS8SF),
Acac-1, Asuz-12, and Acac-14suz-12. (F) Scatter plot displaying log2FC of H3K36me3
enrichment vs. log2FC of Kac enrichment in Acac-14suz-12 vs WT. (G) Scatter plots displaying
log2FC of H3K36me3 enrichment vs. 1og2FC of gene expression (left) and log2FC of Kac
enrichment vs. l1og2FC of gene expression (right) in Acac-14suz-12 vs WT.
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Figure S3.13: Acac-3 experiences unique changes in the heterochromatin environment

(A) Heatmaps displaying enrichment of H3K27me3, H3K36me3, H3K4me2, Kac, and RNA-seq
Signal at H3K27me3-marked genes in WT and Acac-3. Genes are clustered by loss of
H3K27me3 in Acac-3. Clusters are individually sorted by RNA-seq signal. (B) Heatmap
displaying enrichment of H3K27me3 in CAF-1-deficient mutants. Genes are clustered by loss of
H3K27me3 in Acac-3. Clusters are individually sorted by H3K27me3 enrichment. (C) Scatter
plots displaying log2FC of Kac enrichment vs. log2FC of gene expression in Acac-3 vs WT
(Top) and 1og2FC of H3K27me3 enrichment vs. 1og2FC of Kac in 4cac-3 vs WT.
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Table S3.1: Stains used in this study

Strain Genotype Source
S2 WT FGSC
ETX27-6 cac-1::hph This Study
ETX27-2 cac-1::hph This Study
ETX14-5 cac-2::hph This Study
ETX14-8 cac-2::hph This Study
ETX15-9 cac-3::hph This Study
ETX15-6 cac-3::hph This Study
ETX25-5 cac-1::hph, suz-12::hph This Study
ETX119-1 cac-1::hph, his-3"::cac-1-3xFLAG::his-3" This Study
ETX119-2 cac-1::hph, his-3"::cac-1-3xFLAG::his-3" This Study
ETX80-2 cac-2::hph, his-3"::cac-2-3xFLAG::his-3" This Study
ETX82-2 cac-2::hph, his-3"::cac-2-3xFLAG::his-3" This Study
S328 set-7::hph FGSC
S375 suz-12::hph FGSC
FGSC 12082 naf-1::hph FGSC
FGSC 11778 naf-2::hph FGSC
S537 asf-1::hph FGSC
FGSC 19985 atrx::hph FGSC
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Table S3.2: Primers used in this study

Primer Name Sequence Description Designed
Cac-1 Geno F CCAGCTCCTCATC | cac-1 genotyping This Study
GAACTCC primer
Cac-1 Geno R CTCCCGGTCGACA | cac-1 genotyping This Study
GAAGATG primer
Cac2 _Geno Forward | GGTGCTGGCTCCA | cac-2 genotyping This Study
CTAACTT primer
Cac2_Geno reverse | GACAAAGAGTGC | cac-2 genotyping This Study
CCTTCGGA primer
Cac-3 Geno F ATCTGGAAGGTG | cac-3 genotyping This Study
GCCAACAG primer
Cac-3 Geno R AAGCGATTCATG | cac-3 genotyping This Study
GGCCTTCC primer
set-7 off gene GCATCACCCACTA | set-7 genotyping This Study
CACGACA primer
suzl2 geno F TCCGTCTTTTGGG | suz-12 genotyping This Study
TAGCTAGAT primer
suzl2 geno R GGGTTGTGCGAG | suz-12 genotyping This Study
GTGTGG primer
HPH 300 Universal | TAAAGGGAGGAA | hph genotyping This Study
GGGCGAAC primer
pBM61 Gibson GTGGACGGCTAA | his-3 complement This Study
cloning P2 TGGGGTCTGAAT | plasmid cloning
GCTAAA primer
pBM61 Gibson TTTGGTTGATGTG | his-3 complement This Study
cloning P1 AGGGGTTGTGAA | plasmid cloning
AGTGG primer
CDS FP_ cac- CAAGCTCGAAAT | cac-1 CDS cloning This Study
1 gibson TAACCCTCACTAA | primer
AGTCGAAGACCA
GCTCATCAGG
CDS RP cac- TCCGCCGCTACCT | cac-1 CDS cloning This Study
1 gibson CCACCCGATCCGC | primer
CCTCCTTCCACTT
CCAACCAC
UTR _FP cac- ACGCGACTATAT | cac-1 UTR cloning This Study
1 gibson ATTTGTCTCTAAT | primer
TGTACCGGTCTTT
TTCTCTACATCC
UTR RP_cac- TAATACGACTCAC | cac-1 UTR cloning This Study
1 gibson TATAGGGCGAAT | primer
TGAACTGGAGGT
GATTGTTTATG
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CDS FP cac- CAAGCTCGAAAT | cac-2 CDS cloning This Study
2 gibson TAACCCTCACTAA | primer
AGGTCCACGACA
TTCACTGTCCT
CDS RP_cac- TCCGCCGCTACCT | cac-2 CDS cloning This Study
2 gibson CCACCCGATCCGC | primer
CCGCTTTAGCCAC
GTCGCT
UTR _FP cac- ACGCGACTATAT | cac-2 UTR cloning This Study
2 gibson ATTTGTCTCTAAT | primer
TGTACGTCGCTAG
GCGGTTGTTG
UTR_RP_cac- TAATACGACTCAC | cac-2 UTR cloning This Study
2 gibson TATAGGGCGAAT | primer
TGGAGCCTGTACC
TAAGCAGACCGA
TACC
NCU04869 qPCR F | TGGTGCGTTCAAC | NCU04869 qPCR This study
CTGAAAA primer
NCU04869 qPCR R | TCACCATTTTCTT | NCU04869 qPCR This Study
CCGCACAA primer
NCU08834 qPCR F | TCGAGGACATTTA | NCU08834 qPCR This study
CCGCCAC primer
NCU08834 qPCR R | CTCGCTTTCTGTG | NCU08834 qPCR This Study
CAACACC primer
NCUO08085 qPCR _F | CACCAACTACCA | NCU08085 qPCR Kamei et al. 2019
CACCATCC primer
NCU08085 qPCR R | CGAGGGCTTCGG | NCU08085 qPCR Kamei et al. 2019
GTCTATG primer

