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ABSTRACT

SYNMUV B PROTEINS REGULATE CHROMATIN COMPACTION
DURING DEVELOPMENT

Meghan E Costello, B.S.

Marquette University, 2019

Tissue-specific establishment of repressive chromatin through creation of
compact chromatin domains during development is necessary to ensure proper
gene expression and cell fate. C. elegans synMuv B proteins are important for
the soma/germline fate decision and mutants demonstrate ectopic germline gene
expression in somatic tissue, especially at high temperature.

To study chromatin compaction during development we visualized
chromatin using both nuclear-spot assays and FISH of native synMuv B
regulated loci. We showed that C. elegans synMuv B proteins regulate
developmental chromatin compaction and that timing of chromatin compaction
was temperature sensitive in both wild-type and synMuv B mutants. Chromatin
compaction in mutants was delayed into developmental time-periods when
zygotic gene expression is upregulated and demonstrates an anterior-to-
posterior pattern. Loss of this patterned compaction coincided with the
developmental time-period of ectopic germline gene expression that leads to a
developmental arrest in synMuv B mutants. Thus, chromatin organization
throughout development is regulated both spatially and temporally by synMuv B
proteins to establish repressive chromatin in a tissue-specific manner to ensure
proper gene expression.

Furthermore, we showed that global loss of H3K9me2, but not H3K9me3
results in phenotypes similar to synMuv B mutants. This suggests that repression
of germline genes in somatic tissue is at least in part due to establishment of
H3K9me2 at synMuv B regulated promoters. Specific loss of H3K9me2 at
synMuv B regulated promoters in /in-15B mutants suggests that LIN-15B
establishes or maintains H3K9me2 for germline gene pression at promoters.

Finally, we analyzed the genetic interactions of /in-15B with genes
involved in methylation of H3 lysine 9. We found that there is no enhancement of
any phenotypes when the DREAM complex or H3K9me2 are disrupted in a lin-
16B background. This suggests that H3K9me2, the DREAM complex, and LIN-
15B work in series to repress germline gene expression at in the soma. From this
work we propose that LIN-15B driven enrichment of H3K9me2 on promoters of
germline genes contributes to repression of those genes in somatic tissues.
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CHAPTER I. INTRODUCTION

Multicellular organisms establish many different cell types from one single
cell and maintain these fates once established throughout the lifespan of the
animal. Failure to do so causes lethality, developmental defects, and cancer (Al-
Amin et al., 2016; Janic et al., 2010; Petrella et al., 2011; Whitehurst, 2014).
Each zygote is totipotent, meaning that the single cell has the most differentiation
potential and can give rise to all cell lineages. As cells in the developing
embryos replicate and migrate, they become less potent and specialize into their
individual cell identities. Establishment of cell fates is coupled with changes in
gene expression specific to that cell lineage (Levin et al., 2012; Robertson and
Lin, 2015; Spencer et al., 2011). As cells become more specialized, gene
expression does as well. In general, genes not needed for that cell’s function are
repressed, whereas genes needed for that lineage will be activated, or primed for
expression later in development (Perino and Veenstra, 2016; Yuzyuk et al.,
2009). There are many mechanisms that regulate gene expression throughout
development, including transcription factor binding and regulation of chromatin

structure, to ensure proper cell fate is achieved and maintained.

ESTABLISHMENT OF CHROMATIN DOMAINS DURING DEVELOPMENT

DNA is wrapped around 8 histones to form the basic unit of chromatin
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Figure 1.1 The nucleosome consists of an octamer of histone
proteins. The octamer consists of dimer pairs of the four major
histones, H2A, H2B, H3 and H4. Histone tails can be post-
translationally modified to alter the interaction between DNA and the
nucleosome. Methylation of lysines on hisone H3 tails is a common
modification in both heterochromatin associated and euchromatin
associated histones. Mono- and di-methylation of H3K9 is catalyzed by
the methyltransferase MET-2 and tri-methylation of H3K9 is catalyzed
by the methyltransferase SET-25.



Generating proper chromatin organization during development is required
for fate specification (Yuzyuk et al., 2009). Chromatin is DNA and its associated
proteins. These DNA associated proteins range from histones and histone
readers to transcription factors, which altogether affect and regulate DNA
organization. DNA is organized into chromatin so that the genome can be
arranged and packaged within the nucleus (Kornberg, 1974, Olins and Olins,
1974). The most basic unit of chromatin is DNA wrapped around eight histone
proteins to form the nucleosome (Figure 1.1). Approximately 146 base pairs of
DNA wrap around 8 histone proteins to form the histone octamer. The histone
octamer includes 2 copies of each of the core histones H2A, H2B, H3 and H4
(Figure 1.1)(Kornberg, 1974; Olins and Olins, 1974). Nucleosomes are
connected by stretches of linker DNA and further levels of chromatin packaging
can be achieved in response to many factors. One of these factors is the
covalent modification of histone tails. Histone tails are long, unstructured, poly-
peptide extensions that protrude from the octamer core (Figure 1.1). The N-
terminal tails of histones H3 and H2B protrude through the minor grooves of the
DNA wrapped around the octamer core (Kornberg, 1974; Olins and Olins, 1974).
Covalent modifications of specific amino acids in the tail affect the interaction
between the histone octamer and DNA. Specific covalent modifications can
strengthen or weaken the wrapping of DNA around the core octamer, which
overall affects how accessible or inaccessible the DNA is (Bannister and

Kouzarides, 2011; Carrozza et al., 2005; Corona et al., 2002; Deuring et al.,



2000; Jenuwein and Allis, 2001) Alternatively, specific histone modifications can
create binding sites for histone “readers.” These reader proteins bind specific
histone modifications and can change the chromatin compaction state or recruit
other proteins that regulate chromatin or transcription (Carrozza et al., 2005;

Corona et al., 2002; Deuring et al., 2000).

Chromatin is organized into more complex structures of heterochromatin
and euchromatin

Chromatin can form more complex structures through interaction of
nucleosomes and other proteins to form areas of compact or open domains.
Compacted chromatin, canonically called heterochromatin, is thought to make
DNA inaccessible to binding of transcription factors and RNA polymerase and is
associated with repressed regions of the genome (Elgin and Reuter, 2013;
Simon and Kingston, 2013). Due to its density, biologists have been able to
visualize compacted heterochromatin using transmission electron microscopy for
decades (Figure 1.2) (Mutlu et al., 2018). Uncompacted or accessible DNA,
canonically called euchromatin, is available to be bound by transcription factors
that can promote expression of genes in that region. In organisms with
chromosomes with point centromeres, such as mammals, heterochromatin
domains are found in the middle regions of chromosomes and at the telomeric
regions at chromosome tips, whereas, regions of euchromatin are enriched along
chromosome arms (Figure 1.3) (Wang et al., 2016). In contrast, C. elegans

chromosomes are holocentric, meaning centromere activity is located along the

entire length of the chromosome (Albertson and Thomson, 1982; Maddox et al.,



2004). Unlike mammals, C. elegans chromosomes have regions of euchromatin
and highly expressed genes in the chromosome centers and the arms largely
contain repressed regions of heterochromatin (Figure 1.3)(Liu et al., 2011;
McMurchy et al., 2017; Zeller et al., 2016). The telomere is found at the ends of
the chromosomes and is enriched for heterochromatin in both organisms with
centromeres and those without (Figure 1.3). Thus, chromatin modifications, are

distributed in this pattern (Liu et al., 2011; McMurchy et al., 2017).

Methylation of histone H3K9 is associated with repressed genes

Because histone-tail modifications affect accessibility of genes to be
bound by transcription factors and RNA polymerase, specific modifications are
correlated with either expressed or repressed genes and areas of the genome
(Ahringer and Gasser, 2018; Liu et al., 2011; McMurchy et al., 2017). Regions of
the genome associated with compacted repressed genes are called
heterochromatin, whereas highly expressed, uncompacted regions of the
genome are called euchromatin. Heterochromatin and euchromatin are enriched
for specific histone modifications that either make chromatin less or more
accessible, respectively (Ahringer and Gasser, 2018). For example, methylation
of histone H3 lysine 9 (H3K9me) is associated with heterochromatin and
repressed genes in organisms from yeast to humans (Figure 1.1) (Elgin and
Reuter, 2013; Simon and Kingston, 2013; Towbin et al., 2012). In C. elegans,

histone methyltransferases, MET-2 and SET-25, target H3K9 for methylation
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Figure 1.2 Dense domains of heterochromatin are created early
in development. As development occurs, chromatin transitions from
highly dynamic and unorganized into dense domains of
heterochromatin that can be visualized by transmission electron
microscopy.



(Figure 1.1) (Towbin et al., 2012). Both MET-2 and SET-25 have a conserved
catalytic SET domain, which contains an S-adenosylmethionine binding site and
a catalytic center (Yeates, 2002). MET-2 is a homolog of the mammalian H3K9
methyltransferase SETDB1, and functions to deposit mono- and dimethyl groups
at H3K9 (Figure 1.1) (Ahringer and Gasser, 2018; Andersen and Horvitz, 2007;
Towbin et al., 2012; Yeates, 2002; Zeller et al., 2016). SET-25 is the ortholog of
the mammalian G9a and SUV39 H3K9 methyltransferase, which trimethylates
the same residue (Figure 1.1) (Ahringer and Gasser, 2018; Towbin et al., 2012;
Yeates, 2002; Zeller et al., 2016). Methylation of H3K9 by MET-2 and SET-25
establishes compacted, heterochromatin regions of the genome to ensure gene
repression (Gonzalez-Sandoval et al., 2015; Towbin et al., 2012; Zeller et al.,
2016). Because lysine methylation adds a bulky residue but does not change the
charge of the side chain, this modification is thought to compact and repress
chromatin through recruitment of specific reader proteins (Clark and Elgin, 1992;
Nielsen et al., 2002)

Methylated H3K9 and its associated proteins are enriched on
heterochromatin-rich distal chromosome arms (Liu et al., 2011, McMurchy et al.,
2017). Histone readers are proteins that bind methylated histone tails and are
also found distributed throughout the genome in a pattern that resembles to
modification they associate with (McMurchy et al., 2017). The most well

understood and studied H3K9me reader, HP1 (heterochromatin protein 1), was
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Figure 1.3: Centromeric and holocentric chromosomes have
distinct domains of heterochromatin and euchromatin.
Orgnanisms that have centromeric chromosomes have regions of
heterochromatin close to the centromere in the middle of the
chromosome, flanked by regions of euchromatin on both sides. C.
elegans have holocentric chromosomes and no centromere. In
contrast, the centers of C. elegans are highly euchromatic, whereas
the chromosome arms are heterochromatic. Telomeric regions are
heterochromatic both centromeric and holocentric chromosomes.
Methyalted H3K9 colocalizes with areas of heterochromatin in both
centromeric and holocentric chromosomes.



discovered in Drosophila and binds H3K9me through its chromodomain (Clark
and Elgin, 1992; Nielsen et al., 2002). HP1 is necessary for heterochromatin
compaction and has homologues in almost all eukaryotes ranging from
Schizosaccharomyces pombe to mammals and higher plants (Lachner et al.,
2001; Nakayama et al., 2001; Nielsen et al., 2002). HP1 is enriched at
compacted, repressed regions of chromatin (Lachner et al., 2001; Nakayama et
al., 2001; Nielsen et al., 2002, 2002). Although HP1 is enriched at
heterochromatic centromeric (centers of chromosomes) and telomeric regions
(ends of chromosomes) of the genome, it can also be found at euchromatic sites,
as a means of tissue specific gene repression (Nakayama et al., 2001). HP1
induces chromatin compaction by its ability to dimerize with other HP1 proteins
via its chromoshadow domain (Brasher et al., 2000). HP1 dimers oligomerize,
which brings HP1 bound methylated histone tails close together and thus
compacts chromatin. There are two HP-1 orthologs in C. elegans. “HP-1 Like”
proteins HPL-1 and HPL-2 and three other known C. elegans proteins that have
been shown to bind methylated H3K9: CEC-3, CEC-4, and LIN-61(Ahringer and
Gasser, 2018; Garrigues et al., 2015; Gonzalez-Sandoval et al., 2015; Greer et
al., 2014; Koester-Eiserfunke and Fischle, 2011). HPL-1 and HPL-2 both have
the conserved HP1 chromodomain and the conserved HP1 chromoshadow
domain (Couteau et al., 2002). Although HPL-2 has been shown to be associated
with expressed genes in addition to repressed genes, HPL-1 and HPL-2
associate with H3K9-methylated histones and compacted chromatin in C.

elegans (Garrigues et al., 2015).
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In C. elegans di-methylation and tri-methylation of H3K9 have distinct
distributions and generally do not overlap (citations). Di-methyaltion of H3K9 is
more associated with DNA transposons and satellite repeats, whereas tri-
methylation of H3K9 is associated with retrotransposon family regions
(McMurchy et al., 2017; Zeller et al., 2016). Although highly associated with
repetitive elements, H3K9me2 and H3K9me3 can be found at promoters (~8%
of H3K9me2 associated DNA and ~10% of H3K9me3 associated DNA), exons
(~18% of H3K9me2 associated DNA and ~25% of H3K9me3 associated DNA),
and introns (~10% of H3K9me2 associated DNA and ~11% of H3K9me3
associated DNA), ((Zeller et al., 2016). Repetitive elements make up ~35% of
H3K9me2 associated DNA and ~25% of H3K9me3 associated DNA. Repetitive
DNA, including tandem repeats and sequences derived from DNA or RNA
transposons, makes up approximately 20% of the C. elegans genome (Hillier et
al., 2009; Hubley et al., 2016). These repetitive regions of the genome, along
with the H3K9 methyltransferases and their reader proteins, are concentrated on
the distal arm regions of the autosomes (McMurchy et al., 2017; Zeller et al.,
2016). The binding and co-association of many proteins, including proteins found
at the repressed nuclear lamina, at these regions suggest a role for regulation of

repression of these sequences.

Nuclear localization of genes is associated with their expression
Lamin associated domains (LADs) are regions of the genome that

associate with regions of the nuclear lamina. These regions have been identified
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in C. elegans, Drosophila melanogaster, and mammals. The nuclear lamina is a
stable meshwork underlying the nucleoplasmic side of the nuclear lamina. Genes
in LADs are expressed at very low levels. In C. elegans, LADs are enriched at
the distal arms of autosomes (Gonzalez-Sandoval et al., 2015; Ikegami et al.,
2010; Towbin et al., 2012). LADs are associated with H3K9-methylated histones
and in C. elegans this modification is necessary for their perinuclear anchoring
(Towbin et al, 2012). A nuclear envelope associated H3K9me reader CEC-4
anchors methylated histones and their associated regions of the genome to the
nuclear periphery (Gonzalez-Sandoval et al., 2015). The correlation of LADs and
repressed genes suggest that the 3D topography of the genome affects overall
expression of the genome.

The 3D organization of the nucleus can further be categorized into regions
of repression and expression. Topologically associated domains (TADs) are
areas within the genome that are more likely to interact with each other than
other regions of the genome (Dixon et al., 2012; Nora et al., 2012). TADs can
include genes found on the same chromosome and/or genes found on other
chromosomes. The nucleus includes TADs that are highly enriched with H3K9
methylation, chromatin compaction, and gene repression (Dixon et al., 2012,
Nora et al., 2012). There are also TADs that are highly enriched for expression-
associated histone modifications, uncompacted chromatin, and Pol Il. Although
the mechanisms underlying TAD formation and the function of TADs are not well
understood, disruption of TADs causes changes in gene expression due to

changes in the 3D organization of the genome (Nora et al., 2012). Formation of



12

TADs are thought to be important in many cellular processes including cell

division and differentiation (Dixon et al., 2012; Nora et al., 2012).

Chromatin is compacted and organized throughout development
Establishment and organization of expressed and repressed chromatin is
necessary to achieve proper development. Cellular differentiation occurs as cells
gain their fate and lose potency to achieve other fates. As cells go from a
totipotent one-cell zygote to a multicellular differentiated organism, chromatin
transitions from being highly dynamic and non-ordered to more static, with clear
euchromatic and heterochromatic domains within the nucleus (Figure 1.2 and
Figure 1.4) (Mutlu et al., 2018; Politz et al., 2013; Yuzyuk et al., 2009). Chromatin
organization and condensation occurs as cell fate decisions and differentiation is
achieved. As chromatin is compacted and cell lineages are defined, gene
expression potential and cell potency of that lineage is reduced. Repressive
chromatin domains, such as LADs and TADs, are formed during early
embryogenesis. (Gonzalez-Sandoval, et al., 2015; Mutlu et al, 2018; Politz et al.,
2013; Yuzyuk et al., 2009). These changes in chromatin compaction occur during
a concurrent developmental transition from no/very low zygotic gene expression
to zygotic, fate-specific gene expression (Figure 1.4). Formation of H3K9me2
associated electron dense heterochromatic domains precedes the maternal to
zygotic switch when zygotic, fate-specific gene expression is upregulated (Mutlu

et al., 2018). Thus, it is thought that proper organization of chromatin must
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Figure 1.4 Chromatin is compacted and organized
throughout development. As development
progresses, chromatin transitions from unorganized
and uncompacted to compacted domains. Genes not
needed for a certain lineage become compacted and
sequestered to the nuclear periphery where they are
repressed. Genes needed of that lineage are less
compacted and organized into domains that are easily
accessible to binding of transcription factors and RNA
Pol I1.
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precede zygotic expression in order to ensure proper gene expression and cell
fate decisions (Levin et al., 2012; Robertson and Lin, 2015; Spencer et al., 2011).
Establishment of proper chromatin compaction throughout development
involves many different mechanisms and protein players. The zygote that gives
rise to all cell lineages arises from two fully differentiated cells, the egg and
sperm. Thus, it is thought that in order to gain full potency, the epigenome must
be erased and re-established during development (Furuhashi et al., 2010;
Tabuchi et al., 2018). In C. elegans, establishment of di- and tri-methylation of
H3K9 occurs early in development at the onset of gastrulation (21-100 cell
embryo) just as zygotic fate-specific gene expression begins (Mutlu et al., 2018;
Towbin et al., 2012). Establishment of H3K9me2 concurs with nuclear
accumulation of MET-2 from the cytoplasm. Shortly after nuclear accumulation of
MET-2, heterochromatin formation can be visualized by transmission electron
microscopy (Mutlu et al., 2018). Loss of MET-2 results in delays in
heterochromatin formation into later developmental stages (Mutlu et al., 2018).
After di-methylation of H3K9me2 by MET-2, SET-25 deposits H3K9me3. SET-25
colocalizes with H3K9me3 at the nuclear periphery and is necessary for
anchoring of H3K9me3 associated chromatin to the nuclear lamina to stabilize
repression (Towbin et al., 2012). HPL-2 and other proteins known to promote
gene repression co-localize with SET-25 and H3K9-methylated histones at the

nuclear periphery to establish, regulate, and maintain gene repression.
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Although H3K9-methylated histones are primarily found at
heterochromatic regions of the genome that are gene-poor and repeat rich,
repressive chromatin can be established in euchromatic regions of the genome.
This is called facultative heterochromatin (Ahringer and Gasser, 2018). H3K9-
methylated histones localize to repressed genes in euchromatic regions of the
genome by tissue specific mechanisms (Smolko et al., 2018). Although histone
modifications such as H3K9 methylation have been known to associate with
repressed genes, many regulators and establishers of facultative
heterochromatin remain unknown (Liu et al., 2011; McMurchy et al., 2017;
Smolko et al., 2018; Zeller et al., 2016). Although all players involved in
facultative heterochromatin formation have yet to be elucidated, it's known that
facultative heterochromatin must be established in a tissue specific manner
during certain developmental windows in order to achieve proper fate
specification (Gaertner et al., 2012; Smolko et al., 2018). As zygotic, tissue-
specific expression is achieved, mechanisms of gene repression must be in
place in order to prevent improper gene expression (Gaertner et al., 2012;

Smolko et al., 2018)

SYNMUV B PROTEINS REGULATE FATE DECISIONS DURING
DEVELOPMENT

synMuv B mutants ectopically express germline genes and arrest during
development at high temperature
In C. elegans many genes with presumed roles in regulating gene

repression by chromatin, including the H3K9me1/2 methyltransferase and
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proteins that bind methylated H3K9, were originally identified based on their
synthetic multivulval (synMuv) phenotype (Andersen and Horvitz, 2007; Fay and
Yochem, 2007). Single mutants of synMuv genes do not have extra ectopic
vulvas (multivulva), but double mutants between synMuv class A genes and
synMuv class B genes have a multivulva phenotype (Andersen and Horvitz,
2007). Although synMuv genes were first identified based on their roles in
repression of vulval fate development, most are widely expressed, and single
mutants show pleiotropic phenotypes and genetic interactions in non-vulval
processes.

