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ABSTRACT

Jacob M. Garrigues

Defining Heterochromatin in C. elegans Through Genome-Wide Analysis
of the Heterochromatin Protein 1 Homolog HPL-2

Formation of heterochromatin serves critical roles in organizing the genome and
regulating gene expression. In most organisms, heterochromatin flanks centromeres
and telomeres. To identify heterochromatic regions in the heavily studied model C.
elegans, which possesses holocentric chromosomes with dispersed centromeres, we
analyzed the genome-wide distribution of the heterochromatin protein 1 (HP1)
ortholog HPL-2 and compared its distribution to other features commonly associated
with heterochromatin. HPL-2 binding highly correlates with histone H3 mono- and
dimethylated at Lys9 (H3K9me1 and H3K9me2) and forms broad domains on
autosomal arms. Although HPL-2, like other HP1 orthologs, binds H3K9me peptides
in vitro, the distribution of HPL-2 in vivo appears relatively normal in mutant
embryos that lack H3K9me, demonstrating that the chromosomal distribution of
HPL-2 can be achieved in an H3K9me-independent manner. Consistent with HPL-2
serving roles independent of H3K9me, hpl-2 mutant worms display more severe
germline defects than mutant worms lacking H3K9me. HPL-2 binding is enriched
for repetitive sequences, and on chromosome arms is anticorrelated with centromeres.
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At the genic level, HPL-2 preferentially associates with well expressed genes, and
loss of HPL-2 results in upregulation of some binding targets and downregulation of
others. Our work defines heterochromatin in an important model organism, and
uncovers both shared and distinctive properties of heterochromatin relative to other
systems.
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CHAPTER 1

Packaging the Genome into Chromatin and Influences on Gene Expression
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This dissertation defines heterochromatin in the well-studied model
organism C. elegans by comparing the distributions of features associated with
heterochromatin, namely a heterochromatin protein 1 (HP1) homolog, histone H3
methylated at lysine 9 (H3K9me), and repetitive DNA sequence elements. In
addition, the consequences of loss of HP1 as well as of H3K9me are explored.
Chapter 1 provides a general introduction to packaging of the genome into
chromatin and how this packaging influences gene expression. Chapter 2
provides a detailed introduction to heterochromatin itself, followed by the
heterochromatin-related findings in C. elegans that were obtained during the
course of this dissertation.
Multicellular organisms are composed of diverse sets of cell types, with
unique identities and specialized functions. These identities are due at least in
part to the expression of genes in a tissue-specific manner. The regulation of gene
expression, which involves both the activation as well as the repression of genes
and their derived products, can be achieved by regulation at many different levels,
including: transcriptional (e.g. initiation and elongation by RNA polymerase II,
also known as Pol II), post-transcriptional (e.g. pre-mRNA splicing and mRNA
stability), translational (initiation and elongation by ribosomes), and posttranslational (e.g. post-translational modifications, such as phosphorylation and
ubiquitylation, as well as protein stability). Here, the relationship between
packaging of the genome and gene expression at the transcriptional level is
discussed.
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Eukaryotic DNA is not naked, but packaged into chromatin (Figure 1-1).
This packaging results in the compaction and structuring of the genome,
facilitating its need to fit within the nucleus (for humans, ~2 m of DNA needs to
fit within a nucleus ~10 µm in diameter). Packaging into chromatin is also a key
player in gene regulation, with higher degrees of packaging resulting in less
accessibility of DNA to the transcriptional machinery. The basal unit of
chromatin is the nucleosome (Figure 1-1), first observed as a “beads on a string”
structure by Ada and Donald Olins in 1974 (then called ν bodies) (Olins and Olins
1974). Packaging into nucleosomes results in a 5- to 10-fold compaction of
DNA. The composition of a nucleosome particle and its associated DNA was
later proposed by Roger Kornberg (Kornberg 1974). Each nucleosome consists of
146 base pairs (bp) of superhelical DNA wrapped 1.65 times around a histone
octamer (Luger et al. 1997), with roughly 10-80 bp of free “linker” DNA present
between each octamer; the length of linker DNA varies between organisms and
cell types (Felsenfeld and Groudine 2003). Each histone octamer is composed of
2 copies each of the highly conserved core histones H2A (originally referred to as
histone F2A2), H2B (originally F2B), H3 (originally F3), and H4 (originally
F2A1) (Figure 1-2). Within each nucleosome, H2A and H2B form 2 H2A/H2B
dimers, while H3 and H4 form a single (H3/H4) tetramer. Assembly of
2

nucleosomes is believed to occur in a step-wise manner: (H3/H4) tetramers,
2

which have a higher affinity for DNA than H2A/H2B dimers, are deposited first;
subsequently, H2A/H2B dimers, which have a higher affinity for (H3/H4)
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2

tetramers associated with DNA than (H3/H4) alone, are added to complete the
2

nucleosome (Figure 1-2) (Keck and Pemberton 2012).
Linker histone H1 (originally F1), present in only 1 copy per nucleosome,
binds each nucleosome and its adjacent linker regions, and is required for the
stabilization of chromatin into a higher-order structure known as the 30-nm fiber
(Thoma et al. 1979) (Figure 1-1). Organization into the 30-nm fiber results in a
~50-fold compaction of DNA (Felsenfeld and Groudine 2003). Differing models
for the structure of the 30-nm fiber have been proposed, including one-start helix
(solenoid) (Finch and Klug 1976) and two-start helix (zig-zag) structures (Dorigo
et al. 2004) (Figure 1-3). Both models may be correct, as components of both
structures existing at the same time in vitro (termed “heteromorphic” chromatin
fibers) have been observed (Grigoryev et al. 2009). Interestingly, simulations
using nucleosomes with varying linker DNA lengths yielded a variety of possible
30-nm fiber topologies (Collepardo-Guevara and Schlick 2014), suggesting that
the 30-nm fiber may be generated by any of several structural configurations.
How chromatin is further organized into even more complex higher-order
structures is less well understood, but the next higher level of organization is
thought to be the result of inter-fiber interactions, which eventually cause
formation of looped structures (Li and Reinberg 2011).
The presence of nucleosomes restricts access to the underlying DNA, and
therefore can prevent transcription factors from binding and initiating
transcription at the promoter regions of genes (Felsenfeld 1992). Furthermore,
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the presence of nucleosomes within gene bodies acts as a physical barrier to Pol II
elongation (Orphanides and Reinberg 2000). As such, nucleosomes need to be
moved within or completely evicted from chromatin for transcription to occur;
conversely, nucleosomes need to be repositioned after the transcriptional
machinery has departed. Therefore, nucleosomes can act as key players in gene
regulation at transcription initiation and elongation steps. Chromatin remodelers,
which possess ATPase domains related to those found within DNA and RNA
helicases (Mueller-Planitz et al. 2013), use the energy from ATP hydrolysis to
either slide nucleosomes on DNA or assemble/disassemble nucleosomes. Acting
in concert with chromatin remodelers are histone chaperones, which bind histones
recently evicted from or about to be deposited into chromatin (Liu and Churchill
2012). Therefore, chromatin remodelers and histone chaperones, through their
roles in regulating nucleosome presence and positioning, serve key roles in
regulating gene expression.
In addition to the canonical histones, several different H2A and H3 variants
also exist, while no H2B or H4 variants have been identified (Malik and Henikoff
2003). Canonical histone-containing nucleosomes are deposited into chromatin in
a replication-dependent manner, with the peak of canonical histone expression
occurring during DNA replication or S-phase of the cell cycle. Nucleosomes
containing variant histones are often incorporated in a replication-independent
manner. Histone variants can affect transcription by altering the properties of
nucleosomes, resulting in a change in nucleosome stability, or by interacting with
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histone chaperones that either prefer or are specific for variant histones (Huang
and Zhu 2014). Both of these scenarios can alter nucleosome turnover rates, in
turn increasing or decreasing the accessibility of the underlying DNA sequence to
the transcriptional machinery. Adding to the potential for non-canonical
nucleosomes to regulate gene expression, H2A and H3 variants can
simultaneously be present within the same nucleosome. Furthermore, either a
single copy or both copies of H2A or H3 can be variant, resulting in hetero- or
homotypic nucleosomes, respectively. Possibly due to space constraints within
the nucleosome, where H2A/H2B dimers are positioned more peripherally
relative to (H3/H4) tetramers, H2A variants show high levels of divergence
2

relative to canonical H2A, whereas H3 variants are more restricted in their
sequence variation (Weber and Henikoff 2014).
The H2A variant H2A.Z, which is essential in metazoans, makes up ~15%
of total H2A, and is ~60% identical to canonical H2A at the amino acid level
(Weber and Henikoff 2014). Within the genome, H2A.Z is enriched in the
promoter regions of well expressed genes (Hardy et al. 2009). Incorporation of
H2A.Z increases nucleosome stability and promotes the formation of higher-order
structures in vitro (Chen et al. 2013), suggesting that it has repressive roles in
vivo. Indeed, budding yeast that lacks H2A.Z displays derepression of silencing
at the HMR locus (Dhillon and Kamakaka 2000). However, H2A.Z possesses
activating roles as well, as it facilitates the recruitment of Pol II and promotes Pol
II elongation (Adam et al. 2001; Hardy et al. 2009; Santisteban et al. 2011) and
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antagonizes silencing at telomeric loci (Meneghini et al. 2003).
The H3 variant H3.3 differs from canonical H3 (also known as H3.1) by
only 4-5 amino acids. These residues are important for interactions with histone
chaperones that are specific for H3.3 (Huang and Zhu 2014). In vitro, H3.3 has
no observed effect on nucleosome stability. However, H3.3 promotes a more
open structure when incorporated into chromatin arrays, and antagonizes the
higher-order structures promoted by incorporation of H2A.Z (Chen et al. 2013).
Interestingly, some fungi, including the budding yeast Saccharomyces cerevisiae,
possess only H3.3 and not canonical H3 (Malik and Henikoff 2003). In
organisms that possess both, H3.3 replaces canonical H3 at regions where
nucleosomes have been turned over since replication-coupled deposition. As a
result, H3.3 is enriched in promoter regions and bodies of expressed genes and
their cis-acting elements, with a higher preponderance in non-dividing terminally
differentiated cells versus actively dividing cells (Weber and Henikoff 2014). As
H3.3 seems to prime genes for transcription (Adam et al. 2013) and is passed to
both daughter chromatids at the promoter regions of active genes during
replication (Huang et al. 2013), it has been proposed to provide an epigenetic
memory of expression. On the other hand, exchange of H3.3 outside of S-phase
may erase memory that was transmitted during DNA replication (Deal et al.
2010).
As mentioned above, H3 variants are typically very similar in amino acid
sequence composition to canonical H3, possibly due to space constraints imposed
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by the position of H3/H3.3 within the nucleosome. One exception to this trend is
the centromeric H3 variant CENP-A, also known as CenH3, which is critical for
centromere identity and function (Howman et al. 2000). CENP-A, which shares
only ~50-60% identity with canonical H3 within the histone fold domain (Müller
and Almouzni 2014), alters nucleosomal structure significantly: studies in
Drosophila revealed that CENP-A-containing nucleosomes induce positive
supercoiling, rather than the negative supercoiling observed with canonical
nucleosomes (Furuyama and Henikoff 2009). This observation suggests that
CENP-A nucleosomes contain DNA wrapped in a right-handed, rather than a lefthanded, manner. Furthermore, CENP-A-containing nucleosomes are thought to
exist as tetramers, with single copies of CENP-A, H2A, H2B, and H4, instead of
the better known octamers, with 2 copies of H3, H2A, H2B, and H4 (Dalal et al.
2007). Supporting CENP-A-containing nucleosomes being tetramers, only 121
bp of DNA are wrapped around them, and they are only half as high as canonical
histone-containing nucleosomes (Dalal et al. 2007). Interestingly, chromatin
arrays with CENP-A-containing nucleosomes possess a structure that resists
condensation (Dalal et al. 2007). Like other histone variants, CENP-A replaces
H3 deposited during DNA replication. In mammalian cells, CENP-A expression
peaks during G2, and is not incorporated into chromatin until after cytokinesis
and during G1 in daughter cells (Müller and Almouzni 2014). Thus, roughly
twice the CENP-A-containing nucleosomes required for mitosis are deposited into
chromatin initially, and diluted by roughly half after DNA replication.
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In addition to the presence of nucleosomes posing a barrier to transcription
(Han and Grunstein 1988; Lorch et al. 1987), covalent post-translational
modifications (PTMs) of the unstructured, solvent accessible N-terminal “tail”
regions of the core histones influence transcription as well. Some examples of
PTMs on histones include methylation, acetylation, phosphorylation,
ubiquitylation, and SUMOylation (Cubeñas-Potts and Matunis 2013; Felsenfeld
and Groudine 2003) (Figure 1-4). Different histone modifications are typically
associated with either an active or a repressed expression state. PTMs can
influence transcription in different manners, including by altering the chemical
properties of chromatin, providing binding sites for effector proteins that
specifically recognize the modifications, and occluding the binding of effector
proteins to adjacent regions. As such, enzymes responsible for the addition or
removal of PTMs on histones play important roles in gene regulation (Rea et al.
2000). Interestingly, histone variants display some PTM differences relative to
their canonical counterparts (Gurard-Levin and Almouzni 2014). Similar to
histone variants conferring different properties to hetero- or homotypic
nucleosomes, asymmetrically modified nucleosomes, where one copy of a
particular histone possesses different PTMs relative to the other copy within the
nucleosome, add complexity to how PTMs can influence chromatin properties
(Voigt et al. 2012). The different combinations of PTMs that may coexist within
particular regions have been termed a “histone code” (Strahl and Allis 2000).
Histone acetylation, which is added by histone acetyltransferases (HATs)
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and removed by histone deacetylases (HDACs), is almost always associated with
an actively expressed state. Histones can be monoacetylated at lysine residues,
which neutralizes the positive charge of an unmodified lysine. Loss of this charge
loosens the interactions of DNA with the nucleosome and causes chromatin to be
in a more “open” state, which in turn provides greater accessibility to the
transcriptional machinery. Lysine acetylation also provides binding sites for
effector proteins containing bromo domains (Dhalluin et al. 1999). Consistent
with histone acetylation being overwhelmingly associated with an actively
transcribed state, almost all known HAT-associated transcriptional coactivators
possess bromo domains (Dhalluin et al. 1999). Interestingly, acetylation of H3
and H4 at various lysine residues occurs shortly after their synthesis within the
cytoplasm, and seems to play roles in their association with histone chaperones
and their subsequent import into the nucleus (Keck and Pemberton 2012).
Methylation of histones, which is catalyzed by histone methyltransferases
(HMTs) and removed by histone demethylases, can occur at arginine or lysine
residues. Arginines can be mono- or dimethylated (either symmetrically or
asymmetrically), while lysines can be mono-, di-, or trimethylated. Differing
from histone acetylation, methylation can be associated with either
transcriptionally active or repressed regions. For example, methylation of H3 has
stereotypical distributions over well expressed genes compared to poorly
expressed genes. For well expressed genes, H3K4me3 is found in promoter
regions (Shilatifard 2008), while H3K36me2 and me3 are distributed over gene
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bodies (Figure 1-5). H3K4me3 has been shown to interact with TFIID, a general
transcription factor for Pol II (Vermeulen et al. 2007). This is consistent with the
observation that methylation of H3K4 can provide a “memory” of genes that have
been previously expressed, which in turn promotes their expression at later times,
even after cell division (Muramoto et al. 2010). H3K36me has important roles in
the prevention of transcription initiation at cryptic promoters within gene bodies,
which can occur in sense and antisense directions (Smolle and Workman 2013).
H3K36me3 is also thought to provide for a memory of gene expression across
generations, as genes that are well expressed in the C. elegans germline but
poorly expressed in embryos display high levels of embryonic H3K36me3
(Rechtsteiner et al. 2010). Poorly expressed genes are enriched for H3K9me
and/or H3K27me, which typically display broad genic distributions.
Unlike acetylation, methylation of arginine or lysine residues does not alter
their charge. However, arginine methylation provides binding sites for effector
proteins containing Tudor domains (Gayatri and Bedford 2014), while lysine
methylation provides binding sites for effector proteins possessing plant
homeodomain (PHD) fingers (Li et al. 2006; Peña et al. 2006; Shi et al. 2006;
Wysocka et al. 2006), Tudor domains (Huyen et al. 2004; Kim et al. 2006), or
chromo domains (CDs) (Bannister et al. 2001; Lachner et al. 2001). An example
of a CD-containing effector is HP1, which binds H3K9me (Bannister et al. 2001;
Jacobs et al. 2001; Lachner et al. 2001). HP1 can promote the condensation of
chromatin into heterochromatin, a higher-order chromatin state that is visible by
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light and electron microscopy and is typically associated with transcriptional
repression (Eissenberg and Elgin 2014). Interestingly, ~30% of the soluble H3
within human cells is monomethylated at K9; these histones may be primed for
further methylation at K9 and incorporation into heterochromatin (Loyola et al.
2009).
Heterochromatin has important roles in organization of the genome and
regulation of gene expression, and is typically concentrated at pericentric regions,
where heterochromatin components participate in defining centromeres. How
heterochromatin is organized in the nematode C. elegans, which possesses
chromosomes with centromeres distributed along their lengths, is discussed in the
next chapter. Interestingly, worm heterochromatin displays some conserved
properties of heterochromatin and some unique features.
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Figure 1-1. Packaging of eukaryotic DNA into chromatin.
DNA wraps around histone octamers to form nucleosomes, often described as
“beads on a string”. The next higher level of packaging is the 30-nm fiber,
depicted as a solenoid structure here. Chromatin is further packaged into higherorder structures containing loops and coils, and culminates in the highest level of
compaction, a mitotic chromosome. Figure taken from Felsenfeld and Groudine,
2003.
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Figure 1-2. Nucleosome structure and assembly.
A. Crystal structure of a canonical nucleosome. Entry and exit sites for DNA are
shown, as is the H2A docking domain. B. Nucleosomes are assembled and
disassembled in a stepwise manner. (H3/H4) tetramers are located more
interiorly within nucleosomes than H2A/H2B dimers. As nucleosomes are further
assembled or disassembled, accessibility of the associated DNA is decreased or
increased, respectively. Figure taken from Weber and Henikoff, 2014.
2
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Figure 1-3. Solenoid vs. zig-zag models for organization of the 30-nm
chromatin fiber.
Structures for the one-start helix (solenoid) model (A, C) and two-start helix (zigzag) model (B, D) of 30-nm fiber organization. Some nucleosomes are numbered
for reference. Figure taken from Li and Reinberg, 2011.
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Figure 1-4. Post-translational modifications (PTMs) found on histones.
Examples of PTMs and their positions on histones H3, H4, H2A, and H2B. Most
modifications are located within the unstructured N-terminal “tail” regions.
Figure taken from Allis et al., 2007.
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Figure 1-5. Typical distributions of histones and some of their posttranslational modifications (PTMs) over actively expressed genes.
Htz1 (H2A.Z)-containing nucleosomes and histone acetylation (H3K56ac,
H4K16ac, and AcH3/H4), as well as H3K4me3, H3K9me1, H3K27me1, and
H4K20me1 are enriched in the 5’ regions of expressed genes. H3K4me1/me2,
H3K36me2/me3, and H3K79me are enriched over gene bodies. While not
depicted here, H3K9me2/me3 and H3K27me3 are often broadly distributed over
poorly expressed genes. Figure taken from Smolle and Workman, 2013.
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CHAPTER 2