Table S3.3: Antibodies used in this study

Antigen Supplier Catalog #
H3K27me3 Cell Signaling C36B11
H3K27me3 Abcam ab6002
H3K9me3 Active Motif 39161
H4K20me3 Active Motif 91108
H3K36me3 Abcam ab9050
Pan-acetyl-lysine Cell Signaling Technology 94418
H3K4me2 Active Motif 39141
FLAG Sigma-Aldrich F1804

166




Table S3.4: Sequencing samples used in this study

Title Type SRA
WT rep 1 RNA SRR8269825
WT rep 2 RNA SRR8269775
WT rep 3 RNA SRR8269782
WT rep 4 RNA SRR8269810
Acac-2 rep 1 RNA SRR7970629
Acac-2 rep 2 RNA SRR7970630
Acac-2 rep 3 RNA SRR7970631
Acac-3 rep 1 RNA SRR7970598
Acac-3 rep 2 RNA SRR7970599
Acac-3 rep 3 RNA SRR7970600
Aset-7 rep 1 RNA SRR10916163
Aset-7 rep 2 RNA SRR10916164
Aset-7 rep 3 RNA SRR10916165
Asuz-12 rep 1 RNA SRR9027658
Asuz-12 rep 2 RNA SRR9027759
Asuz-12 rep 3 RNA SRR9027689
Aasf-1 rep 1 RNA SRR10916318
Aasf-1 rep 2 RNA SRR10916319
Aasf-1 rep 3 RNA SRR10916320
Aatrx rep 1 RNA SRR9027727
Aatrx rep 2 RNA SRR9027728
Aatrx rep 3 RNA SRR9027730
Anaf-1rep 1 RNA SRR8269830
Anaf-1 rep 2 RNA SRR8269647
Anaf-1rep 3 RNA SRR8269650
Anaf-2 rep 1 RNA SRR7970603
Anaf-2 rep 2 RNA SRR7970606
Anaf-2 rep 3 RNA SRR7970610
ash-1(YS888F) rep 1 RNA SRR7690267
ash-1(YS88S8F) rep 2 RNA SRR7690268
ash-1(Y888F) H3K27me2/3 rep 1 ChIP SRR7690295
ash-1(Y888F) H3K27me2/3 rep 2 ChIP SRR7690296
ash-1(Y888F) H3K36me3 ChIP SRR7690288
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CHAPTER FOUR
DISCUSSION
The body of work presented in this dissertation represents a significant contribution to
our understanding of the PcG repression pathway in fungal species. Employing the N. crassa
model system, we conducted experiments that help uncover how PRC2 is directed to form and
maintain facultative heterochromatin domains. First, we constructed a strain harboring an
inducible PRC2 complex, with the ultimate goal of understanding how PRC2 is directly recruited
to DNA genome wide. We used this tool to induce de-novo establishment of facultative
heterochromatin domains, which revealed interesting insights into the molecular factors that
promote PRC2 recruitment and H3K27me3 maintenance. This is the first system developed in N.
crassa that enables the progressive measurement of genome-wide H3K27me3 recovery de-novo.
We next turned my focus to analyzing the roles of histone chaperones in the maintenance of
facultative heterochromatin in N. crassa. Through a large-scale histone chaperone mutant screen,
we identified the CAF-1 complex as an important player in PRC2-mediated gene repression. We
revealed that CAF-1 plays a role in maintaining gene repression that is distinct from PRC2, and
that both complexes are required for proper maintenance of the facultative heterochromatin
environment. The results of this study provide greater knowledge of the consequences of CAF-1
deficiency on heterochromatin maintenance and may help contextualize the role of CAF-1 in this
process in other metazoan species. Collectively the research performed in this dissertation
enhances our knowledge of the complex relationship between chromatin formation and gene