The C. elegans synMuv B proteins are important in the tissue specific
repression of large set of germline genes in somatic tissue. A subset of synMuv
B proteins, including members of the DREAM complex (EFL-1, DPL-1, LIN-9,
LIN-37, LIN-52, LIN-53, LIN-54, LIN-35), LIN-15B, and MET-2 bind in the
promoter region of germline genes and repress their expression in somatic tissue
(Figure 1.5) (Fay and Yochem, 2007; Harrison et al., 2006). The DREAM
complex is comprised of the conserved MuvB core (LIN-54, LIN-37, LIN-52, LIN-
53, and LIN-9), the E2F/DP complex (EFL-1, DPL-1), and the pocket protein
(LIN-35) (Figure 1.5)(Fay and Yochem, 2007; Goetsch et al., 2017). The DNA

binding protein, LIN-54, facilitates MuvB binding in promoter regions of germline
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Figure 1.5 The DREAM complex, LIN-15B, and MET-2
associate at germline gene promoters to repress their
expression. The DREAM complex, LIN-15B and MET-2 are
found at the promoters of germline genes. The DREAM complex
consists of the repressive MuvB complex that includes the DNA
binding protein LIN-54, LIN-37, LIN-53, LIN-52 and LIN-9. The
E2F/DP complex also makes up the DREAM complex and the
Muv B repressive core and the E2F/DP complex is held together
by the pocket protein LIN-35.
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genes (Tabuchi et al., 2011). In mammals, flies, and worms, the MuvB core is
responsible for the repressive activity of the DREAM complex. The E2F/DP
complex binds DNA by EFL-1's DNA binding domain. The pocket protein LIN-35
stabilizes the interaction of the MuvB core with the E2F/DP complex in germline
gene promoters and help maintain germline gene repression (Goetsch et al.,
2017).

Loss of the DREAM complex, LIN-15B, or MET-2 results in the ectopic
expression of germline genes in the somatic intestine (Figure 1.6) (Andersen and
Horvitz, 2007; Petrella et al., 2011; Wang et al., 2005). Ectopic germline gene
expression is exacerbated at 26°C compared to 20°C (Petrella et al., 2011).
Proteins such as PGL-1, PGL-2, HTP-3 and REC-8 are proteins found only in
germ cells in wild-type embryos and larva. However, in synMuv B mutants,
antibody staining reveals that PGL-1, PGL-2, HTP-3, and REC-8 are found in the
two primordial germ cells, but are also enriched in the somatic intestine in
especially at high temperature (Figure 1.6) (Petrella et al., 2011). Ectopic
germline gene expression in the intestine leads to loss of cell fate and High
Temperature L1 larval Arrest (HTA) in DREAM complex, lin-15B, and met-2
mutants (Figure 1.6) (Petrella et al., 2011; Rechtsteiner et al., 2018). The HTA
phenotype is due to the inability of the intestine to properly function and mutants
arrest at the L1 stage due to starvation (Petrella et al., 2011). Larval arrest
demonstrated by synMuv B mutants is a marker of ectopic germline gene

expression in the somatic intestine. The HTA phenotype can be rescued by
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Figure 1.6: Loss of synMuv B proteins causes high
temperature larval arrest (HTA) at 26°C. synMuv B mutants
arrest at the Larval L1 stage at 26°C but not 24°C or 20°C.
Knockdown of chromatin modifiers such as mes suppress the
HTA phenotype.
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subsequent knock-down of chromatin modifiers, suggesting that synMuv B

proteins regulate gene expression at the chromatin level.

synMuv B proteins associate at germline genes to repress their expression

The most studied DREAM complex member, LIN-35, is the single worm
pocket protein homolog. LIN-35 functionally resembles mammalian proteins
p130/p107, which in mammals promotes assembly of the DREAM complex at
promoters. p130/p107 bind to both the core MuvB portion of DREAM and the
transactivation domain of repressive E2F-DP complex through different binding
interfaces, completing the assembly of DREAM (Guiley et al., 2015; Takahashi et
al., 2000). In C. elegans, the DREAM complex acts similarly to the mammalian
DREAM complex as LIN-35 mediates the interaction of EFL-1-DPL-1 (E2F-DP
homologs) and the MuvB core of the DREAM (Figure 1.5)(Goetsch et al., 2017;
Harrison et al., 2006). In C. elegans, LIN-35 works to assemble DREAM complex
at DREAM target genes in somatic tissue in order to repress their expression. In
the absence of LIN-35, the DREAM complex has highly reduced binding and
repression capabilities (Goetsch et al., 2017). Reduced binding and repression
causes lin-35 mutants to ectopically express germline genes in somatic tissue
and show high temperature L1 arrest at 26°C (Figure 1.6).

The Muv B core is responsible for repression of gene expression by the
DREAM complex and is bound to Cell cycle gene Homology Region (CHR) DNA
elements by LIN-54 in both mammals and in C. elegans (Guiley et al., 2015;

Tabuchi et al., 2011). CHR is a conserved DNA element that was named due to
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the association of LIN-54 and MuvB in the mammalian cell cycle. In C. elegans
LIN-54 binds to gene promoters through its DNA binding domain and in /in-54
mutnats, the DREAM complex is lost from 80-90% of target loci (Figure 1.5)
(Tabuchi et al., 2011). Loss of DREAM complex binding in /in-54 mutants results
in ectopic expression of germline genes and high temperature L1 arrest at 26°C
(Figure 1.6) (Petrella et al., 2011).

LIN-15B is a synMuv B protein that has not been shown to be part of the
DREAM complex, but has overlapping binding sites in the genome as DREAM
complex members (Figure 1.5)(Rechtsteiner et al., 2018). Furthermore, lin-15B
mutants demonstrate the same phenotypes as seen in DREAM complex
mutants, including ectopic germline gene expression and HTA (Figure 1.6)
(Petrella et al., 2011). Other data suggest LIN-15B might be a separate entity to
the DREAM complex. Although LIN-15B binds to many of the same genes as the
DREAM complex, LIN-15B also binds to genes where DREAM binding is not
observed (Rechtsteiner et al., 2018). LIN-15B has predicted DNA binding activity
through a THAP or AT hook domain (Wormbase). LIN-15B has no known
homologs outside of the genus Caenorhabditis, but is very important for the
soma-to-germline fate decision. Differences in repressive roles of LIN-15B and
the DREAM complex must be elucidated in order to fully understand how
germline genes are repressed in somatic tissue.

MET-2 is the C. elegans homolog of mammalian SETDB1 which catalyzes
mono- and di-methylation of histone H3 lysine 9 (H3K9me1 and H3K9me?2), a

histone modification associated with repressive chromatin (Andersen and



23

Horvitz, 2007; Towbin et al., 2012). In C. elegans, met-2 mutants lose ~80% of
H3K9me2 (Andersen and Horvitz, 2007; Towbin et al., 2012). Although canonical
H3K9me2 deposited by MET-2 is enriched at DNA transposons and satellite
repeats found on autosomal distal arms, MET-2 associated H3K9me?2 is found at
promoters of synMuv B regulated germline genes (Figure 1.7). These germline
genes are broadly found along the length of autosomes, are enriched in the
euchromatic centers, and are bound by the DREAM complex and LIN-15B
(Rechtsteiner et al., 2018). Loss of H3K9me2 in met-2 mutants causes
phenotypes similar to DREAM and /in-15B mutants, such as HTA and ectopic
germline gene expression, suggesting di-methylation of H3K9 is an important
repressive mechanism at synMuv B regulated loci (Rechtsteiner et al., 2018).
Interestingly, H3K9me2 promoter enrichment is lost in /in-15B mutants and in
DREAM complex mutants, but to a much lesser extent (Figure 1.7) (Rechtsteiner
et al., 2018). This suggests LIN-15B may have a separate function than the
DREAM complex and acts to promote or maintain di-methylation of H3K9me2 at
germline gene promoters in somatic tissue. Although loss of the DREAM
complex, LIN-15B, and H3K9me2 catalyzed by MET-2 all lead to ectopic
expression of germline genes, the role and order of each of these proteins at

germline genes during development remains unknown.

synMuv B phenotypes are temperature sensitive
Almost all of the phenotypes displayed by synMuv B mutants are

temperature sensitive. The multivulval phenotype for which they were named is
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enhanced at elevated temperatures of 25°C (Andersen and Horvitz, 2007).
Ectopic germline gene expression is also enhanced in synMuv B mutants at 26°C
compared to 20°C. Finally, the high temperature arrest phenotype causes L1
arrest at 26°C but not 24°C or 20°C (Petrella, et al., 2011). The mechanisms that
underlie these temperature sensitive phenotypes remains unknown. /in-35, lin-
15B, and met-2 mutants are null alleles that result in no protein at any
temperature and /in-54 mutants, although not nulls, lose 80% of DREAM complex
binding at all temperatures (Andersen and Horvitz, 2007; Petrella et al., 2011;
Tabuchi et al., 2011). Interestingly, chromatin formation is temperature sensitive.
Previous studies have reported that Arabidopsis thaliana can change chromatin
dynamics to modify gene expression in response to changes in temperature
(Zografos and Sung, 2012). In addition to being temperature respondent,
chromatin is also temperature sensitive. Early studies in Drosophila revealed
that high temperature causes incomplete heterochromatin formation (Hartmann-
Goldstein, 1967). In C. elegans, chromatin associated mutants, including met-2
and set-25 show temperature sensitive phenotypes (Gonzalez-Sandoval et al.,
2015; McMurchy et al., 2017; Towbin et al., 2012). This study describes a
potential connection between the temperature sensitivity of chromatin and

synMuv B mutant temperature sensitive phenotypes.

C. elegans intestinal development
The C. elegans embryo is a powerful system to study development as the

entirety of development can be tracked with single-cell resolution (Sulston et al.,
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1983). The timing and orientation of every cell division, apoptotic event, and cell
migration has been documented, and the exact lineal relationship of any cell to
any other is known (Sulston et al., 1983). Each division is invariant and because
the worm is transparent, fluorescent markers allow easy visualization of cell
lineages, protein, and DNA in real time.

The entire intestinal lineage descends from a single cell, the E blastomere
that arises in the eight-cell embryo. The first division of the E blastomere is an
anterior to posterior division that creates 2E (Figure 1.8)(McGhee, 2007; Sulston
et al., 1983). The second cell division establishes 4E and is a left-right division
that establishes the bilateral symmetry of the intestine. The left-right sister cells
divide together for the rest of the intestinal lineage. The third division is an
anterior-posterior division that is slightly skewed in the dorsal-ventral plane to
establish 8E (Figure 1.7)(McGhee, 2007; Sulston et al., 1983). The fourth division
is another anterior-posterior division that establishes 16E cells lying in two tiers:
ten cells in the dorsal tier and six cells in the ventral tier. At 16E, the cells
become polarized, intracellular components shift, and the cells change their
shape (McGhee, 2007; Sulston et al., 1983). The intestinal cells begin to migrate
and the anterior pair of cells (labelled “a” in Figure 1.8) divide in the dorsal-
ventral direction and the posterior pair of cells (labelled “h” in Figure 1.8) divide in
an anterior-posterior direction, resulting in the final arrangement of 20E cells
within the developing intestine (McGhee, 2007; Sulston et al., 1983). Cell

polarizations and migrations form a series of 9 rings referred to as “ints.” “Ints”
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Figure 1.8 The C. elegans intestinal lineage. The intestinal
lineage, E, arises in the 8 cell embryo. The first division of the E
blastomere is an anterior to posterior division that creates 2E in
the 28 cell embryo. 2E divides left-right to establish 4E. 4E divides
in an anterior-posterior direction that is slightly skewed in the
dorsal-ventral plane to establish 8E in the 100 cell embryo. 8E
divides anterior to posterior to create 16E. At 16E, the cells
become polarized and begin to migrate and the anterior pair of
cells, labelled “a”, divide in the dorsal-ventral direction and the
posterior pair of cells, labelled “h”, divide in an anterior-posterior
direction, resulting in the final arrangement of 20E cells within the
developing intestine
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are the basic unit of the intestine, each “int” ring includes 2 cells except the most
anterior ring (int1) has four cells (McGhee, 2007; Sulston et al., 1983).

The anterior-posterior patterning of gene expression is autonomous within
the intestine lineage and reflects zygotic expression of the Wnt pathway
(Schroeder and McGhee, 1998). There are a significant number of genes that are
expressed in specific non-uniform patterns along the anterior-posterior axis of the
intestine (Dal Santo et al., 1999). Although C. elegans intestinal development has
been described and highly studied, factors that regulate gene expression and the
mechanisms they employ during intestinal development have yet to be fully
explained.

Transcriptional activation in the intestine occurs early at the 1E stage and
includes some of the earliest fate-specific zygotically expressed genes.
Maternally loaded proteins activate WNT signaling transcription factors that
regulate target genes end-1 and end-3. Expression of end-1 and end-3 can be
detected at the 1E stage but END-1 and END-3 protein have largely decayed by
8E (Baugh et al., 2005; Zhu et al., 1997). END-1 and END-3 subsequently
activate the master regulator of the intestine, the zinc-finger GATA-type
transcription factor, ELT-2 (McGhee et al., 2007). ELT-2 expression begins in the
2E stage and persists throughout the lifespan of the worm. ELT-2 expression is
the predominant transcription factor of the C. elegans intestine and elt-2 mutants
are embryonic lethal due to the inability of the intestine to develop (Fukushige et

al., 1998).
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synMuv B proteins regulate temporal and spatial chromatin compaction
during development.

Altogether, the mechanisms by which organisms achieve and maintain
their cell fates throughout development is not fully understood. It is not known
how repressive chromatin is formed throughout development in order to achieve
proper cell fates. Loss of a conserved class of transcriptional repressors, synMuv
B proteins, causes loss of cell fate in the intestine. We hypothesize that synMuv
B proteins regulate chromatin in order to repress germline genes in the somatic
intestine. Prior to this study, developmental chromatin compaction had not been
observed in synMuv B mutants. We set out to determine if synMuv B proteins
regulate chromatin organization throughout development by observing chromatin
compaction in synMuv B mutants at both 20°C and 26°C. Chromatin compaction
at high temperature had not previously been observed in C. elegans, especially
in a developmental context. We wanted to know if there was a link in chromatin
and the temperature sensitive phenotypes we observe in synMuv B mutants.
Overall, we found that C. elegans synMuv B mutants regulate spatial and

temporal chromatin compaction at crucial developmental time periods in order to

achieve proper germline gene repression in somatic tissues.
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CHAPTER 2: MATERIALS AND METHODS

Strains and nematode culture

C. elegans were cultured on NGM plates seeded with E. coli strain AMA1004 at
20°C unless otherwise noted. N2 (Bristol) was used as wild-type. Strain
LNPOO050 containing the transgene bnEx80(68xlacO+myo-3::mCherry+worm
genomic DNA); gwls39[baf-1p::GFP::lacl::let-8583\'UTR;vit-5::GFP];cals79(elt-
2p::dTomato;pRF4)) was created for this study and crossed into mutant worms.
Mutant alleles used were lin-15B(n744), lin-35(n745), lin-54(n2231), met-
2(n4256), lin-37(n758), hpl-2(tm1489), set-25(n5032), jmjd-1.1(hc184). The

complete strain list can be found in table 1.