Defining Heterochromatin in C. elegans Through Genome-Wide Analysis
of the Heterochromatin Protein 1 Homolog HPL-2
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INTRODUCTION

Eukaryotic genomes are packaged into two general types of chromatin:
euchromatin and heterochromatin. This packaging is important for the regulation
of gene expression and organization of the genome. Heterochromatin, which is
more compact relative to euchromatin, is visible as dark-staining regions of
chromatin (Figure 2-1). Heterochromatin is typically concentrated at
subtelomeric and pericentric regions (Figure 2-2), where heterochromatin
components play important roles in telomere capping and helping to define
centromeres, respectively (Fanti et al. 1998; Folco et al. 2008). How
heterochromatin is distributed in an organism with numerous centromeres
distributed along the length of each chromosome (i.e. holocentric) is not known.
My dissertation research defines heterochromatin in the nematode C. elegans,
which possesses holocentric chromosomes and is a valuable model for genome
organization, chromosome segregation, gene expression, and development.
Heterochromatin, first described by Emil Heitz in 1928 (Heitz 1928), was
cytologically defined as the dark-staining chromatin that remains visible
throughout the cell cycle. Since then, numerous molecular characteristics of
heterochromatin have been identified. These include an enrichment of repetitive
DNA elements, such as satellite DNA and sequences derived from transposable
elements, and enrichment of histone H3 methylated at Lys9 (H3K9me) (Grewal
and Elgin 2002). Another hallmark of heterochromatin is the enrichment of
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Heterochromatin Protein 1 (HP1) (Grewal and Elgin 2002), a highly conserved,
small non-histone protein first identified in Drosophila (James and Elgin 1986).
Although HP1 is considered a marker of heterochromatin, HP1 proteins
have distributions and functions that extend beyond heterochromatin. This is
exemplified in Drosophila, where canonical HP1 (HP1a) is found predominantly
with heterochromatin, but is also located at numerous euchromatic loci (James et
al. 1989). Furthermore, other Drosophila HP1 paralogs have different
distributions than HP1a. HP1b extensively colocalizes with both heterochromatin
and euchromatin, while HP1c is mostly found in euchromatic regions (Smothers
and Henikoff 2001). Consistent with these HP1 paralogs having diverged roles,
each paralog interacts with different proteins (Kwon and Workman 2011), and
loss of each results in a unique mutant phenotype (Eissenberg et al. 1992; Kwon
et al. 2010; Zhang et al. 2011). Human HP1 paralogs provide another example of
diverse HP1 distributions and roles: HP1α and HP1β are mostly found at
pericentric regions, while HP1γ is found at discrete sites throughout the
chromosomal arms in HeLa cells (Minc et al. 1999). Notably, the sole HP1
ortholog in Arabidopsis, LIKE HETEROCHROMATIN PROTEIN 1 (LHP1), is
associated primarily with euchromatin (Libault et al. 2005; Turck et al. 2007;
Zhang et al. 2007), suggesting that HP1 is not a component of heterochromatin in
this plant.
Several possible mechanisms exist for localization of HP1 proteins to
chromatin. It has been shown through a variety of methods that the chromo

!

!!
20!

domain (CD) of metazoan HP1 proteins specifically recognizes H3K9me2 and
H3K9me3, which fit inside an aromatic “cage” (Figure 2-3) (Bannister et al.
2001; Jacobs et al. 2001; Lachner et al. 2001). However, Drosophila HP1a is able
to associate with promoter regions of genes independently of H3K9me
(Figueiredo et al. 2012), and fly HP1a lacking its CD is able to associate with
heterochromatin (Smothers and Henikoff 2001). Furthermore, in vitro studies
have shown that mouse HP1α, HP1β, and HP1γ bind the histone-fold domain of
histone H3 (Nielsen et al. 2001), and that Drosophila HP1a binds DNA in a
sequence-independent manner (Zhao et al. 2000). Interestingly, studies in fission
yeast, flies, and mammals have demonstrated that the RNAi machinery and RNA
itself contribute to HP1 protein localization (Maison et al. 2011; Pal-Bhadra et al.
2004; Verdel et al. 2004). Taken together, these studies implicate interactions
between HP1 and methylated histone tails, histone cores, DNA, and RNA as
contributing to the recruitment and retention of HP1 at particular DNA regions in
vivo. In my thesis research, I tested whether H3K9me is required for proper HP1
localization in C. elegans.
Heterochromatin is traditionally associated with a repressed transcriptional
state. The earliest evidence for this came from Drosophila, where placing
euchromatic loci within or near heterochromatic regions resulted in silencing of
those loci (Figure 2-4) (Lewis 1950). Notably, some genes that normally reside
within heterochromatin in Drosophila require a heterochromatic environment to
be properly expressed (Lu et al. 2000; Wakimoto and Hearn 1990). Consistent
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with Drosophila HP1a serving a repressive role, tethering of HP1a at or near
euchromatic loci can result in their repression (Li et al. 2003). However,
immunofluorescence studies revealed that endogenous HP1a colocalizes with
some actively expressed euchromatic loci and is recruited to heat shock loci after
their induction, suggesting that HP1a either participates in activation or holds
activation in check (Piacentini et al. 2003). More recently, genome-wide studies
have determined that HP1a is associated predominantly with actively expressed
genes (Wit et al. 2007). Consistent with HP1a having activating as well as
repressive roles in gene expression, transcriptional profiling from HP1a mutants
revealed genes to be both up- and downregulated relative to wild type (Cryderman
et al. 2005).
Heterochromatin is a cytologically stable entity that persists throughout the
cell cycle. However, differing from the initial expectation, components of this
relatively compact chromatin state are not static, but are dynamic with rapid
turnover rates. This dynamism was demonstrated by fluorescence recovery after
photobleaching (FRAP) experiments using GFP-tagged HP1 proteins in live
mammalian cells. HP1-GFP formed stable domains within the nucleus, with their
positions relatively immobile over time (Cheutin et al. 2003); after
photobleaching, HP1-GFP was rapidly replaced with non-photobleached protein
at heterochromatic regions (Cheutin et al. 2003; Festenstein et al. 2003).
Interestingly, the mobility of HP1-GFP increased substantially in Suv39h1
Suv39h2 double-knockout cells (Cheutin et al. 2003), which have greatly reduced
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H3K9 methylation levels. These results demonstrated that heterochromatin is
dynamic with fluctuating components, and also show that H3K9me plays
important roles in the retention of HP1 proteins at heterochromatic regions.
The nematode C. elegans has two HP1 paralogs: HP1-like 1 and 2 (HPL-1
and HPL-2) (Couteau et al. 2002). HPL-2 serves more roles and/or more
important roles than HPL-1, as hpl-2 mutants display diverse defects while hpl-1
mutants generally lack observable mutant phenotypes. HPL-2 is an important
factor for germline health, as hpl-2 mutants display maternal-effect sterility at
elevated temperature (25°C) (Coustham et al. 2006) and a reduced ability to
silence exogenous “non-self” sequences in the germline (Ashe et al. 2012;
Couteau et al. 2002; Robert et al. 2005; Shirayama et al. 2012). HPL-2 is also
important in somatic development, as hpl-2 mutants show larval, somatic gonad,
and vulval developmental defects (Schott et al. 2006). Comparisons of hpl-2; hpl1 double mutants and hpl-2 single mutants suggest that HPL-2 and HPL-1 have
some overlapping roles, as double mutant worms display more severe phenotypes
than hpl-2 alone (Schott et al. 2006; Shirayama et al. 2012). Because HPL-2 is
the more important of the two C. elegans HP1 homologs and is the only HP1
homolog in C. briggsae, a close relative of C. elegans (Figure 2-5) (Vermaak and
Malik 2009), I focused my analyses on HPL-2.
In this chapter, I show that HPL-2 binding to chromatin highly correlates
with H3K9me1 and H3K9me2 throughout the genome, and that HPL-2 enriched
regions form domains that are also enriched for repetitive DNA elements. These
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observations suggest that HPL-2 indeed has functions associated with
heterochromatin, and that HPL-2 enriched domains represent the distribution of
heterochromatin in C. elegans. Surprisingly, H3K9me is not necessary for the
normal distribution of HPL-2, as the genome-wide pattern of HPL-2 is largely
unchanged in met-2 set-25 mutant embryos, which Towbin et al. reported and I
verified to lack H3K9me (Towbin et al. 2012). Consistent with HPL-2 having
roles independent of H3K9me, met-2 set-25 mutants display weaker germline
phenotypes than hpl-2. Interestingly, worm heterochromatin has a unique
distribution relative to other organisms: enrichment on the autosomal “arms” and
on the left-most region of the X chromosome. On autosomal arms, elevated HPL2 levels flank centromeric chromatin, creating regions that resemble pericentric
heterochromatin. HPL-2 shows a bias toward association with well expressed
genes, where it seems to repress the expression of some genes it binds and
promote the expression of others. My studies uncover both shared and unique
properties of worm heterochromatin compared to other organisms, and reveal how
heterochromatin is distributed in an organism with holocentric chromosomes.
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RESULTS

HPL-2 antibodies generated for this study are specific for HPL-2
As part of a partnership with the modENCODE consortium, Strategic
Diagnostics Inc. (SDI) produced affinity-purified rabbit antibodies against the Nterminus of HPL-2 (amino acids 12-111), which is shared between the 3 known
isoforms of HPL-2 (HPL-2A, HPL-2B, and HPL-2C). To test antibody
specificity, I performed immunostaining and western blot analyses using wildtype and hpl-2 mutant worms, where the hpl-2 allele used is thought to be a
molecular null, as no detectable transcript is produced (Coustham et al. 2006).
The rabbit anti-HPL-2 antibody SDQ2324 passed my validation tests:
immunostaining showed nuclear signal in wild-type embryos that was
undetectable in hpl-2 mutants (Figure 2-6A), and western blotting yielded bands
near the expected sizes in wild-type worms that disappeared in hpl-2 mutants
(Figure 2-6B).