regulation and motivates further studies to determine how PRC2 activity is regulated.
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Measurement of de-novo H3K27me3 Establishment

The mechanisms that underlie PRC2 recruitment have been a topic of extensive research,
yet our understanding of this process remains incomplete (Kahn et al., 2016; Laprell et al., 2017;
Laugesen et al., 2019; Lee et al., 2007; Yu et al., 2019). Technical limitations and species-
specific variation of PcG systems have made it difficult to establish general rules for how PRC2
recognizes its target loci across the genome (Baile et al., 2022; Bieluszewski et al., 2021; Fischer
et al., 2022; Sharaf et al., 2022). We decided to leverage the minimal Polycomb repressive
system of N. crassa to study the dynamics of PRC2 recruitment in greater detail (Jamieson et al.,
2018; Jamieson et al., 2013). The absence of PRC1 homologs in this system limits the number of
potential molecular factors capable of recruiting PRC2 activity (de Potter et al., 2023; Ridenour
et al., 2020).

The development of a functional gaP-suz-12 system allowed us to visualize recovery of
H3K27me3 just hours after induction, showing that PRC2 recruitment occurs quickly in vivo. In
an unexpected result, we observed that recovery of H3K27me3 at WT loci was incomplete, even
after inducing gaP-suz-12 over multiple days, and that novel H3K27me3 peaks emerged at
ectopic loci. We ultimately revealed that this ectopic methylation coincided with downregulation
of gene expression under quinic acid growth conditions. These results suggest that PRC2
recruitment and subsequent H3K27me3 maintenance is highly dependent on transcriptional
activity. Interestingly, a WT strain grown under identical conditions did not experience a
comparable shift in H3K27me3 patterns, suggesting that maintenance at native loci prevents
H3K27me3 rearrangement, while de-novo establishment facilitates it. These results shed light on
the importance of H3K27me3 establishment and maintenance in maintaining a proper facultative

heterochromatin environment.
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In addition to revealing insights into the dynamics of facultative heterochromatin
establishment, the gaP-suz-12 system allowed us to identify putative H3K27me3 nucleation sites
in the N. crassa genome. We identified internal loci at which H3K27me3 was established hours
post-induction and cloned them into an ectopic locus to ask if N. crassa possesses cis-regulatory
elements capable of recruiting PRC2. We showed that the DNA sequence of a nucleation site on
LGIII was able to induce establishment of an ectopic H3K27me3 domain, but only after
perturbing maintenance through mutation of epr-1. These results support a model in which
H3K27me3 maintenance at native loci prevents movement of the PTM to ectopic sites, and
support the hypothesis that maintenance helps prevent H3K27me3 rearrangement in a WT strain
grown in quinic acid-containing media. It will be interesting to test the ability of the gaP-suz-12
system to re-establish and maintain H3K27me3 in strains with mutations of chromatin regulators

known to be involved in these processes.

CAF-1 is Required for Proper Heterochromatin Formation

Research across various model systems has shown that DNA replication is a critical
checkpoint in the maintenance of epigenetic marks (Alabert & Groth, 2012; Almouzni & Cedar,
2016; Fang et al., 2024; Li & Zhang, 2012; Serra-Cardona & Zhang, 2018; Wenger et al., 2023).
Histone PTMs on parental histones become diluted 2-fold after DNA is replicated and must be
faithfully re-established prior to cell division (Alabert et al., 2015; Jadhav et al., 2020; Petryk et
al., 2018; Wenger et al., 2023). Multiple replication-associated proteins have been implicated in
this process through experiments that have revealed defects in the epigenome in their absence
(Fang et al., 2024; Green et al., 2005; Huang et al., 2015; Mello et al., 2002; Ray-Gallet et al.,

2011; Yu et al., 2018; Zhang et al., 2000). The histone chaperone CAF-1 is one of the most well-
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characterized proteins involved in chromatin assembly during DNA replication and has been
shown to be required for proper heterochromatin maintenance across eukaryotes (Cheng et al.,
2019; Dohke et al., 2008; Enomoto & Berman, 1998; Franklin et al., 2025; Huang et al., 2007,
Murzina et al., 1999; Roelens et al., 2017; Song et al., 2007). We decided to use N. crassa as a
model system to study the impact of CAF-1-deficiency on facultative heterochromatin formation.