Nuclear Spot Assay

Wildtype and mutant embryos and L1s with gwls39[baf-1p::GFP::lacl;;let-858
3'UTR; vit-5::GFP]; bnEx85 (68xlacO+myo-3::mcherry+genomic
C05C10.7+worm genomic DNA)and cals79[elt-2p::dTomato, pRF4 (rol-6+)]
arrays were collected and fixed with methanol and acetone and mounted using
Gelutol (Petrella et al., 2011). Each genotype was scored at 8E, 16E, comma,
and L1. High temperature samples were collected by upshifting L4 PO worms to
26°C before collecting F1 embryos or L1s. Embryos were collected by two
methods: large batch collection generally for later stage or mixed stage embryos
or small batch collection by dissection of gravid adults generally for early stage

embryos. In large batch collection, plates with gravid adults were washed from
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plates using ~1mL of 1X M9 media per plate, collected in a 15mL falcon tube and
centrifuged in a large swinging bucket centrifuge at 4.4x1000RPM for 4 minutes.
Excess liquid was removed, leaving a pellet of worms. A solution containing, 2mL
of bleach, 8mL of water, and 400ul of NaOH was added to the pellet. The tube
was shaken and/or vortexed for 4 minutes to break up the cuticles of adult
worms. The tube was again centrifuged at 4.4x1000RPM for 2 minutes. Excess
liquid was removed and the pellet, now containing only embryos, was washed
two times with 1XM9. Embryos were resuspended in ~200ul of 1X M9 and
pipetted onto polylysine coated slides. For dissection, gravid adults were picked
into 20ul bubbles of 1X M9 on hydrophobic polylysine covered slides. Adults
were dissected in half at the vulva site to release embryos from inside the worm.
L1 larvae were obtained by hatching embryos in the absence of food in M9
buffer. In all collection forms, a coverslip was placed over the sample, excess
liquid was wicked away, and the slides was immersed in liquid nitrogen for at
least 5 minutes. Slides were removed from liquid nitrogen, the coverslip was
removed, and the samples were fixed in methanol at 4°C for 10 minutes and
acetone at 4°C for 10 minutes. Slides were removed acetone, air dried, and
labeled. Slides were washed four times for 10 minutes each in 1X PBS at room
temperature and then DAPI at a 1:500 dilution was added to a coplin jar with
50mL of 1X PBS for an incubation of 10 minutes at room temperature. Slides
were washed 4 more times in 1X PBS at room temperature and were then
mounted in Gelutol mounting media. Images were acquired with Nikon A1R

laser scanning confocal controlled by NIS-Elements fitted on a Nikon software
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nverted Eclipse Ti-E microscope with a Nikon DS-Qi1Mc camera and Plan Apo
100X/1.2 numerical aperture oil objective. For chromatin compaction analysis,
each intestinal cell's GFP-labeled extra-chromosomal array was scored by eye
as either open if it looked diffuse or closed if it looked punctate as described in
Yuzyuk et al, 2009. Nuclear volumetric array compaction analysis was performed
using the isosurface function in Metamporph V7.8.8.0. Specifically the volume of
both the nucleus and GFP+ LacO arrays of each individual intestinal cell was
measured and used to determine the percentage of the nucleus that the array
represented. Statistical analysis was performed by 2-way ANOVA using Prism

Graph Pad.

Anterior-to-posterior Chromatin Compaction Analysis

Embryos scored for chromatin compaction analysis were also scored for the
number of cells with scored “open” extrachromosomal arrays (described above)
within an embryo and a percentage was determined. The intestinal cells at each
developmental stage were labeled anterior-to-posterior as in WormBook
(McGhee, 2007) so that chromatin compactions in each specific intestinal cell
could be compared between embryos. The exact intestinal cells along the A-P
axis with open arrays in each embryo were recorded and the percentages of
open intestinal cells were calculated. The percentage of each cell as open was
calculated to determine the location of open cells within the embryo intestine.

Statistical analysis was performed by 2-way ANOVA using Prism Graph Pad.
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DNA Fluorescence In Situ Hybridization

Fluorescent probes were made by PCR labeling as described in Meister et al.,
2013 using fluorescent 568-5-dUPT (Thermo Fisher C11399) and ULYSIS
Nucleic Acid Labeling Kits using Alexa Fluor 488 (molecular probes life
technologies U21650). Worm genomic DNA was used as the template to create
five ~500bp probes ~50kbp upstream and downstream of pha-4 and myo-3 as
controls and ekl-1, coh-3, and C05C10.7 experimental loci. High temperature
samples were collected by upshifting L4 PO worms to 26°C before collecting F1
embryos. Embryos were dissected in 1X M9 on slides and then frozen in liquid
nitrogen. After freeze-cracking, slides were fixed in methanol (on ice, 2 minutes)
followed by 4% formaldehyde (4°C, 10 minutes) and then washed two times in
1X PBS (room temperature, 2 minutes). Embryos were permeabilized in 0.5%
PBS-Triton X-100 (room temperature, 5 minutes), washed two times in 1XPBS
(room temperature, 2 minutes), rinsed in 0.01 N HCI, and incubated in 0.1 N HCI
(room temperature, 2 minutes). Slides were then washed once with 1X PBS
(room temperature, 3 minutes), once with 2X SSC (room temperature, 3 minutes)
and then treated with 50 ug/mL of RNase A (VWR 1247C393) in 2X SSC for 45
minutes at 37°C by overlaying the sample with 500ul of RNAse solution and
incubating in a humidified chamber. Slides were then washed once with 2X SSC
(room temperature, 2 minutes) and than incubated in 2X SSC/50% formamide for
2 hours at room temperature. The probe containing sample was diluted to a
concentration of 2-5 ng/ul in 100% deionized formamide and an equal volume of

hybridization buffer was added. 25 ul of the probe solution was added to the
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sample and overlayed with a glass chamber sealed with cement glue. The slides
were pre-hybridized overnight at 37°C in a humidified chamber. FISH probe and
sample were denatured at 76°C by placing the slides on a heat block and then
incubated for hybridization for 3 days at 37°C. Hybridization was followed by
three washes of 2X SSC (37°C, 5 minutes) and two times in 0.2X SSC (565°C, 5
minutes). Images were acquired with Nikon A1R laser scanning confocal
controlled by NIS-Elements fitted on a Nikon inverted Eclipse Ti-E microscope
with a Nikon DS-Qi1Mc camera and Plan Apo 100X/1.2 numerical aperture oil
objective. Images were analyzed using Metamorph isosurface function to
determine the 3-D distance between the two centroids as described in Yuzyuk et
al., 2009. Statistical analysis was performed by 2-way ANOVA using Prism

Graph Pad.

Developmental Embryo Shift HTA Assays

For downshifting experiments: PO L4 wildtype and mutant strains expressing
cals79[elt-2p::dTomato, pRF4 (rol-6+)] worms were upshifted to 26°C. The next
day, 2-cell embryos were dissected out of adults in 1X M9, plated on NGM, and
the plate was returned to 26°C. Developmental stages were determined based
on the number of intestinal cells in which elt-2p::dTomato expression was
detected. Embryos were downshifted to 20°C when the majority of embryos on
the plate were at 4E (~2 hours), 8E (~3 hours), 16E (~5 hours), comma (~7
hours), pretzel ~(9 hours), and L1 (~14 hours). The HTA phenotype was scored

two days after shifting as described in Petrella et al., 2011. Each downshift
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experiment was done 4-6 times with 10-20 embryos plated per replicate. For
upshifting experiments a similar protocol was used: 2-cell embryos were
dissected out of adults and maintained continually at 20°C. After dissection
embryos were plated and kept at 20°C until being upshifted to 26°C at 4E, 8E,
16E, comma, pretzel, and L1 stage. Plates were scored for HTA two days after

shifting.

PGL expression analysis

PO L4 wildtype and mutant strains expressing cals79[elt-2p::dTomato, pRF4 (rol-
6+)] and pgl-1(sam33[pgl-1::gfp.:3xFlag]) worms were upshifted to 26°C. The
next day, adults were dissected in 1X M9 and 2-cell embryos placed in 1X M9 on
polylysine coated slides in humid chambers and returned to 26°C. Embryos were
downshifted on slides to 20°C at 8E, 16E, and comma stage. Arrested L1 larva in
1XM9 were covered with a coverslip, excess liquid was wicked away, and the
slide was immersed in liquid nitrogen for at least 5 minutes. Slides were
removed from liquid nitrogen, the coverslip was removed, and the samples were
fixed in methanol at 4°C for 10 minutes and acetone at 4°C for 10 minutes.
Slides were removed acetone, air dried, and labeled. Slides were washed four
times for 10 minutes each in 1X PBS at room temperature and then DAPI at a
1:500 dilution was added to a coplin jar with 50mL of 1X PBS for an incubation of
10 minutes at room Temperature. Slides were washed 4 more times in 1X PBS
at room temperature and were then mounted in Gelutol mounting media. Images

were acquired with Nikon A1R laser scanning confocal controlled by NIS-
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Elements fitted on a Nikon inverted Eclipse Ti-E microscope with a Nikon DS-
Qi1Mc camera and Plan Apo 60X/1.2 numerical aperture oil objective. Mean
fluorescent intensity of PGL-1:GFP was determined using Imaged. After the
image was opened, “set measurements” was selected from the analyze menu.
Area integrated intensity and mean grey value were selected. “Measure” was
then selected from the analyze menu and a popup box with mean fluorescent
intensity was produced. Statistical analysis was performed by 2-way ANOVA

using Prism Graph Pad.

IMMUNOSTAINING

PGL-1 Staining

Immunostaining of L1 larvae was adapted from Strome and Wood 1983). L4
worms were placed at 26°C overnight and then moved into drops of M9 buffer as
gravid adults. L1 larvae were obtained from the hatching of embryos in the
absence of food in the M9 buffer. L1 animals were placed on a polylysine-coated
slide, a coverslip was placed over the sample, excess liquid was wicked away,
and the slide was immersed in liquid nitrogen for at least 5 minutes. Slides were
removed from liquid nitrogen, the coverslip was removed, and the samples were
fixed in methanol at 4°C for 10 minutes and acetone at 4°C for 10 minutes.
Slides were air dried, and blocked for 30 minutes at room temperature. Slides
were incubated with primary antibody for ~18 hours at 4°C, anti-PGL-1 primary at
1:30,000 (Kawasaki et al. 1998). Slides were washed two times in PBS for 10

minutes, blocked for 15 minutes at room temperature, and incubated with Alexa
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Fluor 488 (Invitrogen) secondary antibody at a 1:500 dilution for 2 hours at room
temperature. Slides were washed four times for 10 minutes each in PBS at room
temperature and were mounted in Gelutol mounting media. Images were
acquired with Nikon A1R laser scanning confocal controlled by NIS-Elements
fitted on a Nikon inverted Eclipse Ti-E microscope with a Nikon DS-Qi1Mc

camera and Plan Apo 60X/1.2 numerical aperture oil objective.

MET-2 Nuclear Localization anti-FLAG M2 staining

Immunostaining of embryos was adapted from Strome and Wood 1983. Embryos
were collected by picking gravid adults were into 20ul bubbles of 1X M9 on
hydrophobic polylysine covered slides and dissecting out embryos. Adults were
dissected in half at the vulva site to release embryos from inside the worm. 2-cell
embryos were moved via mouth pipet to a clean hydrophobic polylysine covered
slides, placed at 20°C, and allowed to develop until 4E (~3 hours), 8E (~4 hours),
16E (~6 hours). Samples were then overlaid with a coverslip, excess liquid was
wicked away, and the slide was immersed in liquid nitrogen for at least 5
minutes. Slides were removed from liquid nitrogen, the coverslip was removed,
and the samples were fixed in methanol at 4°C for 10 minutes and acetone at
4°C for 10 minutes. Slides were air dried and blocked for 30 minutes at room
temperature. Slides were incubated with primary antibody for ~18 hours at 4°C,
anti-FLAG M2 primary at a 1:100 dilution (Mutlu et al., 2018). Slides were
washed two times in PBS for 10 minutes, blocked for 15 minutes at room

temperature, and incubated with Alexa Fluor 488 (Invitrogen) secondary antibody
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at a 1:500 dilution and DAPI at a 1:500 dilution for 2 hours at room temperature.
Slides were washed four times for 10 minutes each in PBS at room temperature
and were mounted in Gelutol mounting media. Images were acquired with Nikon
A1R laser scanning confocal controlled by NIS-Elements fitted on a Nikon
inverted Eclipse Ti-E microscope with a Nikon DS-Qi1Mc camera and Plan Apo

100X/1.2 numerical aperture oil objective.

smFISH

smFISH staining of embryos was adapted from Ji and van Oudenaarden (Ji and
van Oudenaarden, 2012). Stellaris FISH probes (Biosearch Technologies) were
created for pgl-1 and elt-2 with Quasar 570 and Quasar 670. L1 worms were
collected by upshifting PO L4 wildtype and mutant worms to 26°C. The next day,
adults were dissected in 1X M9 and 2-cell embryos placed in 1X M9 on
hydrophobic slides in humid chambers and returned to 26°C. Embryos were
downshifted on slides to 20°C at 8E, ~4 hours , 16E, ~6 hours, and comma
stage, ~8 hours,. Arrested L1 larva were mouth pipetted and moved into 1mL of
fixation solution (5mL formaldehyde, 5mL 10X PBS, and ddiH20 up to 50mL) on
a clean hydrophobic slide and incubated for 30 minutes. Excess fixation solution
was removed via mouth pipet and worms were washed 2X with 1mL of 1X PBS.
Worms were resuspended in 1mL of 70% EtOH at 4°C for ~24 hours. 70% EtOH
was removed and worms with resuspended in 1mL of wash buffer (5mL 20X
SSC, 5mL formamide, ddiH20 to 50mL) and incubated for 10 minutes. Excess

wash was removed and 100ul of hybridization buffer (1g dextran sulfate, 1mL
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20X SSC, 1mL formamide, ddiH20 to 10mL) + probe was added to the sample
and incubated at 37°C for 4 hours. Probe solution was removed and worms were
washed with 2X SSC and incubated at 30°C for 30 minutes. Wash buffer was
removed and worms were resuspended in 1mL of wash and 1.5 ul of DAPI and
incubated at 30°C for 30 minutes. DAPI solution was removed, worms were
resuspended washed once with 2X SSC and then 15-40ul of 2X SSC was added
to the slide. The sample was overlayed with a coverslip and imaged with a Nikon
A1R laser scanning confocal controlled by NIS-Elements fitted on a Nikon
inverted Eclipse Ti-E microscope with a Nikon DS-Qi1Mc camera and Plan Apo

60X/1.2 numerical aperture oil objective.

Motif analysis

To predict motifs enriched in LIN-15B associated promoters, 169 genes with
peaks called for LIN-15B, LIN-35, LIN-54 and H3K9me2 promoter enrichment
were identified (Rechtsteiner et al., 2019). The 500 bp window of upstream flank
of each of the 169 genes was acquired using ParaSite BioMart and analyzed
using the MEME Suite 5.0.4. MEME-ChIP motif analysis of large nucleotide
datasets was used and we searched for motifs with a minimum width of 7bp and
a maximum width of 30bp. We confirmed the motifs lie within the ChIP peaks by

individually searching five synMuv B regulated genes.
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HTA larval arrest assays

L4 larvae were placed at 26°C or 24°C for ~18 hours and then moved to new
plates and allowed to lay embryos for 8 hours. Progeny were scored for larval
arrest as described in Petrella et al., 2011 approximately 48 hours later and then
again at approximately 72 hours. Worms that arrested before the L4 stage were
scored as arrested and worms that were able to grow past the L4 stage were
scored as not arrested.

RNAI

RNAI was carried out by feeding using clones from the Ahringer library. Feeding
experiments were carried out on NGM plates containing 0.2% lactose and
ampicillin. PO L4 animals were exposed to RNAI at 26°C for HTA experiments

before they were moved to fresh RNAI plates to lay embryos for 8 hours.
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Strain Name Genotype Source

BA1083 jmjd-1.1(hc184) Il CGC

DUPO0075 pgl-1(sam33[pgl-1::gfp::3xFlag]) Dustin Updike

GW638 met-2(n4256) set-25(n5032) 111 Susan Strome

JM163 cals79[elt-2p::dTomato, pRF4 (rol-6+)] Jim McGhee

LNP0024 lin-35(n745); bnEx80(68XlacO +myo- This Study
3::mCherry+ worm genomic DNA); gwls39[baf-
1p::GFP::lacl::1et-858 3\'UTR,; vit-5::GFP]

LNP0026 lin-54(n2231); bnEx80(68XlacO +myo- This Study
3::mCherry+ worm genomic DNA); gwls39[baf-
1p::GFP::lacl::1et-858 3\'UTR,; vit-5::GFP]

LNPO0027 met-2(n4256); bnEx80(68XlacO +myo- This Study
3::mCherry+ worm genomic DNA); gwls39[baf-
1p::GFP::lacl::1et-858 3\'UTR,; vit-5::GFP]

LNP0034 met-2(n4256) Ill; lin-15B(n744) X This Study

LNP0035 set-25(n5032) IlI; lin-16B(n744) X This Study

LNPO038 cals79(elt-2p::dTomato;pRF4); pgl-1(sam33[pgl-  This Study
1::9fp::3xFlag])

LNP0039 met-2(n4256) set-25(n5032) Ill; lin-16B(n744) X  This Study

LNP0040 lin-15B(n744) bnEx80(68XlacO +myo- This Study
3::mCherry+ worm genomic DNA); gwls39[baf-
1p::GFP::lacl::let-858 3\'UTR,; vit-5::GFP];
(cals79(elt-2p::dTomato;pRF4))

LNPO0041 lin-15B(n744) cals79(elt-2p::dTomato;pRF4); pgl- This Study
1(sam33[pgl-1::gfp::3xFlag])

LNP0048 in-35(n745) I; lin-15B(n744) X

LNP0049 lin-54(n2231) cals79(elt-2p::dTomato;pRF4); pgl- This Study
1(sam33[pgl-1::gfp::3xFlag])

LNPO050 bnEx80(68xlacO+myo-3::mCherry+worm This Study
genomic DNA); gwls39[baf-1p::GFP::lacl::let-
8583\'UTR;vit-5::GFP];cals79(elt-
2p::dTomato;pRF4))

LNPO073 lin-54(n2231) IV; lin-16B(n744) X This Study

LNPO074 1in-37(n758) Ill; lin-15B(n744) X This Study

LNP0092 Jjmjd-1.1(hc184) Il; lin-15B(n744) X This Study

MT13293 met-2(n4256) Il Susan Strome

MT7463 set-25(n5032) 111 Susan Strome

MT10430 in-35(n745) | Susan Strome

MT5470 lin-37(n758) Il Susan Strome

MT2495 lin-15B(n744) X Susan Strome

MT8841 lin-54(n2231) IV Susan Strome

SS1110 hpl-2(tm1489) Susan Strome
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CHAPTER 3: SYNMUV B PROTEINS REGULATE CHROMATIN COMPACTION

Background

Generating proper chromatin organization during development is required
for fate specification. As cells go from a totipotent one-cell zygote to a
multicellular differentiated organism, chromatin transitions from being highly
dynamic and non-ordered to more static, with clear euchromatic and
heterochromatic domains within the nucleus (Mutlu et al., 2018; Politz et al.,
2013; Yuzyuk et al., 2009). These changes in chromatin occur during a
concurrent developmental transition from no/very low zygotic gene expression to
zygotic, fate-specific gene expression (Levin et al., 2012; Robertson and Lin,
2015; Spencer et al., 2011). Chromatin compaction and accessibility are thought
to have a large influence on the level of gene expression by regulating the ability
of transcription factors and polymerase to have access to genes (Elgin and
Reuter, 2013; Simon and Kingston, 2013)

In early development, when chromatin is very dynamic and unorganized,
somatic blastomers are developmentally plastic. It is not until the onset of
gastrulation (2E stage), that cells lose plasticity and gain tissue specific
characteristics. Three cell divisions later, between 8E and 16E (100-200 cell
embryo), cells are more restricted in their fate potential and usually give rise to
cells of a single tissue type (Sulston et al., 1983). Loss of plasticity at the 8E-16E
stage is further supported by many studies that ubiquitously expressed
transcription factors in the embryo using a Cell Fate Challenge Assay (Fukushige
and Krause, 2005; Gilleard and McGhee, 2001). In these studies, a somatic

blastomere fated for one cell type, can give rise to another, if transcription factors
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are ectopically and ubiquitously expressed. This response is lost, and cells fail to
adopt alternative states at the 8E-16E stage. Additionally, physically changing
the location of a somatic blastomere within the embryo can also change its cell
fate until the 8E-16E stage (Priess and Thomson, 1987; Wood, 1991). Changes
in cell fate due to location changes within the embryo is thought to occur by
intercellular signaling, including Notch and Wnt pathways which play important
roles in early development (Priess, 2005). Combined, these observations
suggest that C. elegans embryonic blastomeres are developmentally potent and
plastic until the onset of gastrulation, specifically at the 8E-16E stage when tissue
specific zygotic expression is upregulated.