HPL-2 is concentrated along with H3K9 methylation on autosomal arms
To determine the distribution of HPL-2 across the C. elegans genome, I
performed chromatin immunoprecipitation (ChIP) from early to mid-stage
embryos using an antibody that passed my validation tests (SDQ2324) (Figure 26). ChIPed DNA was hybridized to NimbleGen 2.1M probe tiling microarrays
with 50 bp probes (ChIP-chip) as described in Rechtsteiner et al. (Rechtsteiner et
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al. 2010). After standardizing 3 HPL-2 ChIP-chip biological replicates to obtain
z-scores and averaging, I observed large domains of HPL-2 enrichment on
autosomal arms and the left-most region of the X chromosome, and depletion of
HPL-2 from the central regions of autosomes and most of the length of the X
(Figure 2-7). Consistent with HPL-2 ChIP-chip signal representing the actual
distribution of HPL-2, ChIP of HPL-2 from hpl-2 mutant extracts yielded a
dramatic reduction in signal that showed little resemblance to wild type (Figure 28). Genomic coordinates of HPL-2 enriched arms and HPL-2 depleted centers are
defined in Figure 2-9. In agreement with low HPL-2 ChIP signal on the X,
immunostaining of hermaphrodite germline nuclei for HPL-2 and H4K12ac, a
histone modification enriched on autosomes in germ nuclei (Kelly et al. 2002),
revealed that HPL-2 staining is lower on the X chromosomes than the autosomes
(Figure 2-10).
In addition to enrichment for HP1 proteins, other hallmarks of
heterochromatin are enrichment of histone H3 methylated at lysine 9 (H3K9me)
and repetitive DNA elements, as well as sparser gene density relative to
euchromatin (Richards and Elgin 2002). To determine if HPL-2 enriched arms
also possess these characteristics, we compared our HPL-2 ChIP-chip data to
these features (Figure 2-7). HPL-2 has a similar overall distribution to that of
previously published H3K9me ChIP signal (Liu et al. 2011). Like H3K9me,
HPL-2 is more heavily enriched on pairing center arms (chrI-right, chrII-left,
chrIII-left, chrIV-left, chrV-right, chrX-left) compared to non-pairing center arms
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(Gu and Fire 2010; Liu et al. 2011). Interestingly, the pattern of HPL-2 most
closely resembles H3K9me1 and H3K9me2 and less closely resembles
H3K9me3, with genome-wide Pearson correlation coefficients (PCCs) of 0.72,
0.78, and 0.39, respectively (Figure 2-11A). Within HPL-2 enriched arms, those
PCCs are 0.68, 0.74, and 0.15, respectively (Figure 2-11B). The distribution of
HPL-2 does not match the previously published pattern of H3K27me3 (Liu et al.
2011) (PCC = 0.01) (Figures 2-7, 2-11A). Based on comparing the distribution of
HPL-2 to standardized repetitive DNA element densities, HPL-2 enriched arms
are also enriched for repetitive elements, with the genome-wide pattern of HPL-2
modestly matching that of repetitive sequences (PCC = 0.45) (Figures 2-7, 211A). This observation is consistent with previous work showing chromosome
arms to be enriched for repetitive elements (C. elegans Sequencing Consortium
1998). To explore the relationship between HPL-2 binding and gene density, we
compared the distribution of HPL-2 to the number of protein-coding gene base
pairs per unit length along each chromosome. Interestingly, there is no obvious
relationship between HPL-2 and standardized gene densities (PCC = 0.01)
(Figures 2-7, 2-11A). As HPL-2 enriched arms are also enriched for H3K9me
and repetitive DNA elements, we conclude that these regions represent
heterochromatin in C. elegans. However, differing from what has been observed
in other organisms, worm heterochromatin does not show a depletion of genic
DNA relative to the rest of the genome.
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HPL-2 can associate with chromatin in an H3K9me-independent manner
The genomic distribution of HPL-2 correlates well with H3K9me1 and
H3K9me2, correlates poorly with H3K9me3, and shows no correlation with
H3K27me3. To test the specificity of HPL-2 binding in vitro, I performed histone
H3 tail binding assays. I tested the ability of HPL-2 to be pulled out of nuclear
extracts by bead-bound H3 peptides with different methylation states of H3K9me,
as well as H3K4me2 and H3K27me3. Consistent with other studies, I found that
HPL-2 can bind all 3 methylation states of H3K9 and H3K27me3 peptides in
vitro (Koester-Eiserfunke and Fischle 2011; Studencka et al. 2012; Wirth et al.
2009) (Figure 2-12). These observations suggest that interactions beyond CD
recognition of methylated lysines play important roles in determining where HPL2 associates with chromatin in vivo.
To test if the localization of HPL-2 and its persistence on chromatin depend
on an interaction with H3K9me, I performed HPL-2 ChIP-chip using extracts
prepared from mutant embryos lacking the two H3K9 histone methyltransferases
MET-2 and SET-25. Towbin et al. previously reported that, based on
immunostaining and mass spectrometry, met-2 set-25 double mutant embryos lack
detectable H3K9me1, me2, and me3 (Towbin et al. 2012). Consistent with
Towbin et al., I could not detect any H3K9me in met-2 set-25 double mutant
embryos by immunostaining, using the same anti-H3K9me antibodies used for
my ChIP-chip analyses (Figure 2-13). However, the possibility remained that a
small amount of H3K9me persisted that was below the limits of detection by
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immunostaining. Mass spectrometry is a highly sensitive method for detecting
the presence of modified peptides, and is independent of antibody-epitope
interactions. We requested from the Gasser lab the raw mass spectrometry data
from Towbin et al., to evaluate whether any H3K9me persists in the double
mutant. Because the Gasser lab could not provide the raw data, and because a
recent paper identified C. elegans SET-26 as another H3K9 histone
methyltransferase (Greer et al. 2014), we repeated measurement of H3K9me1,
me2, and me3 levels in met-2 set-25 double mutant embryos by mass
spectrometry through a collaboration with Benjamin Garcia’s lab at the University
of Pennsylvania. In agreement with Towbin et al., our analysis of the levels of
H3K9 methylation on amino acids 9-17 of histone H3 revealed that H3K9me1,
me2, and me3 are below the limit of detection in met-2 set-25 mutant embryos
(Figure 2-14).
Surprisingly, the distribution of HPL-2 in met-2 set-25 mutant embryos
was similar to that in wild type, although dampened. To generate the most
comparable profiles of HPL-2 in wild-type and met-2 set-25 samples, ChIP signal
was normalized relative to regions outside of HPL-2 enriched domains and not
bound by HPL-2; those regions would not be expected to differ between wild type
and mutant. At the genomic level, the distribution of HPL-2 over the length of
each chromosome in met-2 set-25 embryos was very similar to wild type
(genome-wide PCC = 0.79) but dampened (Figure 2-15). Importantly, different
normalization methods yielded similar results (Figures 2-16, 2-17), indicating that
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the HPL-2 ChIP-chip signal present in met-2 set-25 embryos is indeed substantial.
Consistent with these findings, HPL-2 showed similar chromosomal staining in
wild-type and met-2 set-25 mutant nuclei (Figure 2-18). We conclude that,
despite the extensive colocalization of HPL-2 and H3K9me in wild-type cells and
the ability of HPL-2 to bind H3K9me peptides (Figure 2-12) (Koester-Eiserfunke
and Fischle 2011; Studencka et al. 2012; Wirth et al. 2009), H3K9me is not
essential for HPL-2 to associate with chromatin. However, as the levels of HPL-2
bound to chromatin appear to be reduced in met-2 set-25 mutants relative to wild
type, H3K9me may have roles in promoting the recruitment or retention of HPL2.
The ChIP analysis described above shows that H3K9me is not necessary
for HPL-2 binding. To complement that analysis and test if in wild type HPL-2
preferentially associates with chromatin enriched for H3K9me, we took advantage
of male germline nuclei, in which the single unpaired X chromosome in each
pachytene nucleus is dramatically enriched for H3K9me2 relative to the
autosomes (Kelly et al. 2002). If H3K9me2 recruits HPL-2 to chromatin, we
would expect to see an enrichment of HPL-2 on unpaired X chromosomes as well.
We observed that HPL-2 is not concentrated on and in fact appears to be absent
from unpaired X chromosomes, despite their heavy enrichment for H3K9me2
(Figure 2-19). This observation demonstrates that H3K9me2 is not sufficient to
recruit HPL-2 to chromatin.
Previous experiments demonstrated that hpl-2 mutants display maternal-
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effect sterility at elevated temperature (25°C) (Coustham et al. 2006). Even
though the distribution of HPL-2 in met-2 set-25 mutants lacking H3K9me
appears similar to wild type, mutant worms may have impaired HPL-2 function in
the absence of H3K9me. To test this possibility, we compared the fertility of met2 set-25 M+Z- and M-Z- mutants at elevated temperature with the fertility of hpl2 M+Z- and M-Z- mutants, where M represents a maternal supply and Z
represents zygotic synthesis of gene product (Figure 2-20). Similar to the absence
of detectable H3K9me in met-2 set-25 embryos (Figures 2-13, 2-14),
immunostaining of met-2 set-25 adult hermaphrodite germlines did not show any
detectable H3K9me1 (data not shown), H3K9me2 (Figure 2-18), or H3K9me3
(Ho et al. 2014). As expected, 0% of hpl-2 M+Z- mutants and 100% of hpl-2 MZ- mutants raised at 25°C were sterile. Interestingly, 4% of met-2 set-25 M+Zmutants and only 32% of met-2 set-25 M-Z- mutants raised at 25°C were sterile,
indicating that met-2 set-25 mutants display only weak maternal-effect sterility.
Observing that met-2 set-25 mutants show significantly less sterility in the M-Zgeneration than hpl-2 mutants suggests that HPL-2 can promote fertility in the
absence of H3K9me. Conversely, the published finding that met-2 hpl-2 double
mutants have more severe defects than either single mutant (Andersen and
Horvitz 2007) suggests that H3K9me has HPL-2-independent roles and that
reduction of H3K9me and loss of HPL-2 lead to additive defects.
Repetitive transgenes are often silenced in the worm germline, even when
their promoters are from genes normally expressed in all tissues (Kelly et al.
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1997). An example of this silencing occurs in a transgenic strain carrying a
repetitive extrachromosomal array containing GFP driven by the promoter of the
ubiquitously expressed let-858 gene (let-858::gfp) (Kelly et al. 1997). Previous
RNAi experiments demonstrated that HPL-2 is required for the effective silencing
of let-858::gfp in the germline (Couteau et al. 2002). If HPL-2 requires H3K9me
for this silencing, met-2 set-25 mutants should resemble hpl-2 mutants and show
similar levels of germline desilencing of transgenes. To test this, I
immunostained GFP in wild-type, hpl-2, and met-2 set-25 worms carrying the let858::gfp repetitive transgenic array (Figure 2-21). As expected, 0% (0/37) of
wild-type worms had detectable GFP in their germlines, while 71% (30/42) of
hpl-2 mutants displayed germline desilencing. I observed germline GFP in only
36% (17/45) of met-2 set-25 double mutants, significantly fewer than what was
observed in hpl-2 mutants (χ test, p = 5.8e-7). Somatic GFP expression was
2

observed in all worms scored, confirming that let-858::gfp arrays were present.
These results suggest that germline silencing by HPL-2 does not require H3K9me.

HPL-2 binding and CeCENP-A incorporation generally do not co-occur
Heterochromatin is typically concentrated in pericentric regions (Hennig
1999). In Drosophila, heterochromatin boundaries have been shown to be
hotspots for ectopic centromere formation (Olszak et al. 2011), suggesting that
heterochromatin helps to define centromeres. C. elegans chromosomes are
holocentric, with centromeres distributed along their lengths (Albertson and
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Thomson 1982), raising the interesting question of how the distribution of HPL-2
relates to dispersed centromeric regions. To explore this, I compared the
distributions of HPL-2 and the C. elegans CENP-A homolog HCP-3 (also known
as CeCENP-A), a highly conserved centromeric histone H3 variant (Buchwitz et
al. 1999), in HPL-2 enriched arms and HPL-2 depleted centers. Using published
CeCENP-A ChIP-chip data obtained from embryonic stages similar to the stages I
analyzed for HPL-2 (Gassmann et al. 2012), I observed that in arms HPL-2 and
CeCENP-A are anticorrelated: high HPL-2 signal is generally present in regions
with low CeCENP-A signal, and vice versa (Figure 2-22A). By examining HPL2 levels at the borders of CeCENP-A domains (Gassmann et al. 2012), I found
that in arms CeCENP-A domains are flanked by elevated HPL-2 levels (Figure 222B, C), creating regions that resemble pericentric heterochromatin found in other
organisms. However, in chromosome centers CeCENP-A domains are not
flanked by elevated HPL-2 (Figure 2-22B, C), suggesting that HPL-2 is not
critical for centromere formation.

HPL-2 peaks are enriched for repetitive sequences
HP1 proteins in fission yeast, flies, and mammals have been shown to
associate with regions containing or flanked by repetitive DNA elements (Wit et
al. 2005; Guenatri et al. 2004; Partridge et al. 2000). Consistent with HPL-2
binding sites overlapping with repetitive elements, I observed HPL-2 enriched
arms to also be enriched for repetitive elements (Figure 2-8). Interestingly, after
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comparing HPL-2 peaks called using MA2C (Song et al. 2007) to repetitive
regions, I found that HPL-2 peaks residing in chromosome arms as well as centers
are enriched for repetitive elements (genome in arms = 18% repeats, HPL-2
bound regions = 20% repeats; genome in centers = 6% repeats, HPL-2 bound
regions = 15% repeats) (Figure 2-23A). To determine if specific classes of
repetitive elements are enriched for HPL-2 binding, I identified the 10 species of
repetitive elements with the highest numbers of individual repeats overlapping
HPL-2 peaks (Figure 2-23B). Strikingly, the repetitive elements CeRep5 and
PALTTAA2 have 93% (1241/1339) and 62% (771/1236) of their individual
repeats throughout the genome bound by HPL-2, respectively. Notably, most of
the top 10 species of HPL-2 bound repeats have higher fractions of individual
repeats bound by HPL-2 in arms compared to centers (Figure 2-23B). These
observations suggest that specific types of repetitive elements may serve an
important role in helping to define regions where HPL-2 binds. However, as
many HPL-2 peaks do not overlap with any identified repetitive elements (data
not shown), possible repeat-centric mechanisms of HPL-2 binding cannot account
for all observed HPL-2 peaks. Interestingly, 4 of the top 10 species of HPL-2
bound repeats are transposons or possible transposons (PALTTAA2, PALTA5,
HelitronY1A, and CELE1). Perhaps binding of HPL-2 participates in preventing
their expression.
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HPL-2 peaks in chromosome arms cover different genomic features than
HPL-2 peaks in chromosome centers
To identify genic features on which HPL-2 may be enriched or depleted
relative to the rest of the genome, I determined the total number of base pairs of
all HPL-2 peaks that overlap defined genomic categories: promoter, genic, exon,
intron, and intergenic. Interestingly, I found that the prevalence of genomic
features covered by HPL-2 peaks residing in arms differs from those residing in
chromosome centers. For example, HPL-2 peaks in arms are enriched for intron
regions (genome in arms = 39% introns, HPL-2 bound regions = 49% introns),
while HPL-2 peaks in centers are not (genome in centers = 30% introns, HPL-2
bound regions = 19% introns) (Figure 2-23A). Conversely, HPL-2 peaks in
centers are enriched for promoter regions (genome in centers = 10% promoter,
HPL-2 bound regions = 28% promoter), while HPL-2 peaks in arms are not
(genome in arms = 9% promoter, HPL-2 bound regions = 9% promoter) (Figure
2-23A). Figure 2-23C shows individual genes with striking intron enrichment or
promoter enrichment of HPL-2. As HPL-2 peaks are enriched for genic and
promoter regions, I hypothesize that HPL-2 may serve direct roles in regulating
the expression of at least some of the genes to which it binds.