Our results revealed a genome-wide redistribution of H3K27me3 in CAF-1-deficient
mutants that was accompanied by activation of many PRC2-repressed genes. These same genes
experienced a gain in enrichment of histone PTMs associated with active transcription,
suggesting that the heterochromatin environment shifted to a more “euchromatin-like” state as a
result of CAF-1 inhibition. Furthermore, generating a double mutant that inactivated both the
CAF-1 and PRC2 complexes resulted in additive defects in gene repression and the chromatin
environment. These results identified a unique role for CAF-1 in the PRC2 gene repression
pathway and provided greater context as to why CAF-1 is important for heterochromatin
maintenance in metazoans. Furthermore, this study represents the first evidence that histone
chaperones are important for maintenance of facultative heterochromatin in N. crassa.

Studying CAF-1’s involvement in facultative heterochromatin maintenance in higher-
order eukaryotes has remained challenging due to crucial roles of both CAF-1 and PRC2 in
organismal development and pluripotency exit (Cheloufi et al., 2015; Cheng et al., 2019;
Houlard et al., 2006; Ishiuchi et al., 2015; O'Carroll et al., 2001; Piunti & Shilatifard, 2021; Ueda
et al., 2016). However, conservation of both complexes across metazoans has enabled studies in
fungal models that have revealed a clear connection between CAF-1 activity and
heterochromatin maintenance. Despite the contributions of this study to our general knowledge

of CAF-1’s role in this process, the biological mechanisms involved remain incompletely
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understood. Observed defects in ASH-1 mediated H3K36me3 deposition may hint at a direct
interaction between CAF-1 and ASH-1, although this would likely not be conserved in non-
fungal species. Furthermore, CAF-1 has been shown to directly interact with PRC2 in mammals
and plants, although we were unable to recapitulate this interaction in N. crassa. Collectively,
our results motivate further biochemical experiments to reveal the molecular factors that work in

concert with CAF-1 to maintain gene repression.

Broader Impacts

The ultimate goal of biological research is to further our understanding of the natural
world and uncover the mysteries of life. Furthermore, I believe a central value of biologists
should be to improve the quality of life for humankind by expanding our knowledge of the
factors involved in maintaining it, and how perturbing them results in harmful diseases and
disorders. In previous chapters I have explained how my research has contributed to our general
knowledge of chromatin regulation, and how the tools I developed will facilitate future studies. I
will now briefly cover how my work is relevant to applications of biological research beyond the
bench.

Epigenetic misregulation has been implicated in a multitude of genetic diseases and
disorders, and most human cancers have been associated with epigenetic variants (Baylin &
Jones, 2016; Piunti & Shilatifard, 2021). Yet the causal links between epigenetic change and
disease remain incompletely understood, and current work is focused on determining the roles
epigenetic regulators in disease prevention (Allis & Jenuwein, 2016; Lappalainen & Greally,
2017). PRC2 is a protein of particular interest, as perturbing the complex is associated with

multiple genetic diseases and cancers (Blackledge & Klose, 2021; Margueron & Reinberg, 2011;
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Parreno et al., 2022; Piunti & Shilatifard, 2021; Seong et al., 2010; Yu et al., 2019). Many
therapeutics have been developed that inhibit PRC2 activity to prevent disease progression and
alleviate harmful symptoms (Bao et al., 2024; Duan et al., 2020; Kim & Roberts, 2016; Velez et
al., 2024). Furthermore, defective PRC2 repression has also been associated with increased
oncogene expression (Lee et al., 2014; Parreno et al., 2022; Zhang et al., 2022).

Gaining a better understanding of how PRC2 and other PcG proteins are recruited to
maintain gene repression may enable the development of tools that allow us to directly alter the
epigenome. These tools could be applied in a similar fashion to regular gene editing to help treat
symptoms of harmful genetic diseases, without the need to induce harmful DNA DSBs. Indeed,
recent work has shown that epigenetic regulators can be ectopically recruited to sites of interest
across the genome using CRISPR-Cas-based technology (Hilton et al., 2015; Nunez et al., 2021;
Xu et al., 2025). Leveraging these types of technology will allow researchers to build an
epigenetic “map” by determining which epigenetic modifications and chromatin-associated
proteins interact with one another to maintain chromatin architecture. Expanding our knowledge
of how the epigenetic environment is regulated across eukaryotes will be critical in solving many

difficult biological problems that currently face our species.
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