Early development, until the onset of gastrulation, takes place in the
absence of zygotic transcription. Maternally loaded proteins and mRNAs are
sufficient to direct development prior to gastrulation. Specifically, in the intestinal
lineage, zygotic gene expression is rapidly increased between the 8E-16E stage
(McGhee et al., 2007). At this time, an intestinal master regulator, ELT-2, first
expressed at the 2E stage, up-regulates a set of intestine specific genes. These
genes are highly expressed from the zygotic genome and are expressed
exclusively or preferentially in the embryonic intestine or the intestine of L1s
(McGhee et al., 2007). It is thought that tissue specific mechanisms for gene
repression must be in place before zygotic gene expression is upregulated,
including chromatin-regulated gene repression (Levin et al., 2012; Robertson et

al., 2015; Spencer et al., 2011)
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In early development, chromatin is highly dynamic. As development
proceeds, chromatin is compacted and organized as cell lineages are defined.
Repressive chromatin domains are formed during early embryogenesis
(Gonzalez-Sandoval, et al., 2015; Mutlu et al, 2018; Politz et al., 2013; Yuzyuk et
al., 2009). Establishment of proper chromatin compaction throughout
development involves many different mechanisms and protein players. MET-2
directed establishment of H3K9 methylation is necessary for timely chromatin
compaction during development (Mutlu et al, 2018). Establishment of H3K9me2
concurs with nuclear accumulation of MET-2 from the cytoplasm. Shortly after
nuclear accumulation of MET-2, heterochromatin formation can be visualized by
transmission electron microscopy (Mutlu et al., 2018). Loss of MET-2 results in
delays in heterochromatin formation into later developmental stages (Mutlu et al.,
2018). Chromatin condensation by MET-2 and H3K9 methylation occurs early in
development at the onset of gastrulation (21-100 cell embryo) just as zygotic
fate-specific gene expression begins (Mutlu et al., 2018). Chromatin compaction
by other heterochromatin promoter complexes, such as Polycomb Repressive
Complex-2 (PRC2), is occurring simultaneously in developmental time (Yuzyuk
et al., 2009). Together, many tissue specific mechanisms establish repressive
chromatin during crucial developmental windows for proper fate specification,
many of which have players and regulators yet to be elucidated.

synMuv B proteins are a group of conserved transcriptional repressors
important in the tissue specific repression of a large set of genes. Loss of a

subset of synMuv B proteins, including members of the DREAM complex, LIN-
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15B, and MET-2, results in the ectopic expression of germline genes in the
somatic intestine (Andersen and Horvitz, 2007; Petrella et al., 2011; Wang et al.,
2005; Wu et al., 2012). Ectopic germline gene expression in the intestine leads to
High Temperature L1 larval Arrest (HTA) in DREAM complex and /in-15B
mutants (Petrella et al., 2011). The DREAM complex and LIN-15B bind to the
promoter region of target genes throughout the genome where they are thought
to repress their expression. The highly conserved DREAM complex has eight
known subunits including LIN-35 and LIN-54 (Fay and Yochem, 2007; Harrison
et al., 2006). LIN-35, the single worm homolog of the mammalian pocket protein
retinoblastoma, mediates the interaction of the subcomplex portions of the
DREAM complex and in it its absence the DREAM complex has highly reduced
binding and repression capabilities (Goetsch et al., 2017). LIN-54 acts as one of
the DNA binding subunits of the DREAM complex and in its absence the DREAM
complex is lost from 80-90% of target loci (Tabuchi et al., 2011). LIN-15B has not
been shown to be part of the DREAM complex, but demonstrates the same
phenotypes as seen in DREAM complex mutants, including ectopic germline
gene expression and HTA (Petrella et al., 2011). MET-2 catalyzes mono- and di-
methylation of histone H3 lysine 9 (H3K9me1 and H3K9me2), a histone
modification associated with repressive chromatin (Andersen and Horvitz, 2007;
Towbin et al., 2012). met-2 mutants lose ~80% of H3K9me2 (Andersen and
Horvitz, 2007; Towbin et al., 2012). Although loss of the DREAM complex, LIN-

15B, and H3K9me2 catalyzed by MET-2 all lead to ectopic expression of
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germline genes, the role and order of each of these proteins during development
remains unknown.

Interestingly, H3K9me?2 is found at the promoter of synMuv B regulated
germline genes. The majority of methylated H3K9 is enriched across entire gene
bodies of repressed genes in C. elegans and in other organisms including
mammals. In C. elegans, promoter enrichment of H3K9me2 is found at germline
genes along the entire length of autosomes (Rechtsteiner et al., 2019). This
suggests promoter enriched H3K9me2 could be a potential tissue specific
mechanism for gene repression in euchromatic regions of the genome. Further
mining into the mammalian genome revealed that promoter H3K9me2
enrichment is conserved at germline gene promoters and is necessary for
developmental gene repression (Dixon et al., 2012; Ebata et al., 2017)).
Interestingly, H3K9me2 promoter enrichment is lost at synMuv B regulated
germline genes in lin-15B mutants, but not in DREAM complex mutants.
Canonical gene body enriched H3K9me2 is not affected by loss of LIN-15B. Loss
of promoter enriched H3K9me2 in lin-15B mutants is not temperature sensitive
(Rechtsteiner et al., 2018). Depletion of promoter H3K9me2 occurs at both 20°C
and 26°C, suggesting the mechanism that underlies the temperature sensitive
phenotypes displayed by synMuv B mutants remains unidentified.

The phenotypes demonstrated by synMuv B mutants are temperature
sensitive. Larval arrest only happens at high temperature and ectopic germline
gene expression is more extensive at high temperatures. Chromatin has been

shown to be affected by changes in temperature in other organisms. For
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example, early studies in Drosophila revealed that high temperature causes
incomplete polytene heterochromatin formation (Hartmann-Goldstein, 1967).
Additionally, work in plants has shown that flowering time is linked to changes in
chromatin that occur in response to increased temperature (Zografos and Sung,
2012). Therefore, the temperature sensitivity of synMuv B mutants may be
associated with temperature sensitivity of chromatin. We hypothesized that
synMuv B proteins regulate gene expression at the chromatin level throughout
development and are particularly necessary for the proper chromatin regulation
and buffering of gene expression during temperature stress.

This chapter uncovers how the loss of synMuv B proteins affects
chromatin compaction and accessibility during development and during times of
temperature stress. The temperature sensitivity of chromatin in C. elegans, and
its regulating proteins, has never been examined in a developmental context
before this study. The timing of chromatin compaction during embryogenesis is
delayed at high temperatures, even in wild-type embryos. Furthermore, synMuv
B mutants have an increased amount of open chromatin, both in general
chromatin assays and at specific germline gene loci, especially at high
temperature. We find the delay in chromatin compaction in synMuv B mutants
occurs in an anterior posterior pattern. This data supports a mechanism that
synMuv B proteins are necessary to regulate the proper spatial and temporal

formation of repressive chromatin throughout development.
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Results
synMuv B proteins regulate developmental chromatin compaction

To determine if chromatin compaction is compromised in synMuv B
mutants, we utilized the Nuclear Spot Assay to visualize chromatin compaction
during development (Yuzyuk et al., 2009). The Nuclear Spot Assay uses an
extrachromosomal array containing numerous /acO sites that are bound by a
ubiquitously expressed GFP-Lacl protein. This assay has been previously
utilized in C. elegans to visualize chromatin compaction throughout development
as differentiation is achieved (Gonzalez-Sandoval et al, 2015; Yuzyuk et al,
2009). We predicted that if synMuv B proteins are important for establishing
chromatin compaction during development, we would see more open chromatin
in mutants at a later stage of development as compared to wild-type worms.

We visualized chromatin compaction in intestinal cells in wild-type, /in-
18B, lin-35, lin-54, and met-2 mutants at three embryonic stages and in L1 larvae
at 20°C and 26°C. These specific embryonic stages were chosen based on the
state of zygotic gene expression and ease of staging: 1) 8E embryos with eight
intestinal cells (~100 cell embryo), representing an early embryonic stage where
the zygotic gene expression program has yet to be fully activated, 2) 16E
embryos with sixteen intestinal cells (~200 cell embryo), representing an early-to-
mid embryonic stage when zygotic gene expression is starting to be upregulated,
and 3) comma stage embryos with twenty intestinal cells, representing a mid-to-
late embryonic stage when zygotic gene expression is fully underway (Fig 3.1A).

We scored intestinal cells as having either open or closed arrays to determine
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differences between synMuv B mutants and temperatures (Fig. 3.1B) (Yuzyuk et
al., 2009). In wild-type embryos we observed that at 20°C by the 8E stage,
chromatin was already in a primarily compact state in intestinal cells and stayed
compacted throughout the rest of development (Fig. 3.1B). However, in wild-type
embryos at 26°C at the 8E and 16E stages, we saw that there were significantly
more intestinal nuclei that displayed open arrays, but that by comma stage and
later the arrays were closed (Fig. 3.1B). This suggests that temperature causes
a delay in developmental chromatin compaction even in a wild-type state.

In all four synMuv B mutants at 20°C at the 8E stage, we saw that there
were significantly more intestinal nuclei with open arrays compared to wild-type
embryos at 20°C (Fig. 3.1B). However, for all synMuv B mutants at 20°C by the
16E stage, there were very few intestinal cells with open arrays, and only in /in-
35 mutants was the number of cells with open arrays significantly higher than
wild-type at 20°C (Fig. 3.1B). In mutants at 20°C a small number of intestinal
cells did have open arrays into comma stage but it is not significantly more than
was seen in wild-type (Fig. 3.1B). At 26°C, mutants show a more drastic delay in
chromatin compaction displaying open arrays through all stages. In all four
synMuv B mutants at 26°C at all stages we saw that there were significantly
more intestinal nuclei with open arrays compared to wild-type embryos, with the
exception of lin-54 and met-2 mutants at the L1 stage (Fig. 3.1B). Furthermore,
we saw that within an individual mutant background at 26°C compared to 20°C,
there were significantly more intestinal nuclei with open arrays at each stage of

development, with the exception of met-2 mutants at the L1 stage (Fig. 3.1B).
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Figure 3.1: Loss of synMuv B proteins causes a delay in chromatin
compaction in the intestinal lineage during development (A) A cartoon
representing the number of intestinal cells and the approximate number of total
cells in the stages scored throughout this study. (B) Large extrachromosomal
arrays containing numerous /acO sites represents a pseudo chromosome that
when bound by Lacl::GFP is used to visualize chromatin morphology. Intestinal
nuclei were scored as open or closed based on array morphology (Yuzyuk et
al., 2009). L4 hermaphrodites were placed at 20°C or 26°C and mixed stage F1
embryos were collected and percentage of intestinal nuclei with open arrays at
the 8E, 16E, comma, and L1 stage at 20°C and 26°C were scored. 2-way
ANOVA was used to determine significance: Asterisks represent significant
difference between the wild-type population at that stage and temperature
(p<0.01). Error bars indicate standard error of the proportion. n>100 cells (C) 3-
D volumetric chromatin compaction analysis was performed using the
isosurface function in Metamorph. The volume of the nucleus and the array
were measured and used to calculate the percentage of the nucleus that the
array encompassed. The percentage of the nucleus contained by the array was
plotted at 8E, 16E, and comma at 20°C and 26°C. Each dot represents a single
intestinal cell and the line represents the median. Asterisk represents a
significant difference between 20°C and 26°C (2-way Anova p<0.01).
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Therefore, synMuv B mutant intestinal cells showed a developmental delay in
compaction at 26°C compared to 20°C, similar to wild-type intestinal cells.
Additionally, mutants showed a higher percentage of cells with open arrays at
each stage; and therefore, in synMuv B mutants at high temperature, compaction
is delayed into developmental stages where zygotic gene expression has started.

To confirm our scoring method, we performed 3-D volumetric analysis of
the intestinal nucleus measuring the volume of an array compared to the volume
of the nucleus. Open arrays take up more volumetric space; and therefore, have
a larger array to nucleus volumetric percentage. 3-D volumetric data showed
similar trends to those described above; cells had a larger nuclear percentage of
arrays in mutants vs. wild-type, and at 26°C vs. 20°C (Fig. 3.1C). In contrast to
the open/closed scoring in wild-type at 26°C compared to 20°C, even at stages
where we scored most or all of the arrays as closed, we saw a small but
significant increase in the nuclear percentage of the array (Fig. 3.1C). This
indicated that there is some variation in the nuclear volume that arrays take up
even when they appear compacted. In mutants, there was a striking increase in
not only the nuclear percentage that the arrays took up when compared to wild-
type, but also an increase in the variance of the array volume within the same
genotype, especially at 26°C. In general, as development proceeded, the
volume of the extrachromosomal array within the nucleus and the variance of
array volume within a genotype decreased (Fig. 3.1C). Overall, the 3-D

volumetric analysis supports our open/closed analysis as we see a temperature
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sensitive chromatin compaction phenotype throughout development,

predominantly in synMuv B mutants.

Individual embryos contain both nuclei with open chromatin and closed
chromatin

While scoring array compaction we observed that population wide, the number of
intestinal cells with open arrays decreases gradually through development in
mutants. For example, in pooled /in-15B mutant intestinal cells at 26°C at the
16E stage about 50% of the cells contain open arrays (Fig. 3.1B). We wanted to
determine if, at a particular stage of development, the partial compaction seen in
the population of intestinal cells was due primarily to variance in compaction of
individual intestinal cells within an embryo (Fig. 3.2A: Model 1) or variance in
compaction of intestinal cells between different embryos (Fig. 3.2B: Model 2). If
model 1 is supported, we would expect to see a population of embryos with a
mosaic of open and closed cells within each embryo. If model 2 is supported, we
would expect to see a population of embryos with a binary distribution of
embryos containing all intestinal cells open or all intestinal cells closed. We
found that in a population of embryos, each embryo contained a mix of intestinal
cells with both open and closed arrays that was close to the population mean

(Fig. 3.2C). For example, in lin-15B mutants at 26°C at 8E, when about 90% of

intestinal cells were scored as open (Fig 3.1B), embryos have a range of 6/8 to
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Figure 3.2: The number of intestinal cells with open chromatin varies
within a single embryo. Models that explain (A) a variance in compaction of
intestinal cells within an embryo or (B) a variance in compaction of intestinal
cells between different embryos. (C) The percentage of intestinal cells with
an array in an open configuration per embryo was determined for 8E, 16E
and comma stage embryos at 20°C and 26°C. Each dot represents an
embryo and the line represents the mean percentage of open cells per
embryo.
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8/8 cells with open arrays. While at 16E, when about 50% of intestinal cells were
scored as open (Fig 3.1B), lin-15B mutant embryos have between 6/16 and
10/16 cells with open arrays. By comma stage, /in-15B mutants show decreased
numbers of open cells with a range of 2/20 and 6/20 cells scored with open
arrays (Fig 3.2C). We did not find any genotype or temperature with a bimodal
distribution where the embryos within a population fell into a mix of 100% closed
and 100% open arrays. These data support model 1. As development proceeds
and chromatin compaction is achieved, the number of open cells within an
embryo decreases. The pattern of compaction within an embryo is similar
between mutant genotypes at the same stage and temperature (Fig 3.2C).
Mutants do display differences in mean number of open cells, but all embryos
have nuclei with both open and closed arrays. This suggests that chromatin
compaction throughout development is regulated on a cell-by-cell basis and

synMuv B proteins are necessary in establishing closed chromatin.

synMuv B proteins regulate chromatin compaction spatially in an anterior-
to-posterior direction

While scoring the number of open cells within an embryo, we observed an
anterior-to-posterior pattern of chromatin compaction. The intestinal cell lineage
descends from a single cell, E. The first cell division is an anterior-posterior
division in which E becomes 2E. These two intestinal cells divide in a left-right

division (2E to 4E) to establish the bilateral symmetry of the intestine. The

resulting cells are designated as sister cells with a set consisting of a left and
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Figure 3.3: In synMuv B mutants anterior intestinal cells are more
delayed in compaction than posterior intestinal cells. The position
of open cells within a single embryo was monitored throughout
development at (A) 8E, (B) 16E, and (C) 20E at both 20°C and 26°C.
The anterior-to-posterior location of a cell was noted and that cell was
recorded as either open or closed. The percent open of each pair of
sister cells was plotted to in an anterior-to-posterior directionality.
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right pair. The third division when 4E gives rise to 8E is an anterior-posterior
division although the cells are slightly displaced in the dorsal-ventral plane (Fig
3.3A, sister cells labeled as a’, ¢/, €', ). The 41" division is also an anterior-
posterior division that gives rise to 16E with some cells more dorsal than others
(Fig 3B, sister cells labeled as a, b, c, d, e, f, g, h). The sixteen cells
subsequently polarize and change shape before there is a final round of cell
division in which only the most anterior pair of sister cells (a) divide in a dorsal-
ventral direction, and the most posterior pair of sister cells (h) divide in an
anterior-posterior direction leading to the final arrangement of cells within the
nucleus (Fig 3.3C, sister cells labeled a, a”, b, c, d, e, f, g, h, h”). We found that
there was a clear pattern in the anterior-posterior location of cells with open
arrays in an embryo. At 8E when mutants have varying numbers of cells open at
20°C and 26°C, we found that the anterior pair of sister cells maintained open
arrays more often in all four genotypes, while the most posterior cells most often
had closed arrays (Fig 3.3). For example, at 20°C, when lin-15B mutants have a
range of 2/8 to 8/8 cells open, the a’ sister cells were open 100% of the time. The
following pair of sister cells, f', had the next highest percentage of open cells
(90%). The more posterior sister cells, ¢’, have a decreasing number of open
cells (60%), and the two most posterior sister cells, h’, have the lowest
percentage of open cells (30%) (Fig. 3.3A). This pattern of open arrays being
more often in the anterior and less often in the posterior was observed in all four
mutants, at 8E, 16E, and comma stages, at both 20°C and 26°C (Fig 3.3).