HPL-2 preferentially associates with well expressed genes
Although HP1 is best known for its role in generating repressed chromatin,
HP1 proteins have been observed to associate with actively expressed genes. For
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example, in Drosophila, HP1a is enriched over well expressed genes (Wit et al.
2007), and HP1c is found in regions of active chromatin, where it promotes gene
expression by interacting with the transcription machinery (Kwon et al. 2010). To
determine whether HPL-2 preferentially associates with repressed or active genes,
I compared the levels of histone modifications associated with repressed
(H3K9me2, H3K9me3, H3K27me3) or active (H3K4me3, H3K36me3)
transcriptional states, as well as RNA polymerase II (Pol II) and mRNA levels
from previously published data (Liu et al. 2011; Rechtsteiner et al. 2010), on
HPL-2 bound genes and genes not bound by HPL-2 (Figure 2-24). I found that
HPL-2 bound genes, especially those located in arms, possess significantly higher
levels of H3K9me2, but show no significant difference in H3K9me3 levels,
compared to genes not bound by HPL-2. Interestingly, HPL-2 bound genes
located either in arms or chromosome centers display significantly higher levels
of H3K4me3, H3K36me3, Pol II, and mRNA, and significantly lower levels of
H3K27me3 than genes not bound by HPL-2. These results show that in worms
HPL-2 preferentially associates with well expressed genes, consistent with HP1
associating with actively expressed genes in other organisms.

HPL-2 bound genes show either promoter enrichment or a broad genic
distribution of HPL-2
In Drosophila, HP1a is distributed in the promoter regions and over the
bodies of genes it binds (Figueiredo et al. 2012). To investigate if HPL-2 has
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similar genic distributions, I examined HPL-2 ChIP-chip signal surrounding the
transcription start sites (TSSs) and transcription end sites (TESs) of all 2750 HPL2 bound genes individually, along with various histone modifications (H3K9me2,
H3K9me3, H3K27me3, H3K4me3, H3K36me3), Pol II, and mRNA levels from
wild-type embryos (Liu et al. 2011; Rechtsteiner et al. 2010) (Figure 2-25). HPL2 bound genes were first divided into those that reside in chromosome arms
versus centers. Genes in arms were subsequently grouped into 2 clusters based on
the distribution of HPL-2 surrounding their TSSs. These clusters show 2 general
classes of genic HPL-2 distribution: broadly distributed (Figure 2-25, cluster #1)
and enriched in promoter regions (Figure 2-25, clusters #2 and #3). Consistent
with my previous results showing HPL-2 binding in the absence of H3K9me, the
genic distributions of HPL-2 in met-2 set-25 mutants were similar to those in wild
type, but diminished in level (Figure 2-26). HPL-2 is more dramatically
concentrated in the promoter region of genes in chromosome centers compared to
genes in arms (Figures 2-25, 2-26). Notably, despite the high correlation between
HPL-2 and H3K9me2, many HPL-2 bound genes in chromosome centers display
low levels of H3K9me2, consistent with HPL-2 targeting and/or retention at these
promoters occurring in an H3K9me-independent manner. Interestingly, the genic
distributions of HPL-2 are not correlated with expression level, as both promoter
enriched HPL-2 and broadly distributed HPL-2 are found over genes with belowand above-average mRNA levels. In agreement with HPL-2 binding showing a
bias toward well expressed genes, the majority of HPL-2 bound genes have

!

!!
37!

above-average expression levels, as well as above-average levels of H3K4me3,
H3K36me3 and Pol II, and below-average levels of H3K27me3. Consistent with
previous findings (Liu et al. 2011), H3K27me3 levels are strongly anticorrelated
with expression levels, while H3K9me levels show less anticorrelation.
Observing HPL-2 enriched in the promoter region of some genes versus
distributed broadly over other genes raised the possibility that differing
distributions of HPL-2 influence gene expression in different ways.

HPL-2 may directly regulate the expression of some genes to which it binds
To investigate if HPL-2 directly regulates transcription of at least some of
the genes to which it binds, I performed transcript profiling of hpl-2 mutant
embryos staged similarly to those used for my ChIP-chip analysis, and compared
transcript levels to previously published wild-type data (Rechtsteiner et al. 2010)
to identify misregulated genes. Despite these data being collected at different
times, identical NimbleGen microarrays and similar growth conditions, stages,
and procedures were used for wild-type and hpl-2 mutant embryos. The hpl-2
mutant allele used is thought to be a null allele; it does not produce detectable
transcript (Coustham et al. 2006). I identified 1297 genes as downregulated and
942 genes as upregulated in hpl-2 mutant embryos compared to wild type (Figure
2-27A). If HPL-2 directly regulates expression of genes to which it binds, I
would expect to see a significant over-representation of genes bound by HPL-2
among genes misregulated in hpl-2 mutants. Indeed, I observed 17% (222/1297)
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of downregulated genes and 27% (255/942) of upregulated genes in hpl-2 mutants
to be bound by HPL-2, compared to 14% of either down- or upregulated genes
predicted by chance (Figure 2-27A, B). These findings show that misregulated
genes, especially those upregulated in hpl-2 mutant embryos, are enriched for
genes bound by HPL-2, and suggest that HPL-2 directly regulates at least some of
the genes it binds. The fact that the majority of misregulated genes in hpl-2
mutants are not bound by HPL-2 suggests that HPL-2 also influences gene
expression indirectly, perhaps by modulating higher-order chromatin structure
and/or organization within the nucleus, or by directly regulating the expression of
factors that regulate other genes.
To gain insight into the types of genes that may be direct targets by HPL-2
regulation, I performed GO term analysis of HPL-2 bound genes significantly
misregulated in hpl-2 mutants (Figure 2-28). For downregulated genes bound by
HPL-2, genes involved in positive regulation of growth and targeting proteins to
mitochondria are significantly enriched. Upregulated genes bound by HPL-2 are
significantly enriched for roles in nematode development, hermaphrodite genitalia
development, mRNA metabolism, and chromatin organization. Consistent with
HPL-2 promoting the expression of genes that positively affect growth, previous
work showed that hpl-2 mutants have a slow growth phenotype at elevated
temperature (25°C) (Schott et al. 2006).
As HPL-2 is concentrated in the promoter regions of some genes it binds
and is more broadly distributed over others, I examined whether the loss of HPL-2
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has different effects on genes with different HPL-2 distributions. In each of the 3
clusters of HPL-2 bound genes defined in Figure 2-25, I determined the numbers
of genes up- and downregulated in hpl-2 embryos that have below- and equal-toor-above-average wild-type expression levels, and compared those numbers to the
numbers expected by chance (Figure 2-29A). The results, summarized in Figure
2-29B, suggest that HPL-2 does not regulate the transcription of low-expression
genes. For high-expression genes in arms, HPL-2 participates in activating some
and repressing others, regardless of the distribution of HPL-2 on those genes. For
high-expression genes in chromosome centers, HPL-2 serves a predominantly
repressive role.

Among genes that interact with the inner nuclear membrane, those bound by
HPL-2 are expressed at significantly higher levels than those not bound by
HPL-2
Based on ChIP-chip analysis of the inner nuclear membrane protein LEM-2,
the autosomal arms and left-most region of the X chromosome are associated with
the nuclear periphery (Ikegami et al. 2010) (Figure 2-7). Strikingly, despite the
overlap of HPL-2 enriched and LEM-2 enriched domains and a modest
correlation at the genomic level (PCC = 0.46) (Figure 2-11), the distributions of
HPL-2 and LEM-2 in chromosome arms show little correlation (arm PCC = 0.03)
(Figure 2-11). To explore the relationship between HPL-2 and LEM-2 in arms, I
used previously published LEM-2 subdomains (Ikegami et al. 2010) and
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compared the numbers of genes bound by LEM-2 alone, HPL-2 alone, and both
LEM-2 and HPL-2. Of the genes located in arms, the majority (93%; 8189/8794)
are bound by LEM-2; 6049 are bound by LEM-2 alone, and 2140 are bound by
both LEM-2 and HPL-2 (Figure 2-30A). Only 134 genes are bound by HPL-2
alone (Figure 2-30A). Thus, the overwhelming majority (94%) of arm genes
bound by HPL-2 interact with the nuclear periphery.
Genes that interact with the inner nuclear membrane in flies and mammals
are predominantly transcriptionally repressed (Filion et al. 2010; Guelen et al.
2008; Wen et al. 2009), and prior work in worms showed that LEM-2 associated
genes are predominantly poorly expressed (Ikegami et al. 2010). Most HPL-2
bound genes are also bound by LEM-2 (Figure 2-30A) and yet HPL-2
preferentially associates with well expressed genes (Figures 2-24, 2-25), raising a
conundrum. To determine the expression levels of LEM-2 interacting genes that
are also bound by HPL-2, I compared median levels of various histone
modifications (H3K9me2, H3K9me3, H3K27me3, H3K4me3, and H3K36me3),
along with Pol II and mRNA levels obtained from previously published data (Liu
et al. 2011; Rechtsteiner et al. 2010), for arm genes bound by LEM-2 alone, both
LEM-2 and HPL-2, or HPL-2 alone (Figure 2-30B). Genes bound by LEM-2
alone show significantly lower expression levels compared to genes bound by
both LEM-2 and HPL-2, which show lower expression levels relative to genes
bound by HPL-2 alone. Consistent with these relative expression levels, genes
bound by LEM-2 alone display significantly higher H3K27me3 and lower
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H3K4me3, H3K36me3, and Pol II relative to genes bound by both LEM-2 and
HPL-2, which display higher H3K27me3 and lower H3K4me3, H3K36me3, and
Pol II than genes bound by HPL-2 alone. Heatmaps showing histone
modification and mRNA levels of individual genes bound by LEM-2 alone, LEM2 and HPL-2, and HPL-2 alone are in Figure 2-31. Taken together, my results
show there is widespread overlap between LEM-2 bound and HPL-2 bound
genes, and that LEM-2 bound genes also bound by HPL-2 are expressed at
significantly higher levels than those not bound by HPL-2. These observations
suggest that HPL-2 may promote the expression of LEM-2 bound genes that
would otherwise be repressed.
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DISCUSSION