Overall if an embryo had any intestinal cells with an open array, they were
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always the cells found at the anterior section of the intestine (Fig 3.3). This
suggests that as development proceeds and chromatin compaction is achieved,
cells close in a posterior to anterior direction. This pattern seems to be
independent of proliferative state, as there is a final cell division at both anterior

and posterior positions to give rise to 20E (Figure 3.3C a and a”, h and h”)

synMuv B proteins regulate compaction of endogenous germline gene loci
To determine if chromatin compaction is also altered at endogenous loci in
synMuv B mutants, we performed fluorescent in-situ hybridization (FISH). Pairs
of red and green probes ~100kb apart were created to flank endogenous loci to
determine the chromosomal level of compaction at those loci (Yuzyuk et al.,
2009). All loci assessed were located in central regions of autosomes that are
generally euchromatic to control for autosomal location. For controls we used
probes that flank the pha-4 gene that should be open and expressed in the
intestine, and probes that flank the myo-3 gene that should be closed and not
expressed in the intestine (Ardizzi and Epstein, 1987; Horner et al., 1998). We
investigated three synMuv B regulated loci ekl-1, coh-3, and C05C10.7. All three
synMuv B target genes are germline genes that are ectopically upregulated in
synMuv B mutants, and whose expression is downregulated upon rescue of high
temperature larval arrest (Petrella et al., 2011). Intestinal cells were imaged in 3-
D stacks at the 8E, 16E, and comma stage, and we calculated the level of
chromatin compaction of the loci based on the 3-D distance between the centroid

of each probe (Yuzyuk et al., 2009).



57

myo-3 FISH pha-4 FISH ekl-1 FISH coh-3 FISH C05C10.7 FISH
A 0.2 0.25
t -~ wild-type 20°C
02 o20d »- [in-158 20°C
e ' - [in-35 20°C
015 0.154 td - lin-54 20°C
- + met-2 20°C
0.1 l\j.""a 0.104
rarayalr arey: raray rav ey T
& o & & &
myo-3 FISH pha-4 FISH ok/-1 FISH coh-3 FISH C05C10.7 FISH
B .
; . 0.254
0.25 02| 5 02 k 0.251 2 ~ l\ 3 - wild-type 26°C
- X — . . " o
0. 0. . | 0 3 0.20 H 0.201 Syag v in15826°C
t ] * in-35 26°C
0.1 i\ 0.1 0.1 \ 0.15 . 0.154 X - [in-5426°C
. + met-2 26°C
0.1 '<s 0.1 0.1 0.10 \\- 0.101 .\\-
T T T T —r—rr
¢ & & ¢ & & & & & & & & ¢ & &
A & B\ BN e &
& & & & &

Figure 3.4 Fluorescent in-situ hybridization of synMuv B
regulated loci reveals more open chromatin in synMuv B
mutants. 8E, 16E, and comma stage wild-type, lin-15B, lin-35, lin-
54, and met-2 embryos at (A) 20°C and (B) 26°C were labeled with
568-5-dUTP (red) and Alexa Fluor 488 (green) probes 50kb
upstream and 50kb downstream of myo-3, pha-4, ekl-1, coh-3 and
C05C10.7. Plots represent the distribution of 3-D-distances
between centroids (um?). See also Figure 3.5
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To understand how compaction of endogenous loci changes with respect
to expression status in the intestine and temperature, we looked across
developmental time and at different temperatures in mutants and wild-type. We
found that, as predicted, the non-expressed myo-3 control locus was more
compact than the expressed pha-4 control locus in all genotypes at both
temperatures in all embryonic stages (Fig. 3.4A and B, Fig. 3.5). The myo-3
locus demonstrated compaction reminiscent of compaction of extra-chromosomal
arrays, which are also not expressed (Fig. 3.4A and B, Fig. 3.5). In wild-type at
20°C myo-3 is completely compacted by the 8E stage (Fig. 3.4A and B, Fig. 3.5).
However, in wild-type at 26°C, there was a significant difference in the level of
compaction of the myo-3 locus between the 8E and 16E stages, representing a
delay in compaction timing compared to 20°C (Fig. 3.4A and B, Fig. 3.5A).
synMuv B mutants resembled wild-type embryos at the myo-3 locus at all stages
and temperatures. Together, although there may be slight delays in chromatin
compaction of a non-expressed locus at elevated temperatures, cellular
mechanisms can overcome these delays by late embryogenesis.

We next analyzed the three synMuv B target genes (ekl/-1, coh-3,
C05C10.7), which have higher expression in mutants than wild-type and higher
expression at 26°C within mutants. In wild-type, all three of these loci showed
similar patterns to the myo-3 locus with all three loci reaching maximal
compaction between the 8E or 16E stage at both temperatures (Fig. 3.4A and B,
Fig. 3.5A). Thus, in wild-type at both 20°C and 26°C the synMuv B target loci

showed a pattern of compaction like a non-expressed locus. However, in
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Figure 3.5: Fluorescent in-situ hybridization of synMuv B regulated loci
reveals more open chromatin in synMuv B mutants at higher temperatures.
Wild-type (A), lin-15B (B), 1in-35 (D), lin-54 (D), and met-2 (E) embryos at 20°C
and 26°C at 8E, 16E and comma stage were labeled with 568-5-dUTP (red) and
Alexa Fluor 488 (green) probes 50kb upstream and 50kb downstream of myo-3,
pha-4, ekl-1, coh-3 and C05C10.7. Each dot represents the 3-D-distances
between centroids (um?) of one intestinal cell.
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synMuv B mutants the three target genes showed two different patterns of
developmental compaction depending on the temperature being assayed. In
synMuv B mutants at 20°C at the 8E stage the ek/-1, coh-3, and C05C10.7 loci
were all less compacted than the same locus in wild-type (Fig. 3.4A). However,
in synMuv B mutants at 20°C by comma stage all three loci were equally
compacted compared to the same locus in wild-type (Fig. 3.4A). Thus, at 20°C
the three synMuv B regulated loci showed a delay in compaction but by late
embryogenesis they were as compact as in wild-type. In synMuv B mutants at
26°C the three synMuv B target loci were more open than the same locus in wild-
type at all developmental stages (Fig. 3.4B). In lin-35, lin-54, and met-2 mutants,
both the coh-3 and C05C10.7 were as open as the pha-4 locus in the same
genotype (Fig. 3.4B, Fig 3.5C, D, E). Thus, synMuv B target loci demonstrate a
level of chromatin compaction similar to highly expressed genes late into
development, but only at 26°C. The open chromatin around synMuv B targets
into later developmental time periods at high temperature may leave these genes
vulnerable to the ectopic mis-expression that underlies the synMuv B mutant
HTA phenotoype. This suggests that synMuv B proteins establish a closed

chromatin environment at genes they regulate in order to repress their fate.

Discussion
Chromatin compaction during development is necessary to achieve proper
gene expression and differentiation. Previous studies have identified that H3K9

methylation is essential for chromatin compaction and organization (Ahringer and
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Gasser, 2017; Towbin et al., 2012). Although methylation of H3K9 is necessary,
the pathways and proteins needed to establish tissue specific chromatin
compaction patterns remain unclear. In this study we show that synMuv B
proteins are necessary for timely chromatin compaction during development.
Loss of any of these proteins: the DREAM complex DNA binding protein LIN-54,
the pocket protein that helps maintain the DREAM complex LIN-35, LIN-15B, or
the H3K9me1/2 methyltransferase, MET-2, causes impaired chromatin
compaction and ectopic germline gene expression in early development. This
suggests that binding of LIN-15B, the DREAM complex, and methylation of H3K9
are each necessary for proper gene repression at germline gene loci in somatic
tissue. Loss of any one of these proteins causes ectopic expression of germline
genes and improper organismal development during temperature stress.
Chromatin is found in a generally unorganized and open state early in
development (Politz et al., 2013; Yuzyuk et al., 2009). As development proceeds
and differentiation occurs, chromatin becomes compacted and organized in a
tissue specific manner (Mutlu et al., 2018; Politz et al., 2013; Yuzyuk et al.,
2009). Organization of chromatin within the nucleus precedes upregulation of
zygotic gene expression and is important for correct cell fate decisions (Gaertner
et al., 2012; Politz et al., 2013; Yuzyuk et al., 2009). Poised Pol Il accumulates at
promoters in a stage specific, but not tissue specific manner (Gaertner et al.,
2012). This means that when gene expression is upregulated at the maternal-to-
zygotic switch, it occurs in a tissue-independent manner (Gaertner et al., 2012).

Establishment of tissue specific repression, including establishment of repressive
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chromatin, must occur before global gene expression is upregulated in order to
achieve proper cell fate (Gaertner et al., 2012; Poliltz et al., 2013; Yuzyuk et al.,
2009). We hypothesize that repression by synMuv B may be a tissue specific
mechanism to establish repressive chromatin environments before the maternal-
to-zygotic switch. Loss of these proteins causes global changes in chromatin
compaction into the developmental time of the maternal-to-zygotic switch,
especially at high temperature, leaving their target loci vulnerable to expression
when zygotic gene expression is upregulated.

Other studies have also shown that mutants in chromatin regulators,
including met-2 mutants and Polycomb Repressive Complex (PRC-2) mutants
that catalyze H3K27 methylation, have delays in developmental chromatin
compaction (Mutlu et al., 2018, Yuzyuk et al., 2009). Like these studies, we
observe compaction of chromatin at later stages in synMuv B mutants. This
suggests that there are other, possibly redundant, direct or indirect mechanisms
that can compensate for loss of these proteins and ensure that chromatin is
compacted. Compensation by these mechanisms “buffers” the system enough to
ensure proper development at normal conditions. For example, embryos lacking
all H3K9 methylation compact their chromatin later in development but develop
normally at 20°C (Mutlu et al., 2018, Towbin et al., 2011). Visible phenotypes in
these mutants are absent until the organism is stressed. Prior to this study,
chromatin compaction at high temperature had not been observed in C. elegans.
Here, we show that temperature stress prolongs chromatin compaction into later

developmental stages. It is possible that chromatin compaction is temperature
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sensitive and the organism is not able to compensate for chromatin compaction
in a timely manner. Delayed chromatin compaction into developmental time
important for cell fate decisions may underlie the increased ectopic expression
we observe in synMuv B mutants at 26°C compared to 20°C.

Methylation of H3K9 is imperative to achieve chromatin compaction at the
right time and place during development. Loss of MET-2 causes loss of ~80% of
H3K9me1/2 across the genome (Towbin et al., 2012; Zeller et al., 2016).
Previous studies have shown that met-2 mutants ectopically express germline
genes (Andersen and Horvitz, 2007, Towbin et al., 2012). In this study we show
that met-2 mutants phenocopy lin-15B, lin-54, and lin-35 mutants in all chromatin
compaction assays. Interestingly, the DREAM complex binds only ~1400 and
LIN-15B binds to ~2100 locations throughout the genome, primarily on
autosomes (Rechtsteiner et al., 2019). Loss of LIN-15B or DREAM binding, at
relatively few places throughout the genome, causes the same phenotypes as
losing ~80% of H3K9me1/2. One explanation for this similarity is that LIN-15B
and the DREAM complex may be tissue specific regulators of H3K9 methylation
at synMuv B regulated loci and this modification may be important for repression
of germline genes in somatic tissue. Another explanation is loss of individual
mechanisms that contribute to closed chromatin, broad H3K9me2 or DREAM
complex/LIN-15B regulation at specific loci, each lead to an increased
temperature sensitivity of compact chromatin formation globally. Therefore, the
similarity in phenotype is secondary consequence to general changes in

chromatin compaction at many loci across the genome. Further analysis of the
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interaction of the DREAM complex/LIN-15B with MET-2 and H3K9me2 are
needed to distinguish these possibilities.

Ectopic germline gene expression is increased in synMuv B mutants at
26°C compared to 20°C (Petrella et al., 2011). Before this study, the underlying
mechanisms for this temperature sensitive phenotype have remained unclear.
Here, we show that chromatin compaction is temperature sensitive, even in wild-
type backgrounds, and may contribute to this phenotype. Chromatin has been
shown to be respondent to changes in temperatures. Previous studies have
reported that Arabidopsis thaliana can change chromatin dynamics to modify
gene expression in response to changes in temperature (Zografos and Sung,
2012). In addition to being temperature respondent, chromatin is also
temperature sensitive. Early studies in Drosophila revealed that high
temperature causes incomplete heterochromatin formation (Hartmann-Goldstein,
1967). This is the first study to investigate the role of temperature stress on
chromatin compaction in a developmental context. Here we reveal that chromatin
compaction in early development is especially vulnerable to the temperature
sensitive nature of chromatin. Chromatin compaction is developmentally delayed
when worms experience high temperatures for small amounts of time. Causing
further stress to this system by loss of synMuv B proteins results in more drastic
delays in chromatin compaction. Loss of these proteins not only cause changes
in chromatin compaction at specific loci that they regulate, but also globally.

Thus, small changes in local chromatin domains throughout the genome, plus
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temperature stress, can indirectly change the chromatin landscape at a global
level within the nucleus.

We found that delayed chromatin compaction in synMuv B mutants
demonstrated an anterior-to-posterior pattern within intestinal cells. The anterior
cells of the intestine were the last to adopt closed chromatin. Because there is
both a final anterior and posterior division to form the C. elegans intestine, we do
not think that the open chromatin is correlated to the number of cell divisions the
sister cells have yet to complete. The C. elegans intestine is patterned anteriorly
to posteriorly by Wnt signaling proteins (Fukushige et al., 1996; Lin et al., 1998;
Schroeder and McGhee, 1998). During intestinal cell divisions, Wnt signaling
associated transcription factors localize to the most anterior cells of the intestine
at each division (Schroeder and McGhee, 1998). It is possible that anteriorly
localized transcriptional factors are able to ectopically bind and express
uncompacted germline genes in the anterior intestine leading to high temperature
arrest.

In this study, we have determined that synMuv B proteins are needed for
timely chromatin compaction throughout development at high temperature. Loss
of chromatin compaction during critical developmental time periods in which
germline genes are globally upregulated during the maternal-to-zygotic switch
may underlie the developmental arrest phenotype of synMuv B mutants. It is
important to understand how germline genes are repressed in somatic tissue as
many somatic cancers that are highly proliferative and metastatic show

upregulation of germline genes (Gure et al., 2005; Maine et al., 2016; Xu et al.,
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2014). Like C. elegans, mammals also repress germline gene expression during
embryogenesis in somatic cells and recent work has indicated that this
repression is dependent on H3K9me2 (Dixon et al., 2012; Ebata et al., 2017).
Given that the DREAM complex is completely conserved between worms and
mammals (Litovchick et al., 2007), its role in establishment of developmental
repressive chromatin at germline genes may also be conserved. Further studies
of synMuv B regulation will provide evidence of how organisms establish and

maintain chromatin structure and gene expression states to ensure vitality.
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CHAPTER 4: THE CRITICAL DEVELOPMENTAL TIME PERIOD FOR HIGH
TEMPERATURE LARVAL ARREST IN SYNMUV B MUTANTS IS MID-TO-LATE
EMBRYOGENESIS

Background

The C. elegans embryo is a powerful developmental model, as the timing
and orientation of every cell division, migration, and apoptotic event has been
documented, and the exact lineal and physical relationship of each cell to
another is known. Developmental studies of the C. elegans embryo has been
largely studied at 20°C (Sulston et al., 1983). The E blastomere gives rise to the
entire intestinal lineage and arises at approximately 35 minutes after first
cleavage (Leung et al., 1999). The intestinal lineage is represented in Figure 1.7
with its relationship to developmental time and embryo appearance at 20°C. The
first division of the E blastomere that creates 2E occurs at approximately 100-120
minutes after first cleavage. 4E occurs at 120-180 minutes and 8E occurs
between 180-240 minutes. 16E occurs between 240-480 minutes until a final
division gives rise to 20E (Sulston et al., 1983). Time after first cleavage and/or
the number of intestinal cells are common measurement of developmental time
in the C. elegans embryo. Although development has not been largely studied at
elevated temperatures, it is well known that increased temperature decreases
cell division time and thus developmental time in C. elegans (Begasse et al.,
2015; Wood et al., 1980).

The rapid cell divisions that occur during early C. elegans development

take place in the absence of zygotic transcription. Maternally loaded proteins and



68

mMRNAs are sufficient to direct development prior to gastrulation. Zygotic gene
expression is largely upregulated in the intestinal lineage between the 8E-16E
stage (McGhee et al., 2007). Zygotic gene expression at this developmental time,
gives identity to the intestine as these transcripts are largely intestinal specific
and continue to be expressed in the intestine through L1 (McGhee et al., 2007).
It is thought that tissue specific mechanisms for gene regulation must be in place
at the onset of upregulation of zygotic gene expression (Levin et al., 2012;
Robertson et al., 2015; Spencer et al., 2011). Establishment of tissue specific
repression, including establishment of repressive chromatin, must occur before
zygotic gene expression is upregulated in order to achieve proper cell fate
(Gaertner et al., 2012; Poliltz et al., 2013; Yuzyuk et al., 2009). Work done in
Drosophila found poised Pol Il accumulates at promoters in a stage specific, but
not tissue specific manner (Gaertner et al., 2012). This suggests that when gene
expression is upregulated at the maternal-to-zygotic switch, it occurs in a tissue-
independent manner (Gaertner et al., 2012). This calls for tissue specific modes
of transcriptional repression before global activation of Pol Il. Although proper
timing of tissue specific repression mechanisms is important for proper
development, many of the tissue specific regulators remain unknown.
Establishment of heterochromatin occurs early in the C. elegans embryo.
Prior to the maternal to zygotic switch, nuclei viewed by transmission electron
microscopy transition from homogeneous, light speckling in the nucleoplasm to
nuclei with electron-dense puncta (Mutlu et al., 2018). Accumulation of these

electron-dense domains continues to increase until developmental time when
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zygotic gene expression is upregulated (Mutlu et al., 2018). These electron
dense regions of heterochromatin begin to form at the 2E stage, increase in
number until the 8E stage, and then increase in size from 16E stage on (Mutlu et
al., 2018). These regions of heterochromatin are enriched for H3K9 methylation
and their formation is dependent on the H3K9 di-methyltransferase, MET-2.
Nuclear accumulation of MET-2 from the cytoplasm determines the onset of
H3K9 di-methylation (Mutlu et al., 2018). Loss of met-2 causes delays in the
onset of heterochromatin formation (Mutlu et al., 2018). met-2 mutants do not
form electron-dense domains of heterochromatin until 16E, and these domains
are less dense and smaller in size compared to domains in wild-type nuclei
(Mutlu et al., 2018). Regulation and direction of H3K9me2 via MET-2 to specific
regions of the genome during this developmental time remain unknown.

synMuv B proteins, including MET-2, are important for proper gene
repression in somatic tissue. Loss of LIN-15B, members of the DREAM complex
LIN-54 and LIN-35, or MET-2 cause ectopic germline gene expression in the
somatic intestine (Andersen and Horvitz, 2007; Petrella et al., 2011; Wang et al.,
2005; Wu et al., 2012). Ectopic expression of germline P-granule proteins in
synMuv B mutants can be visualized by immunostaining against P-granule
component protein PGL-1. Anti-PGL-1 staining reveals that synMuv B proteins
have some ectopic somatic expression at 20°C, but this ectopic expression is
exacerbated at 26°C (Petrella et al., 2011). Ectopic germline gene expression in
the somatic intestine causes synMuv B mutants to arrest as larvae at 26°C. This

HTA phenotype is at least in part due to loss of intestinal fate that results in
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starvation (Petrella et al., 2011). A previous study identified the broad
developmental window associated with high temperature larval arrest in lin-15B
and /in-35 mutants occurs during late embryogenesis to early L1 and is
irreversible (Petrella et al., 2011).

In work described in this chapter, we determined the developmental time
periods of the intestinal lineage and its divisions from 8E to L1 in wild-type and
synMuv B mutants at both 20°C and 26°C. We showed that synMuv B mutants
have a slower development than wild-type at both 20°C and 26°C. We also
determined the specific developmental time window important for high
temperature larval arrest in synMuv B mutants. We determined that mid-to-late
embryogenesis is the critical period for high temperature arrest and that it is
irreversible. We found that elevated ectopic PGL-1 staining persists even upon
downshift of embryos from 26°C to 20°C after the critical time developmental
time period for arrest. This suggests that high temperature exposure during mid-
to-late embryogenesis in synMuv B mutants causes upregulation of ectopic
germline gene expression programs in somatic tissue that is irreversible and

leads to developmental defects.

Results

synMuv B mutants have delayed development compared to wild-type
embryos

synMuv B mutants have developmental delays in chromatin compaction,
especially at high temperature. To determine if synMuv B mutants have delays in

chromatin compaction due to changes in the overall rate of embryonic
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development, we observed the time to each intestinal division at 20°C and 26°C
for wild-type, lin-15B, and lin-54 mutants. Previous studies have shown that
developmental speed increases at elevated temperatures. We looked at cell-
division time in conjunction with absolute time during development to determine if
increased developmental speeds could explain the delay in chromatin
compaction we see at high temperature. Absolute time starts at fertilization and is
constant throughout development. Many biological processes take a certain
amount of absolute time to occur throughout development. Contrastingly, many
biological processes that occur in development are correlated to the number of
cell divisions. Although cell division and absolute timers are often in sync, cell
division timers are not constant throughout development. Developmental speed
increases at high temperature and thus cell-division timers would occur earlier in
absolute time at 26°C compared to 20°C.

To perform these timing experiments, 2 cell embryos expressing a
fluorescent intestinal cell marker were dissected from gravid adults, plated at
20°C or 26°C, and observed throughout development. The time in minutes were
recorded for each individual embryo as they reached 8E, 16E, comma, pretzel,
and L1 stages. Although it has been shown that developmental speed increases
at elevated temperatures, the developmental timing of the intestinal lineage has
not been described at 26°C (Begasse et al., 2015, Wood et al., 1980). Like
previously published data (citation), we found that the time to 8E in wild-type
embryos was on average 3.9 hours at 20°C and 3.09 hours at 26°C (Figure 4.1).

The decreased developmental time in wild-type embryos was observed at all
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stages, as embryos plated at 26°C reach each division approximately an hour
before embryos plated at 20°C. On average, wild-type embryos reached the 16E
stage at 5.8 hours at 20°C and 5 hours at 26°C (Figure 3.1). They reached
comma stage, determined by both number of intestinal cells and the shape of the
embryo into a comma, at 8 hours at 20°C and 7 hours at 26°C. Finally, they
reached pretzel stage at 9.8 hours at 20°C and 8.9 hours at 26°C before hatching
into L1 larvae at 11.5 hours at 20°C and 10.7 hours at 26°C (Figure 3.1).
Because we saw an increased speed of development at 26°C, it is possible that
faster cell-divisions at high temperature occur at early absolute times in
development, and thus chromatin compaction has not had enough absolute time
to be completed.

If loss of synchrony between absolute time and cell division time explains
the delayed chromatin compaction phenotype in synMuv B mutants, we would
expect development to be even faster in these mutants as they have
exacerbated delays in chromatin compaction compared to wild-type. However,
instead synMuv B mutants were slow to each intestinal division when compared
to wild-type embryos (figure 4.1). On average, lin-15B mutants reach 8E at 4.5
hours at 20°C and 3.6 hours at 26°C, 35 minutes behind wild-type at 20°C and
30 minutes behind wild-type at 26°C (Figure 4.1, Table 4.1). The trend is similar
for lin-54 mutants at each stage and temperature (Figure 4.1, Table 4.1). At 16E,
lin-15B mutants are delayed 24 minutes at 20°C and 45 minutes at 26°C as they

reached this stage at 6.2 hours at 20°C and 5.7 hours at 26°C (Figure 4.1, Table
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4.1). lin-15B mutants reached comma stage at 8.2 hours at 20°C and 7.3 hours
at 26°C. Finally, pretzel stage was reached at 10.3 hours in /in-15B mutants at
20°C and 9.4 hours at 26°C. lin-15B mutants hatch into L1 larvae at 12 hours at
20°C and 11.2 hours at 26°C, about 34 minutes delayed at 20°C and 29 minutes
delayed at 26°C (figure 4.1). Although synMuv B mutants showed a delay in
developmental time, this delay does not increase throughout intestinal
development, as they do not spend significantly more time at each intestinal
stage. The developmental delay observed by synMuv B mutants stays relatively
constant throughout the intestinal lineage. Thus, loss of chromatin compaction in

synMuv B mutants does not seem to be explained by a timer mechanism.

16E through comma stage is the critical developmental time-period for
larval high temperature arrest in synMuv B mutants

synMuv B mutants arrest at the L1 larval stage, which is at least in part
due to ectopic expression of germline genes (Petrella et al., 2011). To determine
if the developmental time-period important for the HTA phenotype is consistent
with embryonic stages in which we see prolonged open chromatin, we performed
temperature shift experiments on lin-15B, lin-35, lin-54, and met-2 mutants.
Previous studies determined that the temperature-sensitive period for HTA is in a
broad developmental range during embryogenesis and early larval development
(Petrella et al., 2011). Since we are seeing distinct differences in chromatin

compaction at different stages of embryonic development, we set out to

determine a more precise time-period during embryogenesis crucial for HTA.



Table 4.1 Minutes of developmental time at each intestinal stage

wild-type lin-15B lin-54
20°C 26°C 20°C 26°C 20°C 26°C
2 cell - 8E 236 185 271 215 246 197
8E - 16E 113 112 102 127 126 137
16E - comma 130 121 122 98 119 100
comma - pretzel 111 113 124 124 128 121

pretzel - L1 101 113 106 108 101 106
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To perform HTA experiments, 4-cell embryos expressing a fluorescent
intestinal cell marker were dissected from gravid adults and downshifted or
upshifted at 4E, 8E, 16E, comma, pretzel and L1 developmental stages. Pretzel
stage was included as an easily distinguishable later developmental stage to
tease apart differences seen in worms shifted at comma and L1. Wild-type
embryos were also dissected and shifted at all stages and never arrested (data
not shown). All mutant embryos upshifted to 26°C from 20°C at 4E or 8E arrested
at the L1 stage (Fig. 4.2). When upshifted at 16E all mutant genotypes except
lin-15B showed a slightly fewer arrested animals than at earlier stages (Fig. 4.2).
A smaller number of embryos upshifted at comma and pretzel stages arrested
(Fig. 4.2). Finally, embryos upshifted at the larval L1 stage did not arrest (Fig. 4.2
A, B, C, D). Together, embryos shifted early in development arrested whereas
embryos shifted in mid-to-late embryogenesis sometimes arrested, suggesting
the likely critical time period for HTA to be after 16E. To complement this
experiment, we also performed downshift experiments to define the
developmental window crucial for HTA. Embryos downshifted from 26°C to 20°C
at 4E did not arrest and about half of embryos downshifted at 8E arrested (Fig.
4.2). Strikingly, most embryos downshifted at 16E and comma arrested (Fig. 4.2).
And downshifting at pretzel and L1 stages caused 100% arrest at the larval L1
stage (Fig. 4.2). These data combined suggest 16E through comma is likely to be
the most crucial temperature sensitive time-period for HTA. However, upshifting
after or downshifting before this time-period can still cause some animals to

undergo HTA. Additionally, in chapter 3 we observed chromatin compaction
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occurs on a cell-by-cell basis and that embryos have both “open” and “closed”
cells. Together, these data suggest a buffering in the system that may represent
stochastic chromatin compaction, varying amounts of ectopic gene expression,

and a leaky arrest phenotype.

synMuv B mutant embryos downshifted to low temperature continue to
ectopically express PGL-1

Downshift from 26°C to 20°C at pretzel and L1 stages resulted in 100% larval
arrest (Fig. 4.2), suggesting that the ectopic gene expression programs leading
to HTA are activated and irreversible. Although it was previously reported that
HTA was irreversible upon downshifting, whether germline genes continued to be
ectopically expressed after downshift was not assessed (Petrella et al., 2011).
We set out to determine if the germline gene pgl-1 continues to be ectopically
expressed after downshift by using strains with the endogenous pgl-1

locus tagged with GFP (Andralojc et al., 2017). pgl-1 is a synMuv B regulated
germline gene that has been used to show ectopic germline gene expression in
synMuv B mutants (Petrella et al., 2011, Wang et al., 2005, Wu et al., 2012). /in-
15B and lin-54 mutant embryos were downshifted at 8E, 16E, and comma stage
and imaged at the L1 stage to determine the level of ectopic PGL-1 expression.
We found that downshifted embryos resembled embryos that were not
downshifted and kept at 26°C at all stages (Fig. 4.3, Fig 4.4). There was no

difference in the maximum fluorescent intensity when comparing downshifted

embryos to those that remained at 26°C (Fig. 4.3, Fig 4.4) There was a
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Figure 4.3 synMuv B mutant embryos downshifted to low
temperature have increased PGL-1 staining at the L1 stage
compared to wild-type. Mean Fluorescent Intensity of PGL-1
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embryos that were downshifted at 8E (A), 16E (B), comma (C) (n=20
L1/stage and strain and temperature). A 2-way ANOVA was used to
determine significance between samples (p<0.01).
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significant difference when comparing shifted embryos and those kept at 26°C to
mutant embryos raised at 20°C (Fig. 4.3, Fig. 4.4). synMuv B mutants also show
greater ectopic PGL-1 expression when compared to wild-type at the same stage
and temperature, including 20°C (Fig. 4.3, Fig. 4.4). This suggests that the
ectopic gene expression program that leads to HTA is activated in early

embryogenesis and remains ectopically activated even upon relief of the stress.

Discussion

Proper transcription throughout embryogenesis is crucial for the proper
development of an organism and this process is highly regulated by many
mechanisms. Previous studies have identified synMuv B proteins as a group of
transcriptional repressors important in the soma to germline fate decision during
development (Andersen and Horvitz, 2007; Petrella et al., 2011; Wang et al.,
2005; Wu et al., 2012). Although synMuv B proteins are necessary for proper
development, especially at high temperature, the critical time of their repression
had not previously been fully elucidated. In this chapter we show that synMuv B
mutants have delayed developmental timing compared to wild-type embryos at
both 20°C and 26°C. synMuv B mutants have a delay in developmental time to
each intestinal stage compared to wild-type. This delay in developmental timing
stays relatively constant throughout development. The time that synMuv B
mutants remain at each intestinal stage is relatively similar or comparable to that
seen in wild-type embryos. Interestingly, lin-16B and lin-54 mutants spend a

shorter amount of time in the 16E — comma stage than wild-type embryos.
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Figure 4.4 synMuv B mutant embryos downshifted to
low temperature at 16E ectopically express PGL-1.
Wild-type, lin-15B mutant, and /in-54 mutant embryos
carrying a PGL-1:GFP transgene were placed at 26°C or
20°C in 1XM9 drops. Embryos were either kept at 26°C,
downshifted to 20°C at 16E, or maintained at 20°C, and
allowed to arrest at the L1 stage. L1 worms were fixed
and imaged in Z-stack using confocal microscopy. Panels
represent maximum projection of PGL-1:GFP. Asterisks
mark primordial germ cells.
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We observed a delay in chromatin compaction in wild-type embryos at
26°C (Chapter 3). It is possible that chromatin compaction during development is
the result of a “timer” mechanism. There are two types of developmental timers:
absolute timers and cell-division timers. Absolute time starts at fertilization and is
constant throughout development. Many biological process take a certain amount
of absolute time to occur throughout development. It is possible that there is an
amount of absolute time needed during development for MET-2 and H3K9me2 to
accumulated in the nucleus. Contrastingly, many biological processes that occur
in development are correlated to the number of cell divisions. Although cell
division and absolute timers are often in sync, cell division timers are not
constant throughout development. Developmental speed increases at high
temperature and thus cell-division timers would occur earlier in absolute time at
26°C compared to 20°C. It is possible that the delay in chromatin compaction we
observe in synMuv B mutants, especially at high temperature, is due to a loss of
synchrony in these timers. If chromatin compaction requires a certain amount of
absolute time, and at 26°C, when developmental speed increases, embryos
would have open chromatin in to later cell division stages (figure 4.1A).
Interestingly, our wild-type data can fit this model. Wild-type embryos at 26°C
reach the 8E stage on average 51 minutes before wild-type embryos at 20°C. If
chromatin compaction was on an absolute developmental timer, the embryos at
26°C would be further along in developmental cell divisions by the absolute time

developmental chromatin compaction was achieved. This could explain why we
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see significantly more open chromatin in wild-type embryos at 26°C compared to
20°C at the 8E stage.

Although the developmental timer hypothesis could explain the delay in
chromatin compaction we see in wild-type embryos at 26°C, it does not seem to
fit our synMuv B mutant data. Because synMuv B mutants have drastically
delayed chromatin compaction into later developmental stages as counted by
cell-divisions compared to wild-type, especially at high temperature, we would
expect their cell division development to be faster than wild-type, especially at
26°C. However,, we see that synMuv B mutants, on average, reach 8E 30-35
minutes slower than wild-type embryos at both 20°C and 26°C. This suggests
that the delay in chromatin compaction observed in synMuv B mutants is not due
to a loss of synchrony in absolute time with cell-division time. Instead, we
hypothesize that synMuv B proteins regulate timely chromatin compaction
independent of an absolute timing mechanism, and that loss of these proteins
causes delays in the formation heterochromatic domains during development.

We also determined that the embryonic stages in which we see prolonged
open chromatin coincide with the developmental time-period important for the
HTA phenotype displayed by synMuv B mutants. We found the developmental
window for high temperature arrest is likely between 16E and comma stage,
although shifting embryos directly before or after this window does cause some
arrest. This developmental time coincides with the stages we see open chromatin
in synMuv B mutants at 26°C but not 20°C. We hypothesize that the temperature

sensitive arrest phenotype we observe in synMuv B mutants is at least due in
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part to open chromatin during this critical developmental time at 26°C but not
20°C. The spectrum of cells with both open and closed chromatin at various
stages of development could potentially explain why we see some arrest at both
sides of the critical time period. This “leaky” arrest phenotype observed before
16E and after comma stage could be explained by the variation in chromatin
compaction we observe in synMuv B mutants and may cause varying amounts of
ectopic gene expression that leads to arrest.