My studies reveal the genome-wide distribution of an HP1 ortholog (HPL2) in C. elegans. HPL-2 is enriched in previously defined H3K9me domains on
the autosomal arms and the left-most region of the X chromosome (Liu et al.
2011). Surprisingly, I found that the distribution of HPL-2 can be achieved in an
H3K9me-independent manner. The co-enrichment of 3 conserved features of
heterochromatin - an HP1 protein, H3K9me, and repetitive elements - allows
identification of autosomal arms and the left end of the X as C. elegans
heterochromatin. While worm heterochromatin shares some features associated
with heterochromatin in other systems, it displays some unique properties, most
notably an apparent lack of involvement in defining centromeres and high rates of
meiotic recombination, as discussed below.
Previous in vitro binding studies demonstrated that the chromo domain of
Drosophila HP1a has a slightly higher affinity for H3K9me3 compared to
H3K9me2 peptides; these affinities are roughly 10-fold higher than for H3K9me1
and H3K27me3 peptides (Fischle et al. 2003). Consistent with these relative
affinities in vitro, the in vivo distribution of HP1a matches H3K9me3 slightly
better than H3K9me2, and shows little relation to H3K27me3 (Riddle et al. 2011).
However, the relative affinities HP1 proteins display for modified H3 peptides in
vitro are not always indicative of their in vivo distributions. This is exemplified
by the Arabidopsis HP1 homolog LHP1, which shows similar affinities for
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H3K9me3, H3K9me2, and H3K27me3 peptides in vitro, but in vivo overlaps with
H3K27me3 and not with H3K9me (Turck et al. 2007; Zhang et al. 2007).
Interestingly, C. elegans HPL-2 associates with H3K9me1, H3K9me2,
H3K9me3, and H3K27me3 peptides in vitro (Koester-Eiserfunke and Fischle
2011; Studencka et al. 2012) (this study), while the in vivo distribution of HPL-2
most closely resembles H3K9me2 and H3K9me1, less closely resembles
H3K9me3, and shows no correlation with H3K27me3. The preferential
association of different HP1 homologs with different histone modifications in vivo
is likely influenced by numerous parameters, including the prevalence and
accessibility of different histone modifications, the association of HP1 with
different partners, and diverse post-translational modifications on HP1. The latter
is known to include phosphorylation and SUMOylation, both of which have been
demonstrated to modulate the association of HP1 with chromatin (HiragamiHamada et al. 2011; Leroy et al. 2009; Lomberk et al. 2006; Maison et al. 2011).
Recently, HPL-2 was shown to undergo EGL-4-mediated phosphorylation, which
is required for odor adaptation (Juang et al. 2013). Whether this phosphorylation
is involved in regulating the association of HPL-2 with chromatin is unknown at
this time.
Current models propose that HP1 proteins are initially recruited to
chromatin independently of H3K9me, with subsequent spreading from initial
binding sites in cis and retention on chromatin occurring in an H3K9medependent manner (Dialynas et al. 2006; Figueiredo et al. 2012; Grewal and
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Moazed 2003; Maison et al. 2011). I investigated the H3K9me dependence of
HPL-2 by analyzing the genome-wide distribution of HPL-2 in met-2 set-25
double mutant embryos in which H3K9me1, me2, and me3 were previously
reported to be undetectable by mass spectrometry (Towbin et al. 2012). My
observation of HPL-2 on chromatin in met-2 set-25 embryos and the recent
identification of SET-26 as another H3K9 methyltransferase (Greer et al. 2014)
raised the possibility that some H3K9me persists in met-2 set-25 embryos. To
investigate this possibility, I collaborated with the lab of Benjamin Garcia at the
University of Pennsylvania to repeat quantification of H3K9me1, me2, and me3
levels in mutant embryos. Current mass spectrometry methods are able to detect
the presence of peptides over a range of 4 orders of magnitude (Zubarev 2013).
Our mass spectrometry analysis allows us to conclude that the relative abundance
of H3K9me in met-2 set-25 mutant embryos is below the detection limit,
estimated as ~0.01% of total histone H3.
I observed HPL-2 on chromatin in mutant embryos lacking H3K9me,
demonstrating that HPL-2 can be recruited to and retained on chromatin in the
absence of H3K9me. Strikingly, the distribution of HPL-2 in embryos lacking
H3K9me closely resembles the pattern in wild-type embryos. These findings
differ from those reported in other organisms, where ChIP-chip of HP1 proteins in
mutants lacking H3K9me ranges from loss of HP1 on chromatin to an altered
pattern of HP1, with selective persistence at promoter regions (Cam et al. 2005;
Figueiredo et al. 2012). My findings suggest that either the pattern of worm HPL-
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2 is dictated by recruitment and does not involve much spreading, or the pattern
involves spreading that is H3K9me-independent. Candidate factors for recruiting
HPL-2 to chromatin are the worm-specific zinc finger protein LIN-13 and the
retinoblastoma-like pocket protein LIN-35 (Coustham et al. 2006; Kudron et al.
2013). Although the distribution of HPL-2 in worms lacking H3K9me resembles
that in wild type, HPL-2 levels appear to be diminished in the H3K9me-lacking
mutant, suggesting that recruitment and/or retention of HPL-2 is reduced in the
absence of H3K9me. My finding that hpl-2 mutants display fully penetrant
(100%) maternal-effect sterility at elevated temperature, while H3K9me-lacking
mutants display low penetrance (32%) maternal-effect sterility underscores the
different requirements for H3K9 methylation and HPL-2 function in the germline.
Consistent with these observations, hpl-2 mutants display significantly more
transgene desilencing in the germline compared to mutants lacking H3K9me.
However, the fact that H3K9me-lacking mutants display some sterility and
germline desilencing may mean that HPL-2 function is compromised in the
absence of H3K9me.
While heterochromatin is traditionally associated with a repressed
chromatin state, studies in Drosophila, mice, and humans have demonstrated that
many genes that reside within heterochromatin are expressed at appreciable levels
(Riddle et al. 2011; Vogel et al. 2006). In fact, some genes in Drosophila require
a heterochromatic environment for optimal expression (Lu et al. 2000; Wakimoto
and Hearn 1990). Consistent with the presence of expressed genes being a
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general feature of metazoan heterochromatin, I found that most genes bound by
HPL-2 display above-average expression levels. Strikingly, similar to what has
been described for HP1a in Drosophila (Riddle et al. 2011), I observed that for
HPL-2 bound genes within heterochromatic autosomal arms, HPL-2 is enriched in
the promoter region of most well expressed genes, and is broadly distributed over
many poorly expressed genes. Also similar to HP1a in Drosophila, I observed
that for HPL-2 bound genes outside of heterochromatic arms, HPL-2 is enriched
in promoter regions (Figueiredo et al. 2012). These similarities in the genic
distributions between HP1a in Drosophila and HPL-2 in C. elegans strongly
suggest a conserved relationship between HP1 proteins and gene expression.
Interestingly, upon loss of HPL-2, a significant number of HPL-2 bound genes are
upregulated, while others are downregulated, suggesting that HPL-2 can influence
gene expression in either a repressive or activating manner. It is not yet known
how HPL-2 influences gene expression, and whether localization of HPL-2 at
promoter regions versus over gene bodies leads to different outcomes.
Electron micrographs of mammalian nuclei show heterochromatin
localization at the inner nuclear periphery. Consistent with C. elegans
heterochromatin occupying similar regions within the nucleus, immunostaining
has shown that H3K9me is enriched at the inner nuclear periphery (Towbin et al.
2012), and ChIP analysis has shown that a majority of chromosomal arm regions
are associated with the inner nuclear membrane protein LEM-2 (Ikegami et al.
2010). Interestingly, H3K9me has roles in promoting interactions with the inner
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nuclear membrane (Towbin et al. 2012). Despite the co-enrichment of LEM-2
and HPL-2 on the arms, the distributions of HPL-2 and LEM-2 show no obvious
relationship to each other, suggesting that the presence of HPL-2 within broader
LEM-2 interacting regions defines a distinct class of nuclear membrane associated
chromatin. Indeed, LEM-2 associated genes are enriched for H3K27me3 and
predominantly display below-average expression levels, while HPL-2 bound
genes are depleted for H3K27me3 and display predominantly above-average
expression levels. The ChIP signals observed in my studies are averaged signals
from different cell types. Therefore, observing enrichment of both HPL-2 and
LEM-2 at a particular locus may be due to a subset of cells displaying enrichment
of HPL-2 and depletion of LEM-2 at this locus, while other cells are depleted for
HPL-2 and enriched for LEM-2 at the same locus. With this in mind, I speculate
that HPL-2 promotes the expression of LEM-2 interacting genes, possibly by
antagonizing their association with the inner nuclear membrane. Consistent with
this hypothesis, a significant number of HPL-2 bound genes on the arms are
downregulated in the absence of HPL-2. Whether association with LEM-2
increases at these loci in the absence of HPL-2 has yet to be explored.
Most well studied organisms are monocentric, with a single centromere on
each chromosome, and in those systems heterochromatin is concentrated in
pericentric regions (Grewal and Elgin 2002). Components of heterochromatin,
such as HP1 proteins and repetitive DNA sequences, play important roles in
centromere formation (Folco et al. 2008; Harrington et al. 1997; Ikeno et al.
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1998). As discussed above, C. elegans heterochromatin has a unique distribution,
with broad domains on autosomal arms and the left-most region of the X
chromosome, and is enriched for repetitive elements. Interestingly, CeCENP-A
domains, which define potential centromeres, are evenly distributed throughout
the genome with no apparent relationship to repetitive regions, suggesting that
worm centromeres form in a repeat-independent manner (Gassmann et al. 2012;
Subirana and Messeguer 2013). Within heterochromatic autosomal arms, HPL-2
enrichment flanks CeCENP-A domains, implying that there is a conserved
relationship between HP1 proteins and centromeric regions in worms. However,
outside of heterochromatic autosomal arms, CeCENP-A domains are not flanked
by HPL-2 enrichment, suggesting that HPL-2 is not required to define worm
centromeres. Indeed, both worm HP1 proteins (HPL-1 and HPL-2) are
dispensable for de novo centromere formation (Yuen et al. 2011). In fact, new
centromeres form more readily in the absence of worm HP1 proteins, suggesting
that HP1 in worms has roles in restricting centromere formation (Yuen et al.
2011). The reported minimal sizes of observed free chromosomal duplications
are roughly 10% of an intact chromosome (Albertson and Thomson 1982). If this
reflects the size needed for free duplications to include a functional centromere,
then there are roughly 10 functional centromeres per chromosome during
segregation. This number is much smaller than the approximately 500 CeCENPA domains observed on each chromosome by ChIP-chip (Gassmann et al. 2012).
The observation that the amount of pericentric heterochromatin flanking a
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centromere in Drosophila is proportional to its “strength” (Novitski 1955) raises
the interesting possibility that worm centromeres flanked by HPL-2 are more
likely to be “strong” and utilized centromeres. Whether the distribution of
CeCENP-A or of functional centromeres along C. elegans chromosomes changes
in the absence of HP1 proteins remains to be determined.
Meiotic recombination is usually suppressed within heterochromatin,
preventing genomic expansions and contractions due to erroneous recombination
events between identical but differently positioned repetitive elements (Grewal
and Jia 2007). Intriguingly, the heterochromatic autosomal arms in C. elegans
display high recombination rates and interior regions show low recombination
rates (Barnes et al. 1995; Rockman and Kruglyak 2009). One possibility to
account for this seemingly contradictory observation is that within worm
heterochromatin, meiotic recombination may be suppressed within HPL-2 bound
and/or repetitive regions, with hotspots of recombination occurring between these
regions. However, recent high resolution mapping of recombination frequencies
over a segment of chromosome II that spans a center-to-arm transition revealed
that meiotic recombination rates within these center and arm regions are relatively
uniform and show little relation to the distribution of H3K9me2 (Kaur and
Rockman 2014). It will be interesting to explore whether loss of HPL-2
influences recombination rates or leads to genomic instability due to aberrant
recombination.
In this dissertation I have defined heterochromatin in the important model
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organism C. elegans. I uncovered interesting relationships between worm
heterochromatin and centromeric regions defined by CeCENP-A, the inner
nuclear membrane defined by LEM-2, genes and their expression levels, and
meiotic recombination rates. Strikingly, the chromosomal distribution of the
worm HP1 ortholog HPL-2 is mostly unchanged in the absence of H3K9me. This
work uncovers both unique and shared properties of worm heterochromatin
relative to other organisms.
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METHODS

Worm strains and culture
C. elegans strains were maintained as previously described (Brenner 1974), unless
otherwise noted. Strains used in this study include: N2 (Bristol) as wild type
(WT); PFR40 hpl-2(tm1489) III polq-1(?); SS1183 hpl-2(tm1489) III; SS1184
hpl-2(tm1489) III / hT2G[bli-4(e937) let-?(q782) qIs48] (I:III); GW638 met2(n4256) set-25(n5021) III; SS1148 met-2(n4256) set-25(n5021) III / hT2G[bli4(e937) let-?(q782) qIs48] (I:III); PD7271 pha-1(e2123) III; ccEx7271[let858::gfp pha-1(+)]; hpl-2(tm1489) III; ccEx7271[let-858::gfp pha-1(+); and met2(n4256) set-25(n5021) III; ccEx7271[let-858::gfp pha-1(+)]. Recently, the hpl2(tm1489) strain PFR40 was discovered to contain a linked deletion in polq-1 (J.
Ahringer, personal communication). We generated hpl-2 mutant strains lacking
the polq-1 deletion (SS1183 and SS1184).

Anti-HPL-2 antibodies
Affinity-purified rabbit antibodies raised against residues 12-111 of HPL-2 were
generated by Strategic Diagnostic Inc. (SDI, Newark, DE). Antibodies obtained
from rabbit Q2324 were used for all analyses performed in this dissertation.

Preparation of embryo extracts and chromatin
Growth and harvest of wild-type (N2) and hpl-2 mutant (PFR40) early embryos
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were performed as previously described (Rechtsteiner et al. 2010). met-2 set-25
mixed-stage embryo growth and harvest were performed in an identical manner,
except that worms were allowed to become fully gravid before harvesting
embryos. Chromatin extracts were prepared as previously described for L3s (Liu
et al. 2011).

Chromatin immunoprecipitation (ChIP) from embryos
ChIPs were performed as previously described (Rechtsteiner et al. 2010), with 0.5
mg of chromatin extract and 2.5 µg of anti-HPL-2 antibody (SDQ2324) used for
each reaction. For HPL-2 ChIPs, 3 biological replicates were performed for wildtype embryos, 2 biological replicates for met-2 set-25 embryos, and 1 replicate for
hpl-2 (PFR40) embryos.

ChIP DNA hybridizations to microarrays and data analysis
LM-PCR amplified ChIP DNA was prepared and hybridized to arrays as
previously described (Rechtsteiner et al. 2010), with input samples labeled with
Cy3 and ChIP samples with Cy5. WS170 (ce4) array probe coordinates were
mapped to the WS220 (ce10) genome build using the default parameters of the
UCSC Genome Browser liftOver tool (Kuhn et al. 2013). After removing probes
that align to repetitive regions, log (IP/Input) ratios were scaled to obtain z-scores,
2

and replicate z-scores were averaged. To compare HPL-2 ChIP-chip signal
between wild type and met-2 set-25, normalization was performed as previously
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described (Rechtsteiner et al. 2010), except using regions outside of HPL-2
enriched arms after removal of HPL-2 peaks (called from both wild type and met2 set-25).

Peak calling and genomic feature analysis
HPL-2 ChIP-chip peaks were called using MA2C (Song et al. 2007), using an
FDR of 1%. All genomic coordinates were obtained from genome build WS220
(ce10) (http://www.wormbase.org/); for repetitive elements, non-repetitive low
complexity regions were removed from the UCSC Genome Browser
RepeatMasker track (Jurka 2000; Karolchik et al. 2014; Smit et al. 1996). To
determine proportions of genomic features bound by HPL-2 (promoters, genes,
introns, exons, intergenic regions, repeats), the number of base pairs from each
category that overlapped with HPL-2 peaks was determined, and compared to the
total number of base pairs in each category. Only protein-coding genes were
considered; promoters were defined as regions within 500 bp upstream of TSSs.
To account for splicing variants, introns and exons for all isoforms were merged;
consequently, exonic and intronic regions overlap at several regions. Genes were
defined to be bound by HPL-2 if a HPL-2 peak overlapped at least 50 bp of its
gene body or promoter region.
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Transcript profiling from hpl-2 mutant embryos and comparison to wild
type
hpl-2 mutant (PFR40) early embryo RNA was collected in quadruplicate,
processed as previously described (Rechtsteiner et al. 2010), and compared to
wild-type early embryo expression data obtained from the same publication,
which utilized identical NimbleGen microarrays. Similar growth conditions and
stages were used to generate hpl-2 embryos as had been used for wild-type
embryos. Using R (R Core Team 2014), expression data for both wild type and
hpl-2 were quantile-normalized together using the affy package (Bolstad et al.
2003), and the Limma package (Smyth et al. 2005) was used to determine the
log (fold-change) for each gene, along with adjusted p-values using empirical
2

Bayes methods. In cases where multiple isoforms of the same gene were
represented on the arrays, the fold-change value for the isoform with the highest
significance was used.

Immunocytochemistry
All samples were fixed using methanol/acetone as previously described (Strome
and Wood 1983), except samples were incubated in methanol for 10 minutes, and
PBS included 0.1% Tween-20. Final concentrations of primary antibodies were:
rabbit anti-HPL-2 (SDQ2324) at 0.25 µg/mL, rabbit anti-H3K9me1 (Abcam
9045) at 0.025 µg/mL, mouse MAb anti-H3K9me2 (Kimura 6D11) at 0.18
µg/mL, and mouse MAb anti-H3K9me3 (Kimura 2F3) at 0.36 µg/mL. Secondary
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antibodies conjugated to either Alexa Fluor 488 or 594 (Molecular Probes) were
used at 1:500 for 2 hours at room temperature. Images were acquired using a
Volocity spinning disk confocal system (Perkin-Elmer/Improvision, Norwalk,
CT) coupled with a Nikon Eclipse TE2000-E inverted microscope.

Western blot analysis
For western blotting of HPL-2, blots were blocked using 5% nonfat dry milk in
PBST (PBS with 0.1% Tween-20) at room temperature, and probed using rabbit
anti-HPL-2 (SDQ2324) at 0.5 µg/mL overnight at 4°C. After washing with
PBST, blots were incubated with secondary antibodies conjugated to HRP for 2
hours at room temperature prior to addition of enhanced chemiluminescence
reagents and exposure to film.

Fertility assays
Parent worms were reared under standard growth conditions at 20°C and
upshifted as L4s to 25°C +/- 0.5°C. Subsequent generations were maintained at
25°C. F1 larvae were plated individually, and 2-3 days later scored for
fertility/sterility by looking for the presence of F2 progeny. For M-Z- worms,
homozygous parents were upshifted to 25°C; for M+Z- worms, heterozygous
parents were upshifted, and homozygous F1 progeny were analyzed.
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Histone tail binding assays
Nuclear extracts were prepared by harvesting mixed-stage embryos as described
in Methods, freezing in liquid N , and grinding with a mortar and pestle into a fine
2

powder. After resuspending embryo powder in PBS with protease inhibitors
(Roche EDTA-free), cellular debris was removed by centrifuging at 500g for 5
minutes and removing the supernatant, which was enriched for nuclei. After
washing, nuclei were disrupted by sonicating with a Branson sonicator for two 30
second intervals. Finally, insoluble debris was removed by spinning at 13,000
rpm at 4°C for 15 minutes. Histone tail binding assays were performed as
previously described (Koester-Eiserfunke and Fischle 2011), with the following
modifications: 4 µg of biotinylated histone H3 peptide (Upstate) and 0.25 mg of
nuclear extract were used for each binding reaction, and washes were performed
using PD150 with an adjusted final salt concentration of 300 mM. Western blot
analysis of HPL-2 binding was performed as described above, using 40% of each
binding reaction and 1% of the total amount of nuclear extract added to each
reaction as input.

Mass spectrometry of histone H3 peptides
Mixed-stage wild-type and met-2 set-25 mutant embryos grown as described
above were resuspended in modified NPB (10 mM Tris pH 7.5, 40 mM NaCl, 90
mM KCl, 2 mM EDTA, 0.5 mM EGTA, 1 mM DTT, 0.5 mM spermidine, 0.25
mM spermine, 0.1% Triton X-100, Roche EDTA-free protease inhibitor cocktail,
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10 mM sodium butyrate, 10 mM glycerolphosphate) to a final volume of 10 mL.
Nuclei were liberated using a glass dounce homogenizer and 30 strokes of a tightfitting pestle. Nuclei were enriched by pelleting cellular debris at 100g for 2
minutes, collecting the supernatant, adjusting the volume to 45 mL with modified
NPB, pelleting residual debris at 100g for 5 minutes, and collecting the
supernatant. Enriched nuclei were washed twice in modified NPB by centrifuging
at 1000g for 10 minutes. For wild-type nuclei, 2 biological replicates were
prepared, and 3 biological replicates were prepared for met-2 set-25 double
mutant nuclei. Bulk histones were acid-extracted from enriched nuclei,
derivatized, desalted, and analyzed by liquid chromatography coupled to mass
spectrometry as previously described (Lin and Garcia 2012). The relative
abundance of histone H3 peptides (residues 9-17) was determined by considering
the following states: unmodified, K9me1, K9me2, K9me3, K9me1K14ac,
K9me2K14ac, K9me3K14ac, K14ac, and K9acK14ac. For doubly charged
peptides, extracted ion chromatography was performed.