Interestingly, this critical time period of HTA coincides with an upregulation
of zygotic gene expression in the somatic intestine. Tissue specific forms of
transcriptional regulation, including organization of chromatin, are established
prior to upregulation of the zygotic genome (Gaertner et al., 2012; Politz et al.,
2013; Yuzyuk et al., 2009). Poised Pol Il accumulates at promoters in a stage
specific, but not a tissue specific manner, and loss of tissue specific mechanisms
to negatively regulate Pol Il result in unwanted gene expression (Gaertner et al.,
2012). We hypothesize that repression by synMuv B may be a tissue specific
mechanism to establish repressive chromatin environments before the maternal-
to-zygotic switch. Loss of these proteins causes global changes in chromatin
compaction into the developmental time of the maternal-to-zygotic switch,
especially at high temperature, leaving their target loci more open and with a
greater chance to be bound and expressed when zygotic gene expression is
upregulated. Here we show that once upregulated, somatic misexpression of
germline genes is irreversible upon downshift. This suggests that ectopic gene

expression programs turned on in synMuv B mutants are occurring in each cell
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and mutants are unable to recover proper gene expression upon downshift. It is
important to note that we stained against PGL-1 protein and it's possible that this
protein is stable through development and not degraded and that misexpression
has stopped upon downshift. In order to distinguish this, smFISH targeting PGL-

1, which would label the mRNAs, will be applied to embryos upon downshift.
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CHAPTER 5: LIN-15B WORKS IN SERIES WITH MET-2 AND THE DREAM
COMPLEX TO REPRESS GERMLINE GENES

Background

Repression of germline genes in somatic tissue is important for proper cell
fate decisions, development and somatic cell maintenance. Loss of regulator
mechanisms that repress germline genes can lead to developmental defects and
are a characteristic of aggressive highly replicative and metastatic cancers (Al-
Amin et al., 2016; Janic et al., 2010; Petrella et al., 2011; Whitehurst, 2014).
Repression of germline genes represents an interesting challenge in the
developing embryo as the zygote is the product of two germline cells. Therefore,
the epigenetic state of the zygote has to be completely erased so that the single
cell can give rise to all tissue types (Furuhashi et al., 2010; Kreher et al., 2018;
Tabuchi et al., 2018). Also, many germline enriched genes are found in the
euchromatic chromosome centers (Rechtsteiner et al., 2019). Loci specific
mechanisms must be properly employed to establish repressive environments at
germline gene loci in somatic tissue without disrupting expression of flanking
genes.

A subset of synMuv B proteins, including members of the DREAM complex,
LIN-15B, and HPL-2 associate at germline gene promoters in somatic tissue to
repress their expression. (Wang et al. 2005; Fay and Yochem 2007). Members of
the DREAM complex include members of the conserved repressive Muv B core
(LIN-54, LIN-37, LIN-52, LIN-53 and LIN-9), the conserved E2F/DP complex
(EFL-1 and DPL-1), and the pocket protein (LIN-35) (Harrison et al., 2006). Loss

of these proteins causes ectopic germline gene expression and high temperature
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larval arrest at 26°C (Petrella et al., 2011). Mutants of /in-15B, hpl-2, and met-2
also ectopically express germline genes and show larval arrest at 26°C (Petrella
et al., 2011). Much like DREAM complex members, /in-15B mutants also show
changes in regulation of somatic RNAi and cause transgene silencing in the
soma but LIN-15B has not shown to biochemically be associated with DREAM
(Wang et al. 2005; Wu et al. 2012). Mutations in DREAM complex members, LIN-
15B, HPL-2 and MET-2 all result in ectopic expression of germline genes in
soma, but the way these different proteins function in parallel to repress germline
genes in the somatic tissues of wild-type animals is not understood.

Although LIN-15B has overlapping binding sites in the genome as DREAM
complex members and demonstrate the same phenotypes as seen in DREAM
complex mutants, recent data suggests LIN-15B may be a separate entity to the
DREAM complex (Rechsteiner et al., 2019). Although there is binding overlap of
LIN-15B with DREAM complex, LIN-15B also binds to genes devoid of DREAM
and has putative DNA binding activity (Rechsteiner et al., 2019, Wormbase).
Interestingly, enrichment of H3K9me2 at germline gene promoters is lost in lin-
16B mutants whereas, promoter enriched H3K9me2 is lost to a much lesser
extent in DREAM complex mutants. This suggests that LIN-15B is necessary for
establishment or maintenance of H3K9me2 at synMuv B regulated germline
genes.

H3K9 is mono and di-methylated by the histone methyltransferase MET-2.
Loss of H3K9me2 in met-2 mutants causes ectopic germline gene expression

similar to DREAM and /in-15B mutants, suggesting di-methylation of H3K9 is an
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important repressive mechanism at synMuv B regulated loci (Andersen and
Horvitz, 2007). H3KO9 is further tri-methylated by the methyltransferase SET-25
(Towbin et al., 2012). H3K9me2 and H3K9me3 are differentially located
throughout the genome in C. elegans and SET-25 has not been shown to be
linked to synMuv B regulated processes (McMurchy et al., 2017). Furthermore,
methylated histones can be demethylated in order to erase the histone
modifications. Although there are not many studies to date exploring
demethylase activity in C. elegans, the predicted H3K9 demethylase is JMJD-
1.1. How H3K9 methylation at synMuv B regulated germline genes is established
or maintained has not previously been studied.

In this chapter, we sought out to genetically analyze what proteins are
involved in the repression of germline genes in somatic tissue. We determined
that complete loss of H3K9me2 phenocopies loss of LIN-15B and DREAM
complex members at germline gene promoters. We also determined that MET-2
mediated H3K9me2, but not SET-25 mediated H3K9me3 is necessary for
germline gene repression. Loss of LIN-15B in addition to loss of all H3K9me2
does not enhance the HTA phenotype, suggesting LIN-15B and MET-2 work in
series to repress germline gene expression. Loss of LIN-15B and the
demethylase JMJD-1.1 combined does not rescue the HTA phenotype,
suggesting that blocking of demethylase activity is not the mechanism in which
LIN-15B maintains H3K9me2 at germline gene promoters. Furthermore, loss of
LIN-15B and other DREAM complex members does not enhance the HTA

phenotype, suggesting that LIN-15B and DREAM complex proteins are also
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working in series to repress germline gene expression. Lastly, we found putative
DNA motifs at LIN-15B associated promoters to which LIN-15B could potentially
bind. Together, this supports a model where LIN-15B binds to germline gene
promoters in somatic tissue, promotes H3K9me2 by MET-2 and DREAM

complex binding at these loci in order to repress their fate.

Results

Global loss of H3K9me2 leads to phenotypes similar to lin-15B and DREAM
complex mutants

To determine if di-methylation of H3K9 at germline gene promoters is
necessary for phenotypes associated with loss of synMuv B proteins, we
analyzed mutants that lack histone methyltransferase activity responsible for
H3K9 methylation. MET-2 is responsible for methylation of H3K9me1/2 and SET-
25 catalyzes H3K9me3. Loss of MET-2 and SET-25 leads to a global loss of all
H3K9 methylation (Garrigues et al., 2015; Towbin et al., 2012). We analyzed
mutants that lack these methyltransferases for the HTA phenotype and ectopic
expression of the germline protein PGL-1. If loss of H3K9 methylation is
associated with ectopic germline gene expression and the HTA phenotype, we
would expect that met-2 and set-25 mutants would show these phenotypes. set-
25 single mutants, which lose H3K9me3, showed neither an HTA phenotype nor
ectopic PGL-1 expression. (Figure 5.1 A and B). Therefore, H3K9me3 is not

necessary for repression of germline genes in the soma. In contrast, met-2

single mutants, which lose 80-90% of H3K9me2 and ~70% of H3K9me3 (Towbin
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Figure 5.1: Complete loss of H3K9me2 during development
phenocopies synMuv B mutants. (A) The percentage of F1
animals that arrested before the L4 larval stage was assessed for
all genotypes indicated after parent hermaphrodites were
upshifted from 20°C to 24°C or 26°C. (B) Assessment of ectopic
expression of PGL-1 in L1 animals at 26°C. Yellow asterisks
indicate the two primordial germ cells in which PGL-1 is solely
expressed in wild type. Arrowheads indicate ectopic perinuclear
punctate PGL-1 in intestinal cells. Arrows indicate ectopic
punctate PGL-1 that is not perinuclear. Scale bar: 10um.
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et al. 2012), displayed ~80% larval arrest around the L3 stage at 26°C, but no
larval arrest at 24°C (Figure 5.1 A). Thus, met-2 mutants show an HTA
phenotype similar to but weaker than /in-15B mutants (Figure 5.1 A). We also
observed ectopic expression of PGL-1 in met-2 mutants at 26°C similar to lin-15B
mutants, with the PGL-1 protein being primarily cytoplasmic and diffuse in
intestinal cells (Figure 5.1 B). To test if the remaining 10-20% of H3K9me2
catalyzed by SET-25 in met-2 mutants (Towbin et al. 2012) partially represses
germline gene expression in somatic cells, we analyzed met-2 set-25 double
mutants, which have been shown to completely lack H3K9 methylation during
embryonic stages (Towbin et al. 2012; Garrigues et al. 2015). Consistent with
residual SET-25-mediated H3K9me2 serving a role in repression of germline
genes in somatic cells, met-2 set-25 double mutants showed significantly
enhanced larval arrest at 26°C when compared to met-2 single mutants (Figure
5.1 A). Similar to lin-15B and other synMuv B mutants, met-2 set-25 double
mutants did not show increased larval arrest at 24°C. Ectopic PGL-1 in met-2
set-25 double mutants at 26°C was similar to that seen in met-2 single mutants
(Figure 5.1 B). Altogether, our results show that a global loss of H3K9me?2
phenocopies both the HTA and ectopic germline gene expression seen in
synMuv B mutants.

One of the known proteins that binds to methylated H3K9 to create a
repressive chromatin environment is HP1 (Garrigues et al., 2015). In C. elegans
there are two HP1 homologs, HPL-1 and HPL-2. hpl-2 is a synMuv B gene and

mutants display a variety of phenotypes including HTA and ectopic germline
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gene expression in the soma (Figure 5.1) (Couteau et al. 2002, Petrella et al.
2011), while hpl-1 mutants generally lack observable phenotypes (Schott et al.
2006). When genes with H3K9me2 promoter peaks are compared to genes
bound by HPL-2, we found that genes with a H3K9me2 promoter peak that is lost
in /lin-15B mutants are the same genes enriched for promoter-bound HPL-2
(Rechtsteiner et al. 2019). This suggests that HPL-2 binding may contribute to
regulation of germline genes that are repressed in somatic cells through an
H3K9me2 promoter peak. However, we noted differences in the pattern of PGL-
1 accumulation in the soma of hpl-2 mutants compared to either /in-15B or met-2
set-25 mutants. 75% (15/20) of hpl-2 mutant L1s displayed intestinal PGL-1
staining that was perinuclear and punctate, reminiscent of PGL-1 staining in the
germline (Figure 5.1C) (Petrella et al. 2011; Wu et al. 2012). In contrast, none of
the lin-15B, met-2, or met-2 set-25 mutants analyzed (n=9-20) displayed that
pattern of intestinal staining (Figure 5.1C), unlike the previously published
analysis of met-2 (Wu et al. 2012). This suggests that the HTA phenotype and
ectopic PGL-1 expression in met-2 and lin-15B mutants is not explained by
disruption of HPL-2 binding. These differences in the pattern of ectopic PGL-1
suggest that loss of H3K9me?2 either at a subset of genes in lin-15B mutants or
globally in met-2 set-25 mutants is not equivalent to loss of HPL-2.
LIN-15B and MET-2 work in series to repress germline gene expression in
somatic tissue

Because promoter enriched H3K9me2 at germline genes is lost in /in-15B

mutants and loss of germline gene accumulated H3K9me2 phenocopies LIN-15B
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Figure 5.2: Additional loss of H3K9 methyltransferases or
the H3K9 demethylase in /lin-15B mutants does not rescue

or enhance the HTA phenotype. The percentage of F1

animals that arrested before the L4 larval stage was assessed
for all genotypes indicated after parent hermaphrodites were

upshifted from 20°C to (A) 24°C or (B) 26°C.
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mutants, we set out to determine how LIN-15B promotes H3K9me2 at these
promoters. We analyzed compound mutants of /in-15B and H3K9 regulators for
the HTA phenotype to genetically dissect these regulatory pathways. If loss of
H3K9 methyltransferases in addition to loss of /in-15B enhances the HTA
phenotype, we would conclude that these proteins work in parallel pathways to
repress germline gene expression. In contrast, we found that although both met-
2 and lin-15B single mutants arrest at 26°C, met-2;/in-15B double mutants do not
arrest at 24°C (Figure 5.2). Thus, the HTA phenotype is not enhanced and we
conclude that LIN-15B and MET-2 work in series to repress germline gene
expression. met-2 mutants lose only ~80% of H3K9me2, but met-2 set-25 double
mutants lose 100% of H3K9me2, to ensure that complete loss of H3K9me2 in
addition to loss of lin-15B did not enhance the HTA phenotype, we tested a met-2
set-25;1in-15B triple mutant (Towbin et al., 2012). Much like met-2;lin-15B double
mutants met-2 set-25;lin-15B triple mutants arrest at 26°C but do not enhance
the HTA phenotype at 24°C (Figure 5.2).

To determine if LIN-15B maintains H3K9me2 at germline gene promoters
by blocking demethylase activity, we analyzed jmjd-1.1;lin-156B double mutants
for the HTA phenotype. If LIN-15B blocks demethylase activity, we would expect
that additional loss of JMJD-1.1 would rescue the HTA phenotype in lin-15B
mutants. In contrast, jmjd-1.1;lin-15B double mutants arrest at 26°C (Figure 5.2).
Loss of both jmjd-1.1 and lin-15B did not enhance the HTA phenotype at 24°C
(Figure 5.2). This suggests that LIN-15B does not block jmjd-1.71 activity in order

to promote H3K9me2 at germline gene promoters.
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Because little is known about histone demethylases in C. elegans, we performed
an RNAi screen against all known C. elegans histone demethylases in a lin-15B
background. We analyzed the HTA phenotype of lin-156B mutants with
knockdown of 17 different histone demethylases (jmjd-1.1, jmjd-1.2, jmjd-3.1,
Jjmjd-3.2, jmjd-3.3, jmjd-5, Isd-1, utx-1, amx-1, amx-2, amx-3, glf-1, hpo-15, spr-1,
spr-5, jmjc-1,and jhdm-1) (Figure 5.3). Knockdown of single demethylases did
not rescue the HTA phenotype in a lin-15B mutant background (Figure 5.3).
Although there is the potential for redundancy, and RNAi does not completely
knock down the gene, this preliminary screen showed no rescue of the
phenotype and suggests that loss of H3K9me2 at germline gene promoters in lin-
15B mutants is not due to demethylase activity. LIN-15B does not work in a
genetic pathway with JMJD-1.1 or any other putative histone demethylase to

repress germline genes in somatic tissue.

LIN-15B and the DREAM complex work in the same pathway to repress
germline gene expression in somatic tissue.

It has previously been suggested that LIN-15B is associated with the
DREAM complex. Consistent with their model, /in-15B mutants show phenotypes
similar to DREAM complex mutants, such as HTA and ectopic PGL-1 expression,
but LIN-15B has not been biochemically shown to associate with the DREAM
complex. Because lin-156B mutants show distinct differences in promoter

enriched H3K9me2 compared to DREAM complex mutants, we set out to

determine if DREAM complex lin-15B double mutants can enhance the HTA
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Figure 5.4: Loss of DREAM components in /in-15B mutants
does not enhance the HTA phenotype. The percentage of F1
animals that arrested before the L4 larval stage was assessed for
all genotypes indicated after parent hermaphrodites were upshifted
from 20°C to (A) 24°C or (B) 26°C.
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phenotype. As previously reported, /in-35, lin-37, lin-54 and lin-15B single
mutants all arrest at the L1 stage (Figure 5.4) (Petrella et al., 2011). /in-35;lin-
15B, lin-37;lin-15B and lin-54;lin-15B double mutants arrest at 26°C, but not at
24°C (Figure 5.4). Because DREAM complex /in-15B double mutants do not
enhance the HTA phenotype at 24°C , we conclude that LIN-15B and the

DREAM complex work in series to repress germline genes in somatic tissue.

LIN-15B associated promoters are enriched for conserved THAP binding
sites and AT rich sequences

LIN-15B has putative DNA binding domains including a THAP domain and
AT hooks (Wormbase). THAP-Zinc finger binding proteins are highly conserved
through mammals and recognize the DNA Sequence AGTACGGGCAA. The
GGCA core is essential for recognition by the THAP domain and a T or G four
basepairs upstream is also strictly required (Clouaire et al., 2005). AT hooks are
DNA-binding motifs that can bind to the minor grove of Adenine and Thymine rich
DNA (Singh et al., 2006). To determine if there were conserved sequences that
could be recognized by LIN-15B’s THAP or AT hook domain at LIN-15B enriched
promoters, we used a computer program, MEME-ChIP, to identify putative LIN-
15B binding motifs. A data set that included genes bound by LIN-15B in
embryos, LIN-35 in embryos, LIN-54 in embryos and had enrichment of
H3K9me2 at promoters in L1s was used (Rechtsteiner et al., 2019). 177
promoters that were bound by LIN-15B, LIN-35, LIN-54 and H3K9me2 were

identified and 500bp upstream of the TSS were inserted into the motif finding
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software. We found that some LIN-15B bound promoters were enriched for the
THAP binding sequences and all were AT rich (Figure 5.5). It is possible that
LIN-15B binds to germline genes independent of DREAM complex and further

studies of LIN-15B’s binding capability are needed to determine this.

Discussion

Proper repression of germline gene expression throughout development is
important to achieve proper cell fate. Our data, along with other recent work,
strongly implicates deposition of H3K9me2 at the proper time in development as
necessary to create repressive chromatin in differentiating somatic cells. In C.
elegans H3K9me2 and H3K9me3 levels are very low in the nuclei of early stage
embryos and only start to accumulate when cells are transitioning from early
embryogenesis to mid-embryogenesis at about the 50-100 cell stage (Mutlu et al.
2018). The onset of heterochromatin in embryos is at least in part due to the
nuclear import of H3K9me1/2 methyltransferase MET-2. Nuclear import of MET-2
and the onset of heterochromatin just precedes the stage in development when
zygotic transcription is globally upregulated (Spencer et al. 2011; Levin et al.
2012; Robertson and Lin 2015; Mutlu et al. 2018). At this time in development,
clear regions of compact chromatin can be viewed within the nucleus. (Mutlu et
al. 2018). Loss of nuclear import of MET-2 causes delays in chromatin
compaction into later development stages (Mutlu et al., 2018). We also report
that met-2 mutants have a delay in chromatin compaction until later

developmental stages, especially at high temperature. This suggests a role in
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which synMuv B proteins regulate timing of chromatin compaction during
embryogenesis. We found that, like met-2 mutants, global formation of compact
chromatin is delayed, lin-15B, lin-54 and lin-35 mutants, especially at high
temperature. Loss of these proteins at high temperature cause delays in
chromatin into developmental time periods when zygotic gene expression is
upregulated and ectopic expression of germline genes in somatic tissue occurs in
mutants. This suggests that developmental chromatin compaction likely plays a
role in lineage-specific gene repression and is proposed to be driven at least in
part by H3K9 methylation and synMuv B proteins.