Data access
Microarray data (ChIP-chip and transcript profiling) from this study have been
submitted to the NCBI Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE58764. Mass
spectrometry data are available at the Chorus repository (http://chorusproject.org/)
under the accession number 457.
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Figure 2-1. Heterochromatin and euchromatin.
Electron micrograph of a mammalian lymphocyte nucleus. Electron-dense, darkstaining regions within the nucleus are heterochromatin, while less electrondense, light-staining regions are euchromatin. Taken from Frenster et al., 1963.
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Figure 2-2. Heterochromatin is typically found at pericentric regions.
A. Metaphase spread of C-banded acrocentric mouse chromosomes, with darkstaining pericentric heterochromatin regions visible on all chromosomes except
the Y chromosome. Figure taken from Stack, 1984. B. Genomic locations of
heterochromatin (gray), euchromatin (black), and assembled heterochromatic
sequences (blue) in Drosophila. L and R denote left and right arms of
chromosomes, and C denotes centromeric regions. The entireties of chromosome
4 and the Y are heterochromatic. Figure taken from Riddle et al., 2011.

!

!!
60!

Figure 2-3. The chromo domain of HP1 binds H3K9me3 and is highly
conserved across species.
A. HP1 proteins consist of an N-terminal chromo domain (CD) and a C-terminal
chromoshadow domain (CSD), separated by a hinge domain. Residues in
Drosophila HP1a are numbered. B. Structure of HP1a CD bound to H3K9me3,
which fits inside an aromatic “cage”. C. Alignments of the CDs of HP1 proteins
found in different species. Amino acids are colored based on functional
similarities: red are acidic, blue are basic, green are hydrophobic, and purple are
aromatic. Conserved residues that compose the aromatic cage are marked with an
asterisk. The residue corresponding to V26 in HP1a, which when mutated results
in loss of HP1a function, is marked with a dot. H.s.: Homo sapiens; S.p.:
Schizosaccharomyces pombe; D.m.: Drosophila melanogaster; C.e.:
Caenorhabditis elegans; A.t.: Arabodopsis thaliana. Figure taken from
Eissenberg and Elgin, 2014.
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Figure 2-4. Spreading of heterochromatin into euchromatic regions results
in gene silencing.
A. In wild-type flies, pericentric heterochromatin proximal to centromeres (C) is
seeded at a particular locus (i) and spreads outwards. Spreading of
heterochromatin is prevented from spreading into euchromatin by boundary
elements (B). On the X chromosome, the white (w ) locus, which produces red
eye pigment, is located proximal to telomeric (T) heterochromatin. B. An X
chromosome inversion causes the w locus to be translocated close to pericentric
heterochromatin and causes the boundary element to be lost from its normal
position. As a result, heterochromatin is able to spread into euchromatin in a
subset of cells that make up the eye and silence the w locus. The result is a
variegated phenotype, with patches of white and red. Taken from Grewal and
Elgin, 2002.
+

+

+
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Figure 2-5. Phylogeny of HP1 proteins.
Phylogenetic tree of HP1 proteins, where homology has been compared using
only the chromo domains and chromo shadow domains. C. elegans has two HP1
paralogs, HPL-1 and HPL-2, shown in the pink zone. Taken from Vermaak and
Malik, 2009.
!

!!
63!

Figure 2-6. Validation of anti-HPL-2 antibody.
A. Immunofluorescence images showing DNA and HPL-2 staining with rabbit
antibody SDQ2324 in wild-type (WT) and hpl-2 mutant embryos. Scale bar = 10
µm. B. Western blot analysis of HPL-2 in WT and hpl-2 mutant worms using
rabbit antibody SDQ2324. Arrows point to bands that correspond to the predicted
molecular weights of HPL-2 isoforms; HPL-2B and HPL-2C have similar
predicted molecular weights.
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Figure 2-7. Features of heterochromatin are concentrated on autosomal
arms and the left-most region of the X chromosome in C. elegans.
Chromosomal heatmaps depicting median z-scores of ChIP-chip signal over 2 kbp
regions for HPL-2, H3K9me1, H3K9me2, H3K9me3, H3K27me3, and LEM-2,
along with standardized repetitive element densities and gene densities over 10
kbp regions. Red indicates enrichment, blue indicates depletion. HPL-2 enriched
arms are marked by black bars. See Figure 2-9 for the genomic coordinates of
HPL-2 enriched arms and HPL-2 depleted centers.
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Figure 2-8. Validation of HPL-2 ChIP-chip signal.
Mean z-scores for HPL-2 ChIP-chip signal over the length of each chromosome
in wild-type (WT) and hpl-2 mutant embryos. The genome-wide PCC of HPL-2
ChIP-chip signal between WT and hpl-2 mutants is 0.19. Chromosome arms are
marked with black bars.
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Figure 2-9. Genomic coordinates of HPL-2 enriched arms and HPL-2
depleted centers.
Table showing the approximate genomic coordinates, based on visual inspection
of HPL-2 ChIP-chip signal in the UCSC Genome Browser, of HPL-2 enriched
arms and HPL-2 depleted centers for each chromosome. The right end of
chromosome IV extends past the right arm region to 17.49 Mbp.
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Figure 2-10. HPL-2 is depleted from the X chromosome in hermaphrodite
germline nuclei.
Immunofluorescence images showing DNA (blue), H4K12ac (green), and HPL-2
(red) staining of wild-type hermaphrodite germline nuclei. Arrows point to paired
X chromosomes, identified by their lack of H4K12ac. Scale bar = 2 µm.
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Figure 2-11. Pearson correlation coefficients for different chromatin
features.
A-B. Pairwise Pearson correlation coefficients (PCCs) for median z-scores of
ChIP-chip signal over 2 kbp regions for HPL-2, H3K9me1, H3K9me2,
H3K9me3, H3K27me3, and LEM-2, along with standardized repetitive element
densities and gene densities over 10 kbp regions. A. Genome-wide PCCs. B.
PCCs over HPL-2 enriched arms and HPL-2 depleted centers, as defined in
Figure 2-9.
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Figure 2-12. HPL-2 binds histone tail peptides.
Histone tail binding assays using nuclear extract obtained from wild-type embryos
and synthetic histone H3 peptides (residues 1-21 and residues 21-44) bearing the
indicated methyl marks. Proteins retained by histone tail beads were analyzed by
western blot analysis using anti-HPL-2 antibody. Arrows point to bands
corresponding to the predicted molecular weights of HPL-2 isoforms.
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Figure 2-13. Immunostaining of H3K9me is undetectable in met-2 set-25
mutant embryos.
Immunofluorescence images showing DNA and either H3K9me1, H3K9me2, or
H3K9me3 in wild-type (WT) and met-2 set-25 mutant embryos. Images for each
H3K9me state in WT and met-2 set-25 samples were acquired using identical
settings. Scale bar = 5 µm.
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Figure 2-14. H3K9me is undetectable in met-2 set-25 embryos using mass
spectrometry.
Relative abundance of H3K9me0, H3K9me1, H3K9me2, H3K9me3, and H3K9ac
in wild-type (WT) and met-2 set-25 mutant embryos, determined by mass
spectrometry. Levels of individual H3 peptides are the percentages of total H3
peptides (from amino acid K9 to R17) detected. In met-2 set-25 mutant embryos,
H3K9me1, H3K9me2, and H3K9me3 were below the limit of detection (~0.01%
of the total H3 KSTGGKAPR peptides present).
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Figure 2-15. The distribution of HPL-2 ChIP-chip signal in mutants lacking
H3K9me is similar to that in wild-type embryos.
Normalized mean z-scores for HPL-2 ChIP-chip signal over the length of each
chromosome in wild-type (WT) embryos and met-2 set-25 double mutant
embryos, which lack H3K9me (see Figures 2-13 and 2-14). HPL-2 enriched
chromosome arms are marked with black bars. The genome-wide PCC of HPL-2
ChIP-chip signal between WT and met-2 set-25 is 0.79.
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Figure 2-16. HPL-2 ChIP-chip signal in met-2 set-25 mutants persists and is
robust after different normalization methods (Part 1).
Mean Tukey biweight mean-centered log (IP/Input) of HPL-2 ChIP-chip signal
over the length of each chromosome in wild-type (WT) and met-2 set-25 double
mutant embryos. HPL-2 enriched chromosome arms are marked with black bars.
The genome-wide PCC between WT and met-2 set-25 is 0.74.
2
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Figure 2-17. HPL-2 ChIP-chip signal in met-2 set-25 mutants persists and is
robust after different normalization methods (Part 2).
Mean z-scores of HPL-2 ChIP-chip signal over the length of each chromosome in
wild-type (WT) and met-2 set-25 double mutant embryos. HPL-2 enriched
chromosome arms are marked with black bars. The genome-wide PCC between
WT and met-2 set-25 is 0.79.
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Figure 2-18. Immunostaining of HPL-2 in hermaphrodite germline nuclei
lacking H3K9me is similar to that in wild type.
Immunofluorescence images of DNA, H3K9me2, and HPL-2 in WT and met-2
set-25 hermaphrodite germline nuclei. WT and met-2 set-25 samples were stained
in parallel, and images were acquired using identical settings. Scale bar = 2 µm.
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Figure 2-19. Immunostaining of HPL-2 in wild-type male germline nuclei is
depleted from the X chromosome.
Immunofluorescence images of DNA (blue), H3K9me2 (green), and HPL-2 (red)
in two WT male (XO) germline nuclei. Arrows point to the single unpaired X
chromosome, identified by H3K9me2 enrichment. Scale bar = 2 µm.
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Figure 2-20. Worms lacking HPL-2 display significantly more severe
sterility compared to worms lacking H3K9me.
Percent of hermaphrodites that were fertile (gray) or sterile (black) at 25°C in
wild type (WT), hpl-2 M+Z-, hpl-2 M-Z-, met-2 set-25 M+Z-, and met-2 set-25
M-Z-. M = maternal supply of gene product. Z = zygotic synthesis of gene
product.
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Figure 2-21. Mutants lacking H3K9me display significantly weaker
derepression in the germline than mutants lacking HPL-2.
Immunofluorescence images of DNA and GFP in WT, hpl-2, and met-2 set-25
germlines from hermaphrodites containing the extrachromosomal array Ex[let858::gfp]. Arrows point to somatic gonad nuclei with robust GFP signal.
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Figure 2-22. HPL-2 binding and CeCENP-A incorporation generally do not
co-occur.
A-C. Comparisons of HPL-2 and CeCENP-A ChIP-chip signal in chromosome
arms (left) versus centers (right). A. Mean z-scores of HPL-2 and CeCENP-A
over 2 kbp regions. B. Mean z-scores with 95% confidence intervals of HPL-2
(blue) and CeCENP-A (red) over regions surrounding and across CeCENP-A
domains. CeCENP-A domains were scaled to their average size (10 kbp). C.
Mean z-scores of HPL-2 (blue) and CeCENP-A (red) distributed over
representative 1.2 Mbp regions.
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Figure 2-23. HPL-2 in arms versus centers is distributed differently over
genomic features.
A-C. Analysis of HPL-2 in chromosome arms (left) versus centers (right). A.
Percent of the genome in 6 genomic feature categories (repeat, promoter, genic,
exon, intron, and intergenic) and percent of the genome in those 6 categories
covered by HPL-2 peaks. B. Classes of repetitive elements that have the highest
number of repeats bound by HPL-2. C. Mean z-scores of HPL-2 ChIP-chip signal
over individual genes.
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Figure 2-24. HPL-2 preferentially associates with well expressed genes.
Box plots depicting median z-scores of H3K9me2 (purple), H3K9me3 (blue),
H3K27me3 (cyan), H3K4me3 (green), H3K36me3 (yellow), and Pol II (orange)
ChIP-chip signal, as well as z-scores of mRNA levels (red) of genes bound by
HPL-2 compared to an identical number of randomly selected genes not bound by
HPL-2 that reside either in chromosome arms or in centers. Levels of H3K9me2,
H3K9me3, H3K27me3, H3K36me3, and Pol II are over the entire lengths of
genes, while levels of H3K4me3 are over a 1 kbp region centered over
transcription start sites (TSSs).
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Figure 2-25. Distributions of HPL-2 and various histone modifications over
individual HPL-2 bound genes.
Heatmap depicting mean z-scores of HPL-2, H3K9me2, H3K9me3, H3K27me3,
H3K4me3, H3K36me3, and Pol II ChIP-chip signal centered around transcription
start sites (TSSs) and transcription end sites (TESs) of individual HPL-2 bound
genes, along with standardized wild-type mRNA levels. Red indicates
enrichment, blue indicates depletion. HPL-2 bound genes in arms were divided
into 2 clusters based upon the distributions of HPL-2 around TSSs, using the base
R functions hclust (method = “complete”), dist (method = “maximum”) and
cuttree (k = 2) (R Core Team 2014).
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Figure 2-26. Genic distributions of HPL-2 in mutants lacking H3K9me is
similar to those in wild-type embryos.
Normalized mean z-scores, with 95% confidence intervals, of HPL-2 ChIP-chip
signal from wild type (WT; dark blue) and met-2 set-25 (light blue) centered
around TSSs and TESs for HPL-2 bound genes in the 3 clusters defined in Figure
2-25.
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Figure 2-27. HPL-2 likely regulates the expression of some genes it binds.
A. Volcano plot depicting log (fold-change) versus -log (adjusted p-value) for
mRNA levels of 19,668 genes from microarray transcript profiling of hpl-2
mutant embryos compared to wild-type (WT) embryos (gray), with genes that are
bound by HPL-2 (red). Significantly misregulated genes were defined as those
having mRNA levels that showed a fold-change of at least +/-1.5 and an adjusted
p-value < 0.01. B. Expected versus observed numbers of genes that are bound
by HPL-2 and significantly down- or upregulated in hpl-2 mutants. Displayed pvalues were calculated using the χ test.
2
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Figure 2-28. Gene ontology of significantly misregulated genes bound by
HPL-2.
Enriched gene ontology (GO) terms for genes that are bound by HPL-2 and
significantly down- or upregulated in hpl-2 mutants, with their corresponding
adjusted p-values. GO term analysis was performed using the NCBI webtool
DAVID (Huang et al. 2009a; Huang et al. 2009b); EASE scores (modified Fisher
Exact p-values) were used for displayed p-values.
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Figure 2-29. HPL-2 bound genes with different genic distributions of HPL-2
and different expression levels respond differently to the loss of HPL-2.
A. Expected versus observed numbers of genes bound by HPL-2 and significantly
down- or upregulated in hpl-2 mutant embryos, separated into the 3 clusters
defined in Figure 2-25, and by whether or not their expression levels in wild type
(WT) are below average or equal-to-or-above average. Displayed p-values were
calculated using the χ test. B. Table summarizing how HPL-2 bound genes
within the 3 clusters defined in Figure 2-25 displaying below- or equal-to-orabove-average expression levels in wild type change in hpl-2 mutants (p < 0.01).
2
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Figure 2-30. HPL-2 bound genes that interact with the inner nuclear
membrane are well expressed.
A. Venn diagram depicting the overlap of LEM-2 bound and HPL-2 bound genes
in chromosome arms. B. Box plots depicting median z-scores of H3K9me2
(purple), H3K9me3 (blue), H3K27me3 (cyan), H3K4me3 (green), H3K36me3
(yellow), and Pol II (orange) ChIP-chip signal, as well as z-scores of mRNA
levels in wild-type embryos (red) of genes in arms bound by LEM-2 alone, both
LEM-2 and HPL-2, or HPL-2 alone. Heatmaps of individual genes are shown in
Figure 2-31.
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Figure 2-31. LEM-2 interacting genes bound by HPL-2 are more highly
expressed than those not bound by HPL-2.
Heatmap depicting mean z-scores of HPL-2, H3K9me2, H3K9me3, H3K27me3,
H3K4me3, H3K36me3, Pol II, and LEM-2 ChIP-chip signal centered around
TSSs and TESs of individual genes located in chromosome arms bound by LEM2 alone, both LEM-2 and HPL-2, or HPL-2 alone, along with standardized mRNA
levels in wild type. Red indicates enrichment, blue indicates depletion. Genes in
the three categories were sorted by increasing transcript levels. LEM-2 ChIP-chip
data are from Ikegami et al. (Ikegami et al. 2010).
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APPENDIX

Determining the Genome-Wide Distributions
of C. elegans DRM Complex Members
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INTRODUCTION

In addition to chromatin states influencing transcription, DNA-binding
transcription factors, which can have activating or repressive roles, also have
important roles in gene regulation. Transcription factors can be members of large
multi-subunit complexes, which allows for modularity and fine-tuning of gene
expression. An example of a multi-subunit complex that influences gene
expression is the complex known as DREAM in mammals (Litovchick et al.
2007), dREAM in Drosophila (Korenjak et al. 2004), and DRM in C. elegans
(Harrison et al. 2006). Its names come from its components: dimerization partner
(DP), retinoblastoma (RB)-like, E2F, and multivulval-class B. While highly
conserved, there are differences in the components found between DREAM,
dREAM, and DRM, with the worm complex possessing fewer members than the
Drosophila and mammalian complexes (Sadasivam and DeCaprio 2013).
Mammalian DREAM has been shown to play important roles in maintaining
cellular quiescence, which is required in terminally differentiated cells; disruption
of DREAM results in characteristics similar to those found in cancer, such as an
increase in cellular proliferation and an increase in expression of genes involved
in mitosis (Sadasivam and DeCaprio 2013).
The C. elegans DRM complex consists of 8 subunits: LIN-9, LIN-35, LIN37, LIN-52, LIN-53, LIN-54, DPL-1, and EFL-1 (Figure A-1) (Harrison et al.
2006). Interestingly, none of the subunits within DRM have any known catalytic
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activity, suggesting that their regulatory roles involve interactions with other
effectors. The genes that encode each of these subunits were previously identified
as class B synthetic multivulva (synMuvB) genes. Combining a mutant allele of a
synMuvB gene with a synMuvA mutant allele results in a synthetic multivulval
phenotype, hence the name (Aroian et al. 1990; Beitel et al. 1990; Ferguson and
Horvitz 1989; Ferguson et al. 1987; Han and Sternberg 1990; Sternberg and Han
1998). Interestingly, besides members of DRM, other proteins encoded by
synMuvB genes are typically chromatin factors. Examples of non-DRM
synMuvB proteins include HPL-2, a heterochromatin protein 1 (HP1) homolog
(Couteau et al. 2002) (see Chapter 2 for an extensive discussion of HPL-2 and
other HP1 proteins); MET-2, an H3K9 histone methyltransferase (HMT)
homologous to SETDB1 (Poulin et al. 2005), which modifies histones in a
manner that provides binding sites for HP1 proteins (Bannister et al. 2001; Jacobs
et al. 2001; Lachner et al. 2001); and LIN-61, a homolog of the transcriptional
repressor L(3)MBT (Harrison et al. 2007), which has been shown to physically
interact with HPL-2 (Koester-Eiserfunke and Fischle 2011). In addition to
antagonizing signaling through the receptor tyrosine kinase and Ras pathway in
the vulval precursor cells, synMuvB proteins suppress the expression of germline
proteins in most to all somatic cells (Petrella et al. 2011; Unhavaithaya et al.
2002). Thus, members of the DRM complex, as well as other synMuvB
chromatin factors, have important roles in cellular differentiation during worm
development and maintaining cell identities after differentiation.
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EFL-1 and DPL-1 are homologous to mammalian E2F4/E2F5 and
dimerization partner (DP), respectively (Ceol and Horvitz 2001; Sadasivam and
DeCaprio 2013). E2F proteins and DP form a heterodimer, which binds DNA
sequences containing E2F motifs. While some E2F proteins can act as
transcriptional activators, E2F4 and E2F5 act as repressors of genes that promote
the transition from quiescence (G0) back into S-phase. LIN-35 is the sole RB-like
pocket protein in C. elegans. It shares 20% sequence identity with mammalian
p130, 19% with p107, and 15% with RB, with higher degrees of identity within
the pocket domains (Lu and Horvitz 1998). Consistent with LIN-35 being more
similar to p130 than p107 or RB, mammalian DREAM does not contain RB, but
does contain p130 (Litovchick et al. 2007). Along with E2F4 and E2F5, p130 is
found in the promoter regions of cell cycle genes, where it plays a repressive role
(Litovchick et al. 2007; Takahashi et al. 2000). Deacetylation of histones is
associated with gene repression; in agreement with p130 serving repressive roles,
it has been shown to be required for recruitment of the histone deacetylase
HDAC1 complex to promoter regions (Rayman et al. 2002). Also consistent with
LIN-35 playing predominantly repressive roles, expression profiling of lin-35
mutants across different developmental stages identified significantly more
upregulated genes than downregulated genes (Kirienko and Fay 2007).
Interestingly, genetic studies suggest that LIN-35 acts redundantly with PSA-1 in
events that are essential for growth at larval stages; PSA-1 is homologous to a
component within the ATP-dependent chromatin remodeling complex SWI/SNF
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(Cui et al. 2004), which can play either activating or repressive roles.
The remaining homologs within the C. elegans DRM complex (LIN-9, LIN37, LIN-52, LIN-53, and LIN-54) are components of what is referred to as the
MuvB core in mammals. LIN-54, which is homologous to Mip120 in Drosophila
and LIN54 in mammals, binds DNA via its Tesmin domains (Deplancke et al.
2006; Tabuchi et al. 2011), and LIN-54 associates with the promoters of genes
involved in development, cell cycle regulation, and reproduction. Interestingly,
LIN-54 binding is enriched on the autosomes, and depleted from the X
chromosome. As expected, LIN-54 binding motifs co-occur with E2F binding
motifs (Tabuchi et al. 2011). LIN-9, which is homologous to Mip130 in
Drosophila and LIN9 in mammals, contains a Tudor domain, suggesting that it
may bind methylated histone tails; whether this interaction indeed occurs, or if it
is important for LIN-9 function, remains to be determined. LIN-37, which is
homologous to Mip40 in Drosophila and LIN37 in mammals, like other DRM
components, has been shown to genetically interact with the MCD-1 (Modifier of
Cell Death) Zn-finger protein to promote programmed cell death (Reddien et al.
2007). LIN-52, homologous to Lin52 in Drosophila and LIN52 in mammals, is
the smallest subunit of the DRM complex. Drosophila Lin52 seems to have
activating roles, which counteract the repressive roles of other dREAM
components (Lewis et al. 2012). LIN-53, which is homologous to Drosophila
Caf1 and mammalian RbAp48 (also known as RBB4), is a histone chaperone that
contains a WD40 domain and binds RB. Interestingly, after RNAi-mediated

!

!!
103!

knockdown of LIN-53, the ectopic expression of CHE-1, a transcription factor
required for induction of ASE neuron identity, is able to induce ASE neuron fate
in germ cells (Tursun et al. 2011). Thus, LIN-53 seems to protect the germline
from adopting properties associated with other cell types (Strome 2011).
Besides being part of the DRM complex, LIN-53 is also a component of a
nucleosome remodeling and deacetylase (NuRD)-like complex (Harrison et al.
2006). Mammalian NuRD has important roles in regulating chromatin
architecture, transcription, and development; disruption of NuRD can result in
oncogenesis (Basta and Rauchman 2014). In addition to LIN-53, other members
of C. elegans NuRD are the synMuvB proteins HDA-1, which is homologous to
HDAC1, LET-418, which is homologous to the ATP-dependent chromatin
remodeler Mi2, and the Zn-finger protein MEP-1 (Calvo et al. 2001; Harrison et
al. 2006; Harrison et al. 2007; Solari and Ahringer 2000; Unhavaithaya et al.
2002; Zelewsky et al. 2000). Like other synMuvB proteins, loss of C. elegans
NuRD components results in the ectopic expression of germline proteins in the
soma (Unhavaithaya et al. 2002), demonstrating their importance in cell-typespecific gene regulation.
In mammals, the MuvB core can act independently of the E2F, DP, and
p130 subunits discussed above. The MuvB core is part of the repressive DREAM
complex when associated with E2F, DP, and p130 in G0; this interaction is
dependent on DYRK1A-mediated phosphorylation of LIN52 (Litovchick et al.
2011). However, when associated with BMYB (known as Myb in Drosophila),
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which binds DNA in a sequence-specific manner, it takes on activating roles and
promotes the expression of genes during G2/M-phase. As C. elegans lacks a clear
BMYB/Myb homolog (Sadasivam and DeCaprio 2013), it seems as though the
worm DRM complex plays predominantly repressive roles in gene expression.
Recent work, however, suggests that DRM acts in a manner that “fine-tunes” gene
expression to specific levels, rather than completely shutting down the expression
of genes it binds (Tabuchi et al. 2014).
In order to determine where C. elegans DRM is found in the genome, and if
any DRM subunits are found at regions where other subunits are not, I performed
chromatin immunoprecipitation followed by high-throughput sequencing (ChIPseq) from C. elegans late embryos. Julie Ahringer’s group at the University of
Cambridge performed similar ChIP-seq from C. elegans L3 larvae and led
bioinformatic analysis of both data sets. Interestingly, DRM components are
associated with the promoter regions of well expressed genes. Using individual
DRM component peaks that were identified by the Ahringer lab, I find that the
binding sites of DNA-binding DRM subunits extensively overlap with each other,
suggesting that DRM components predominantly function within the context of
the entire complex. However, despite this extensive overlap, I find several
regions where LIN-54 binds in the absence of DPL-1 and/or EFL-1, and vice
versa, suggesting the presence of DRM sub-complexes. Interestingly, despite C.
elegans lacking a clear BMYB/Myb homolog, I find evidence for the presence of
a MuvB-like complex in worms. This work serves as a basis for making and
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testing hypotheses about how DRM and a possible MuvB-like complex influence
gene expression.
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RESULTS

The genome-wide distributions of individual DRM subunits are highly
similar to each other
To determine the genomic distributions of individual DRM components in
late-stage embryos, I performed chromatin immunoprecipitation followed by
high-throughput sequencing (ChIP-seq) using validated antibodies shown to be
specific to each DRM subunit in duplicate. All antibodies used in this study,
except for anti-LIN-53, had been previously validated (Harrison et al. 2006; the
modENCODE consortium). Anti-LIN-53 antibody passed my western blot
validation testing, with a band of the expected size being present in wild-type
(WT), but missing in lin-53 mutant worms (Figure A-2). ChIP-seq data for each
replicate was normalized by randomly sampling either the ChIP or input reads so
that each had the same number of reads; after determining the number of reads
over 50-bp increments over the entire genome, the number of reads for each ChIP
was divided by the number of reads present in input, log -transformed, and z2

scored. This normalization method adjusts for regional biases in shearing ability,
and provides a signal that is more comparable to ChIP-chip signal than reads
alone. Consistent with each DRM component being part of a larger complex with
all components present, the ChIP-seq signal for all individual DRM components
were highly similar to each other (Figure A-3), which was reflected through high
Pearson correlation coefficients (PCCs) (Figure A-4).
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DRM components are enriched on autosomes and depleted from the X
To determine regions of significant enrichment of individual DRM subunits,
peak calling analysis was performed for each ChIP replicate, and the overlapping
regions between replicates were determined. Peak calling and determination of
overlapping regions were performed by Julie Ahringer’s group at the University
of Cambridge. Consistent with the previously published distribution of LIN-54
(Tabuchi et al. 2011), I found that DRM peaks are enriched over autosomes, and
depleted from the X chromosome; DRM peaks are evenly distributed over each
autosome, without any obvious bias for particular regions (Figures A-5, A-6, A-7,
A-8, A-9, A-10, A-11, A-12). Interestingly, LIN-53 had many fewer Ahringer
lab-identified peaks (525) relative to the other DRM components (which range
from 1363 to 1841 peaks). Whether this variability in the number of observed
peaks is due to technical issues or biological differences has yet to be determined.

DRM components are enriched in the promoter regions of genes
To determine the distributions of individual DRM members over genes, I
performed metagene analysis using the CEAS package (Shin et al. 2009), which
determined and plotted the average normalized ChIP-seq signal over all genes
aligned at their transcriptional start sits (TSSs) and transcriptional end sites
(TESs). Interestingly, for all DRM components, I observed an enrichment in the
5’ regions of genes (Figures A-5, A-6, A-7, A-8, A-9, A-10, A-11, A-12). While
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most DRM members had the highest level of enrichment ~300 bp upstream of
TSSs, LIN-53 showed the highest level of enrichment directly over TSSs (Figure
A-12), suggesting that it may influence gene expression in a different manner than
the other DRM components. Consistent with this possibility, besides being a
member of the DRM complex, LIN-53 has been observed to physically interact
with members of a NuRD-like complex (Harrison et al. 2006). These
observations suggest that DRM influences gene expression through its action at
promoter regions.

DRM components colocalize with marks of active gene expression
To determine if DRM components associate with genes that are either
expressed or repressed, I compared the late embryo ChIP-seq signal of DRM
members that bind DNA directly (DPL-1, EFL-1, and LIN-54) to the early
embryo ChIP-chip signals of features associated with gene expression (H3K4me3,
Pol II) and gene repression (H3K27me3), as well as H3K9me2 and H3K9me3,
which can be found with both actively expressed and repressed genes.
Interestingly, I found that DNA-binding DRM components colocalize with marks
of active gene expression (H3K4me3 and Pol II), and do not colocalize with a
mark of gene repression (H3K27me3) (Figure A-13). This is also reflected
through genome-wide PCCs, with DPL-1, EFL-1, and LIN-54 modestly
correlating with H3K4me3 (PCCs ranging from 0.33 to 0.38) and Pol II (PCCs
ranging from 0.29 to 0.32), and a modest anticorrelation with H3K27me3 (PCCs
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ranging from -0.21 to -0.28) (Figure A-14). These results suggest that DRM
components predominantly associate with genes that are expressed.

Peaks of DNA-binding DRM components overlap extensively
While all DRM components can physically interact to form a large complex,
the possibility that DRM sub-complexes exist remains a possibility. Presumably,
the DRM components that can bind DNA directly would serve as the base for
possible sub-complex formation. To determine if DNA-binding DRM
components bind regions of the genome where other DNA-binding DRM
components do not, I determined the degree of overlap between DPL-1, EFL-1,
and LIN-54 peaks. Interestingly, I found that while the majority of these peaks
overlap with each other (1395 total overlapping peaks), 13% (245/1841) of LIN54 peaks do not overlap with either DPL-1 or EFL-1 peaks (Figure A-15A),
suggesting that LIN-54 serves as the base for a MuvB-like complex at these
regions (Figure A-15A). Furthermore, I found 15% (269/1851) of regions that
possess DPL-1 and/or EFL-1 peaks that do not overlap with LIN-54 peaks (Figure
A-15A), suggesting that DPL-1 and EFL-1 binding may serve as the base for a
sub-complex which does not include LIN-54.

LIN-9, LIN-37, and LIN-52 levels are significantly lower over regions bound
by LIN-54 but not DPL-1 and/or EFL-1
To further explore the possibility of the presence of DRM sub-complexes,
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the distributions of normalized ChIP-seq levels for all 8 DRM components was
determined over DPL-1 and/or EFL-1 peaks without any overlap with LIN-54
peaks, as well as LIN-54 peaks that do not overlap with DPL-1 or EFL-1 peaks
(Figure A-15B). No significant differences in the levels of EFL-1, DPL-1, or
LIN-35 were observed between regions bound by DPL-1 and/or EFL-1 and not
LIN-54 compared to regions bound by LIN-54 and not EFL-1 or DPL-1. As
expected, significantly lower LIN-54 levels were observed over DPL-1 and/or
EFL-1 peaks that do not overlap with LIN-54 peaks. Strikingly, I found that the
levels of LIN-9, LIN-37, and LIN-52 are significantly higher over regions bound
by LIN-54 but not by EFL-1 or DPL-1. These results are consistent with the
presence of a C. elegans MuvB-like complex containing LIN-54, LIN-9, LIN-37,
and LIN-52. Interestingly, I found significantly higher levels of LIN-53 signal
over regions bound by EFL-1 and/or DPL-1 and not LIN-54, suggesting that LIN53 can act independently of LIN-54, LIN-9, LIN-37, and LIN-52. This notion is
consistent with the prior observation that LIN-53 acts as part of a NuRD-like
complex as well as in DRM (Harrison et al. 2006).
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DISCUSSION

Here, I identify the genomic distributions of all 8 C. elegans DRM complex
members. Interestingly, I find that all 8 DRM components are enriched over
autosomes and depleted from the X, and are enriched in the promoter regions of
well expressed genes. Strikingly, regions where LIN-54 binds and EFL-1 and
DPL-1 do not bind display significantly higher levels of LIN-9, LIN-37, and LIN52, which supports the possibility that a MuvB-like complex exists in worms.
This work provides a platform on which to formulate testable hypotheses about
how the entire DRM complex and potential sub-complexes influence gene
expression and development.
Observing DRM complex association with genes that display marks of
active expression may seem contradictory, as the complex homologous to DRM
in flies and mammals has been shown to be repressive. One possibility to account
for this seemingly contradictory observation is that the ChIP signals observed are
obtained from embryos, which are a heterogenous population of cells. As such,
the observed signal at any given locus may the result of merging two different cell
types: some cells with DRM bound and the locus repressed, and other cells with
DRM not bound and the locus expressed. Another possibility is that DRM does
not act in a completely repressive manner; DRM may dampen rather than silence
gene expression. While these possibilities for DRM-mediated gene regulation are
not mutually exclusive, prior work supports the latter scenario (Tabuchi et al.
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2014).
In mammals, the MuvB complex is able to influence gene expression in an
activating manner independently of DP1, E2F, and p130 by interacting with
MYB. The observation of significantly higher levels of the MuvB core
components LIN-9, LIN-37, and LIN-52 over regions bound by LIN-54, but not
by EFL-1 or DPL-1, supports the possibility of a C. elegans MuvB-like complex
being present. However, no BMYB/Myb homolog has yet been identified in
worms. It would be interesting to determine if and how what may be a MuvB-like
complex in worms influences gene expression and development.
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METHODS

Worm strains and culture
Worms were maintained as previously described (Brenner 1974). The following
strains were used in this study: N2 (Bristol) as wild type (WT) and MT15107 lin53(n3368) I/hT2G[bli-4(e937) let-?(q782) qIs48] (I:III). To obtain late-stage
embryos for ChIP analysis, worms were grown in liquid culture as previous
described (Kolasinska-Zwierz et al. 2009), with the following modification: after
bleaching adult hermaphrodites, embryos were incubated while rocking at 20°C
in M9 media for 3.5 hours before freezing in liquid N .
2

Western blot validation of anti-LIN-53 antibody
Western blotting was performed using 20 µg of worm lysates obtained from wildtype (WT) and lin-53(n3368) mixed-stage worms. After blocking using 5%
nonfat dry milk in PBST (PBS with 0.1% Tween-20) at room temperature, blots
were probed using rabbit anti-LIN-53 (SDI Q2370) at 0.2 µg/mL overnight at
4°C. After washing with PBST, blots were incubated with anti-rabbit secondary
antibodies conjugated to HRP for 2 hours at room temperature prior to addition of
enhanced chemiluminescence reagents and exposure to film.
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Chromatin immunoprecipitation followed by high-throughput sequencing
(ChIP-seq)
Chromatin extracts were prepared as previously described (Kolasinska-Zwierz et
al. 2009), with the following modifications: chromatin was sheared to an average
size of 250 bp using a Bioruptor (Diagenode), libraries were prepared using the
Illumina ChIP-Seq DNA Sample Prep Kit (Illumina IP-102-1001), and library
fragments in the 250-350 bp range were size selected by gel extraction before
sequencing on the Illumina GAIIx platform. ChIP was performed as previously
described (Rechtsteiner et al. 2010), with 2 biological replicates obtained for each
ChIP. Affinity-purified antibodies used for ChIP are as follows: rabbit anti-DPL1 (SDI Q3599), rabbit anti-EFL-1 (SDI Q3590) guinea pig anti-LIN-9 (Horvitz
lab), rabbit anti-LIN-35 (SDI Q2003), rabbit anti-LIN-37 (SDI Q3166), guinea
pig anti-LIN-52 (Horvitz lab), rabbit anti-LIN-53 (SDI Q2370), and guinea pig
anti-LIN-54 (Horvitz lab). For each 1 mg of chromatin extract, 2.5 µg of each
antibody was used, except for anti-LIN-54, where 5 µg of antibody was used.

Peak calling analysis
Peak calling analysis was performed by members of Julie Ahringer’s group at the
University of Cambridge. Their group mapped ChIP-seq reads to the ce10 build
of the C. elegans genome using BWA 0.6.2 (Li and Durbin 2010) with its default
settings (BWA-backtrack algorithm). Peaks were then called using the wignorm
utility that is part of MACS 1.4 (Zhang et al. 2008), using a p-value cutoff of 1e-
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10, a 750 bp window size, and a minimum peak length of 150 bp. Peaks were
only used in subsequent analyses that had peaks called in both biological
replicates for each ChIP experiment.

Normalization of ChIP-seq data for visualization
ChIP-seq reads for each replicate was mapped to build ce6 of the genome using
Bowtie 0.12.8 (Langmead et al. 2009), with the following parameters: -m 2. After
mapping, using R, either the ChIP reads or the input reads corresponding to each
ChIP were randomly sampled such that an identical number of reads were used
for both ChIP and input samples. The number of mapped reads residing within
50-bp intervals was then determined using MACS 1.4 (Zhang et al. 2008), using
the following parameters: -g ce -s 35 --nomodel -w --space=50. Data was then
lifted over to the ce10 genome build using the default parameters of the liftOver
tool. Finally, replicates were averaged, log2 ratios of ChIP/input was determined,
and z-scored.

Visualization of DRM component peaks over chromosomes and metagene
analysis
To visualize the distributions and relative intensities of DRM component ChIPseq peaks over each chromosome, the CEAS 1.0.2 software package was used
(Shin et al. 2009) with its default parameters. CEAS was also used for metagene
analyses, with average normalized ChIP-seq signals for each DRM component
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over all genes within the genome aligned at their transcriptional start sites (TSSs)
and transcriptional end sites (TESs).

Data access
All ChIP-seq data generated during the course of this study are available at the
modENCODE repository modMine (http://intermine.modencode.org/release33/begin.do).
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Figure A-1. Model for organization of the C. elegans DRM complex.
Model for organization of the DRM complex on chromatin, using existing
biochemical data from C. elegans as well as homologs in other organisms. LIN54 is able to bind DNA directly via its Tesmin domains; EFL-1, along with DPL1, forms a heterodimer and also binds DNA directly. LIN-9, LIN-37, LIN-52,
LIN-53, and LIN-54 make up the MuvB core (green). LIN-52 has been shown to
directly interact with p130 in mammals, which is mediated by phosphorylation via
DYRK1A. Figure provided courtesy of Paul Goetsch.
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Figure A-2. Western blot validation of anti-LIN-53 antibody.
Western blot of wild-type (WT) and lin-53(n3368) worm lysates, at 20 second
and 3 minute exposures. The predicted molecular weight (MW) of LIN-53 is 47
kDa.
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Figure A-3. ChIP-seq signals of individual DRM components are highly
similar to each other.
UCSC Genome Browser screenshot showing z-scored normalized ChIP-seq signal
for all 8 individual DRM components. DRM complex members are colored
according to Figure A-1.

!

!!
120!

Figure A-4. Genome-wide Pearson correlation coefficients of DRM complex
members.
Pairwise Pearson correlation coefficients (PCCs) for individual members of the C.
elegans DRM complex over 2-kbp regions spanning the entire genome.
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Figure A-5. DPL-1 is enriched over autosomes and promoter regions.
A. The distribution of DPL-1 peaks within the genome. Each bar represents a
peak, and the height of each bar is proportional to its intensity. B. Genome-wide
metagene profile showing mean z-scores of DPL-1 ChIP-seq signal. All genes
have been scaled to 3 kbp, while signal that is 1 kbp up- or downstream of each
transcriptional start site (TSS) or transcriptional end site (TES) is shown in raw
genomic space.
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Figure A-6. EFL-1 is enriched over autosomes and promoter regions.
A. The distribution of EFL-1 peaks within the genome. Each bar represents a
peak, and the height of each bar is proportional to its intensity. B. Genome-wide
metagene profile showing mean z-scores of EFL-1 ChIP-seq signal. All genes
have been scaled to 3 kbp, while signal that is 1 kbp up- or downstream of each
transcriptional start site (TSS) or transcriptional end site (TES) is shown in raw
genomic space.
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Figure A-7. LIN-35 is enriched over autosomes and promoter regions.
A. The distribution of LIN-35 peaks within the genome. Each bar represents a
peak, and the height of each bar is proportional to its intensity. B. Genome-wide
metagene profile showing mean z-scores of LIN-35 ChIP-seq signal. All genes
have been scaled to 3 kbp, while signal that is 1 kbp up- or downstream of each
transcriptional start site (TSS) or transcriptional end site (TES) is shown in raw
genomic space.
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Figure A-8. LIN-9 is enriched over autosomes and promoter regions.
A. The distribution of LIN-9 peaks within the genome. Each bar represents a
peak, and the height of each bar is proportional to its intensity. B. Genome-wide
metagene profile showing mean z-scores of LIN-9 ChIP-seq signal. All genes
have been scaled to 3 kbp, while signal that is 1 kbp up- or downstream of each
transcriptional start site (TSS) or transcriptional end site (TES) is shown in raw
genomic space.
!

!!
125!

A

B

Figure A-9. LIN-37 is enriched over autosomes and promoter regions.
A. The distribution of LIN-37 peaks within the genome. Each bar represents a
peak, and the height of each bar is proportional to its intensity. B. Genome-wide
metagene profile showing mean z-scores of LIN-37 ChIP-seq signal. All genes
have been scaled to 3 kbp, while signal that is 1 kbp up- or downstream of each
transcriptional start site (TSS) or transcriptional end site (TES) is shown in raw
genomic space.
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Figure A-10. LIN-52 is enriched over autosomes and promoter regions.
A. The distribution of LIN-52 peaks within the genome. Each bar represents a
peak, and the height of each bar is proportional to its intensity. B. Genome-wide
metagene profile showing mean z-scores of LIN-52 ChIP-seq signal. All genes
have been scaled to 3 kbp, while signal that is 1 kbp up- or downstream of each
transcriptional start site (TSS) or transcriptional end site (TES) is shown in raw
genomic space.
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Figure A-11. LIN-54 is enriched over autosomes and promoter regions.
A. The distribution of LIN-54 peaks within the genome. Each bar represents a
peak, and the height of each bar is proportional to its intensity. B. Genome-wide
metagene profile showing mean z-scores of LIN-54 ChIP-seq signal. All genes
have been scaled to 3 kbp, while signal that is 1 kbp up- or downstream of each
transcriptional start site (TSS) or transcriptional end site (TES) is shown in raw
genomic space.
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Figure A-12. LIN-53 is enriched over autosomes and promoter regions.
A. The distribution of LIN-53 peaks within the genome. Each bar represents a
peak, and the height of each bar is proportional to its intensity. B. Genome-wide
metagene profile showing mean z-scores of LIN-53 ChIP-seq signal. All genes
have been scaled to 3 kbp, while signal that is 1 kbp up- or downstream of each
transcriptional start site (TSS) or transcriptional end site (TES) is shown in raw
genomic space.
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Figure A-13. DRM components are in promoter regions of well expressed
genes.
UCSC Genome Browser screenshot of normalized late embryo ChIP-seq signal
for DNA-binding DRM components (DPL-1, EFL-1, and LIN-54) along with zscore normalized early embryo ChIP-chip signal of different histone
modifications (H3K4me3, H3K9me2, H3K9me3, H3K27me3) and RNA
polymerase II (Pol II). Histone modification and Pol II ChIP-chip data were
obtained from Rechtsteiner et al. (Rechtsteiner et al. 2010).

!

!!
130!

Figure A-14. Genome-wide Pearson correlation coefficients of DNA-binding
DRM complex members, histone modifications, and Pol II.
Pairwise genome-wide Pearson correlation coefficients (PCCs) for DNA-binding
members of the C. elegans DRM complex (DPL-1, EFL-1, and LIN-54) as well as
different histone modifications and RNA polymerase II (Pol II). Histone mark
and Pol II ChIP-chip data were obtained from Rechtsteiner et al. (Rechtsteiner et
al. 2010).
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Figure A-15. LIN-54 peaks that do not overlap with DPL-1 or EFL-1 peaks
display significantly higher levels of possible MuvB components.
A. Venn diagram showing the overlap of DPL-1, EFL-1, and LIN-54 peaks.
DPL-1 and/or EFL-1 peaks that do not overlap LIN-54 peaks, as well as LIN-54
peaks that do not overlap with DPL-1 or EFL-1 peaks are used in panel B. B.
Box plots showing the distributions of normalized median DRM member ChIPseq signal levels over DPL-1 and/or EFL-1 peaks that do not overlap with LIN-54
peaks, or LIN-54 peaks that do not overlap with DPL-1 or EFL-1 peaks. The
boxed regions encompass 50% of the data points, while the whiskers encompass
95% of the points. Outlier regions have been removed. Notches represent 95%
confidence intervals of the median scores.
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