In this chapter we show that loss of H3K9me2, either through loss of the
MET-2 and SET-25 histone methyltransferases that catalyze the modification or
through loss of proper localization of H3K9me2 to germline genes in lin-15B
mutants, leads to misexpression of germline-specific genes in somatic cells. Loss
of H3K9me2 at germline gene promoters in /lin-15B mutants shows the same
phenotypes: arrested development and loss of cell fate, as global loss of
H3K9me2 in met-2 set-25 mutants. Global loss of H3K9me2 phenocopies loss of
LIN-15B at germline specific promoters. We set out to determine if double
mutants in this pathway would enhance the HTA phenotype at lower
temperatures. Other synMuv B mutants in the repressive NuRD, /et-418 and
mep-1 show enhanced ectopic PGL-1 expression and arrest during larval
development at 20°C. Because /in-15B single mutants only arrest at 26°C, we
tested lin-15B compound mutants at 24°C for larval arrest and enhancement of

the HTA phenotype. Because we didn’t see enhancement of the HTA phenotype
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at 24°C, we concluded that that LIN-15B and MET-2 work in series with the
DREAM complex to repress germline genes in somatic tissue. Because lin-15B
mutants lose H3K9me2 at synMuv B regulated germline genes, we hypothesize
that specific localization of H3K9me2 to germline gene promoters facilitated by
LIN-15B is an important aspect of establishing the chromatin landscape of
germline genes to prevent their expression in somatic lineages throughout
development.

Because LIN-15B has similar binding sites to that of members of the
DREAM complex and phenocopies DREAM complex mutants, it was previously
proposed that LIN-15B is a member of the DREAM complex (Wu et al. 2012).
Our data indicate that, although LIN-15B works in series with the DREAM
complex to bind to and represses germline genes, its molecular function at those
genes is potentially distinct. LIN-15B has putative DNA binding capability through
its THAP or AT hook domains. It is possible that LIN-15B independently localizes
to similar targets as the DREAM complex. Here we show that LIN-15B bound
promoters are enriched for AT rich sequences and at least some contain the
THAP recognized core sequence. Further studies, such as yeast 2 hybrid assays
must be carried out to determine if LIN-15B has DNA binding capabilities.

Interestingly, recent work from the Seydoux lab has shown that the
downregulation of LIN-15B protein in the germline is important for germline
development (Lee et al., 2017). Maternally loaded LIN-15B must be removed
from the primordial germ cells (PGCs) during development, while DREAM

members such as LIN-35 and LIN-54 are not (Lee et al., 2017). This, together
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with our data, suggests that LIN-15B may be first to bind germline gene
promoters to repress their fate and thus must be removed from the PGCs in
order to avoid repression of germline genes in germline tissue. If LIN-15B helps
establish H3K9me2 at germline gene promoters in somatic tissue, its
downregulation would be important in the germline where expression is
necessary for proper germline fate.

Accumulation of multiple regulators to germline gene promoters is crucial
for their proper repression. In C. elegans, the DREAM complex, LIN-15B, MET-2,
and HPL-2 all accumulate at germline genes to ensure their repression in
somatic tissue (Rechtsteiner et al., 2019). Loss of these proteins cause arrest of
development at high temperature (Petrella et al., 2011). How each of these
proteins work together to repress germline genes in somatic tissue remains
unknown. The establishment of H3K9me2 by LIN-15B may be one of the steps
necessary for proper repression. In order to determine this, further studies to
determine how LIN-15B may recruit MET-2 and members of DREAM complex to

germline gene promoters will need to be carried out.
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CHAPTER 6: DISCUSSION

Tissue specific establishment of repressive chromatin is imperative for
proper gene expression, development, and cell fate maintenance

Proper deployment of the genome throughout development is crucial for
correct cell fate decisions. Organization of chromatin into repressed and active
domains during development is necessary to achieve proper gene expression
and differentiation. During early development, chromatin is found in a generally
unorganized and open state (Politz et al., 2013; Yuzyuk et al., 2009). As
development proceeds and differentiation occurs, chromatin becomes
compacted and organized in a tissue specific manner (Mutlu et al., 2018; Politz et
al., 2013; Yuzyuk et al., 2009). It is imperative that chromatin compaction and
organization precedes upregulation of zygotic gene expression in order for
proper gene expression and correct cell fate decisions (Gaertner et al., 2012;
Politz et al., 2013; Yuzyuk et al., 2009). Recent work has shown that poised Pol
Il accumulates at promoters in a stage specific, but not tissue specific manner
(Gaertner et al., 2012). This suggests that the maternal-to-zygotic switch occurs
in a tissue-independent, but time specific manner (Gaertner et al., 2012).
Establishment of tissue specific repression, including establishment of repressive
chromatin, must occur before global gene expression is upregulated in order to
achieve proper cell fate (Gaertner et al., 2012; Poliltz et al., 2013; Yuzyuk et al.,
2009). We hypothesize that repression by synMuv B proteins may be a tissue
specific mechanism to establish repressive chromatin environments before the
maternal-to-zygotic switch. In this work, we determined that the loss of these

proteins causes global changes in chromatin compaction into the developmental
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time of the maternal-to-zygotic switch, especially at high temperature, leaving
their target loci available to expression when zygotic gene expression is

upregulated

synMuv B proteins are important for proper transcriptional repression
during development

We determined that a subset of synMuv B proteins are necessary for
timely chromatin compaction during development. This subset of synMuv B
proteins represent members of the conserved DREAM complex, LIN-15B and the
H3K9me2 methyltransferase MET-2. Previous work determined that the DREAM
complex, LIN-15B, and MET-2 are important for the soma-germline fate decision
(Andersen et al., 2007; Petrella et al., 2011). The DREAM complex, LIN-15B, and
MET-2 associated H3K9me2 at promoters of germline genes and repress their
expression (Garrigues et al., 2015; Goetsch et al., 2017; Rechtsteiner et al.,
2018; Tabuchi et al., 2011). lin-35, lin-15B, lin-54, and met-2 mutants ectopically
express germline genes in somatic tissue. Enhanced ectopic expression of
germline genes, specifically in the somatic intestine, causes synMuv B mutants
to arrest at the L1 larval stage (HTA) (Petrella et al., 2011). This data suggests
that each of these proteins work together to repress germline gene expression in
the soma, especially at high temperature, to achieve proper development.

Recent studies have begun to tease apart the different roles of members
of the DREAM complex at synMuv B target genes (Goetsch et al., 2017).
Recently, it was found that the pocket protein, LIN-35, mediates the assembly

and accumulation of the E2F/DP complex (EFL-1 and DPL-2) and the repressive
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MuvB core (LIN-54, LIN-37, LIN-52, LIN-53, and LIN-9) at synMuv B regulated
genes. Loss of /in-35 resulted in diminished DREAM assembly and binding
across the genome (Goetsch et al., 2017). In this study, we set out to determine
the role of the DREAM complex, LIN-15B and MET-2 at germline gene promoters

in somatic tissue.

synMuv B proteins have delayed chromatin compaction, especially at high
temperature

We hypothesize that the DREAM complex and LIN-15B regulate gene
expression at the chromatin level for many different reasons. First, met-2 mutants
also ectopically express germline genes and arrest at high temperature
(Rechtsteiner et al., 2018). This suggests a mechanism for H3K9me2 in the
repression of germline genes in the soma. Secondly, the H3K9me2 associated
protein HPL-2 is also a synMuv B protein that when lost, leads to the ectopic
expression of germline genes in the somatic intestine and arrest at the L1 stage
(Petrella et al., 2011). Furthermore, the HTA phenotype can be rescued in
synMuv B mutants by subsequent knockdown of other chromatin modifiers,
including mes-4 (Petrella et al., 2011). In order to determine if loss of DREAM
complex members and LIN-15B affect chromatin organization and compaction,
we looked at global and loci specific chromatin compaction in /in-15B, lin-35, lin-
54 and met-2 mutants. Here, we determine that loss of DREAM complex
members /in-35 and lin-54, phenocopy loss of lin-15B and met-2 in all chromatin

compaction assays. Loss of any of these regulators at germline gene promoters

causes impaired chromatin compaction into later stage developmental time
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periods and ectopic germline gene expression in early development, especially at
high temperature. This suggests that binding of LIN-15B, the DREAM complex,
and methylation of H3K9 are each necessary for proper chromatin compaction

and gene repression at germline gene loci in somatic tissue.

Delayed chromatin compaction observed in synMuv B mutants concurs
with the developmental time critical for the HTA phenotype

We wanted to determine if prolonged open chromatin into later
developmental stages concurred with the developmental time critical for the HTA
phenotype observed in synMuv B mutants. Indeed, we determined that the
embryonic stages in which we see prolonged open chromatin coincide with the
developmental time-period that is likely important for the HTA phenotype
displayed by synMuv B mutants. We found the developmental window for high
temperature arrest is between 16E and comma stage. This developmental time
coincides with the stages we see open chromatin in synMuv B mutants at 26°C
but not 20°C. We hypothesize that the temperature sensitive arrest phenotype

we observe in synMuv B mutants is at least part due to open chromatin during

this critical developmental time at 26°C but not 20°C.

The critical time period for HTA coincides with the upregulation of zygotic
gene expression.

Interestingly, we found that the critical time period of HTA coincides with
an upregulation of zygotic gene expression in the somatic intestine. Tissue

specific forms of transcriptional regulation, including organization of chromatin,

are established prior to upregulation of the zygotic genome (Gaertner et al.,
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2012; Politz et al., 2013; Yuzyuk et al., 2009). Poised Pol Il accumulates at
promoters in a stage specific, but not tissue specific manner. Loss of tissue
specific mechanisms to negatively regulate Pol |l result in ectopic gene
expression (Gaertner et al., 2012). We hypothesize that repression by synMuv B
may be a tissue specific mechanism to establish repressive chromatin
environments before the maternal-to- zygotic switch. Loss of these proteins
causes global changes in chromatin compaction into the developmental time of
the maternal-to-zygotic switch, especially at high temperature, leaving their target
loci vulnerable to expression when zygotic gene expression is upregulated. Here
we show that once upregulated, somatic misexpression of germline genes is
irreversible upon downshift. This suggests that ectopic gene expression
programs turned on in synMuv B mutants are global and mutants are unable to
recover proper gene expression upon downshift.

We also found that delayed chromatin compaction in synMuv B mutants
demonstrated an anterior-to-posterior pattern within intestinal cells. The anterior
cells of the intestine were the last to adopt closed chromatin, a pattern
independent of replication capacity, as there is a both final anterior and posterior
division to form the C. elegans intestine (McGhee, 2007). This delay in chromatin
compaction occurs at time periods when global zygotic gene expression is
upregulated. Interestingly the C. elegans intestine is one of the first tissues to
turn on zygotic expression. Zygotic expression of signaling molecules can be
seen as early as the 1E stage (McGhee, 2007). Some of these signaling

molecules are Wnt signaling proteins and they pattern the C. elegans intestine in
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an anterior to posterior direction (Fukushige et al, 1996; Lin et al, 1998;
Schroeder and McGhee, 1998). Wnt signaling associated transcription factors
are localized to the most anterior cells of the intestine at each division (Schroeder
and McGhee, 1998). It is possible that anteriorly loaded transcriptional factors
are able to ectopically bind and express accessible uncompacted germline genes

in the anterior intestine leading to high temperature arrest.

Delayed chromatin compaction in synMuv B mutants does not seem to be
explained by a developmental timer of chromatin compaction.

Chromatin compaction may be the result of a developmental timer during
embryogenesis. Developmental timers are often represented as an absolute
timer or a cell division timer. Absolute timers start at fertilization and are constant
throughout development. Cell division timers are associated with the number of
cells during development and is not always consistent with absolute time as
developmental speed and cell division rate can increase or decrease at different
conditions. Certain biological processes need an amount of absolute time to
occur, whereas, other biological processes occur based on in response to the
number of cell divisions. It is possible that chromatin compaction during
development needs a certain amount of absolute time to occur. It is possible that
the delay in chromatin compaction we see at high temperature is an artifact of
increased developmental speeds up at 26°C. Because cell divisions occur faster
at 26°C, embryos reach later cell division time in absolute time. If this were the

case, chromatin compaction would not be strictly linked to cell-division stage but

instead be a consequence of the time needed to established a closed chromatin
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environment. Thus, compaction would occur at later cell division developmental
stages at high temperature. This hypothesis could explain our wild-type data for
chromatin compaction and developmental time. As previously observed, we also
determined that development occurs at a faster rate at 26°C. Wild-type embryos
at 26°C reach the 8E stage on average 51 minutes before wild-type embryos at
20°C. If chromatin compaction was on an absolute developmental timer, the
embryos at 26°C would be further along in cell division development by the time
chromatin compaction was achieved. We did observe this in wild-type embryos at
26°C and this could explain why we see significantly more open chromatin in
wild-type embryos at 26°C compared to 20°C at the 8E stage.

Although the developmental timer hypothesis could explain the delay in
chromatin compaction we see in wild-type embryos at 26°C, it does not seem to
fit our synMuv B mutant data. synMuv B mutants have significantly delayed
chromatin compaction into 8E at 20°C and into 16E and comma stage at 26°C. If
synMuv B mutants have delayed chromatin compaction due to a timer affect, we
would expect to see their cell division developmental time occurring even earlier
in absolute time compared to wild-type. This was not the case, as synMuv B
mutants have delayed development compared to wild-type embryos. synMuv B
mutants, on average, reach 8E 30-35 minutes slower than wild-type embryos at
both 20°C and 26°C. Thus, we do not think that delayed chromatin compaction
observed in synMuv B mutants is due to a developmental timer affect. We
hypothesize that synMuv B mutants establish timely chromatin compaction in a

cell and loci specific manner during development.
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Developmentally regulated H3K9me2 is important for repressive chromatin
formation.

Numerous studies have identified that H3K9 methylation is essential for
chromatin compaction and organization (Ahringer and Gasser, 2017; Towbin et
al., 2012). The onset of compacted chromatin in development is coupled to
nuclear localization of the H3K9me2 methyltransferase, MET-2 (Mutlu et al.,
2018). Nuclear accumulation of MET-2 establishes H3K9me2 prior to
upregulation of zygotic gene expression that occurs at the ~50-100 cell stage
(Mutlu et al., 2018). At this stage, the formation of dense heterochromatic
domains can be visualized by transmission electron microscopy (Mutlu et al.,
2018). It is thought that MET-2 associated H3K9me2 establishes repressive
environments before the onset of zygotic gene expression (Spencer et al. 2011,
Levin et al. 2012; Robertson and Lin 2015; Mutlu et al. 2018). Although
methylation of H3K9 is necessary for proper gene repression and chromatin
compaction, the pathways and proteins needed to establish areas of compaction
in a tissue specific way remain unclear.

In addition to MET-2 mediated H3K9me2 establishment, we show a role
for synMuv B proteins in the timing of chromatin compaction during
embryogenesis. Much like met-2 mutants, the formation of compact chromatin is
delayed in lin-15B, lin-35 and lin-54 mutants (Mutlu et al., 2018). Global loss of
H3K9me2 in met-2 mutants phenocopy DREAM and /in-15B mutants in all
chromatin compaction, HTA, and ectopic PGL-1 expression assays. This

suggests that chromatin compaction and repression of germline genes is driven
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by H3K9 methylation and is crucial for proper gene expression and development,

especially at high temperature.

H3K9me2 is enriched at synMuv B regulated promoters

Although H3K9me2 is predominantly found at repeat rich regions of
autosomal arms, recent studies have discovered H3K9me2 enrichment at
promoters (Rechtsteiner et al., 2018; Zeller et al., 2016; Liu et al. 2011;
Garrigues et al. 2015; Evans et al. 2016; Ahringer and Gasser 2018).
Specifically, work from our lab has shown H3K9me2 is enriched at synMuv B
regulated germline genes found in euchromatic regions of the genome
(Rechtsteiner et al., 2018). Promoter enrichment of H3K9me2 in autosomal
centers provides a new regulatory role for H3K9me2. Interestingly, the
localization of H3K9me2 to germline gene promoters at synMuv B targets is
disrupted strongly in /lin-15B mutants and weakly in DREAM complex mutants
(Rechtsteiner et al., 2018). It is important to note that canonical repeat
associated H3K9me2 is not disrupted in /in-15B mutants (Rechtsteiner et al.,
2018). This data suggests that loss of proper localization of H3K9me2 to
germline gene promoters in lin-15B mutants, leads to misexpression of germline-
specific genes in somatic cells. We hypothesize that specific localization of
H3K9me2 to germline gene promoters facilitated by LIN-15B is an important
aspect of resetting the chromatin landscape of germline genes to prevent their

expression in somatic lineages.
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LIN-15B has similar binding sites across the genome to that of DREAM
complex members. Furthermore, /in-15B mutants ectopically express germline
genes, show high temperature larval arrest, and have enhanced RNAI like
DREAM complex mutants (Petrella et al., 2011; Wang et al., 2005; Wu et al.,
2012). Due to this phenotypic evidence, LIN-15B has previously been thought to
be a member of the DREAM complex (Wu et al. 2012). Our data indicate that,
although LIN-15B binds to and represses many of the same genes as the
DREAM complex, its molecular function at those genes is potentially distinct.
LIN-15B has putative DNA binding capability through its THAP or AT hook
domains. If LIN-15B can bind DNA, it can independently localize to similar targets
as the DREAM complex. In this work, we show that LIN-15B bound promoters
are enriched for AT rich sequences and the THAP recognized core sequence of
TNNGGCA.. In order to determine the capacity of LIN-15B to bind DNA, further

studies such as yeast 2 hybrid or gel-shift assays must be completed.

Loss of H3K9me2 leads to phenotypes similar to /in-15B mutants.

To determine if LIN-15B mediates H3K9me2 at germline gene promoters,
we characterized H3K9me2 regulators for lin-15B mutants phenotypes. We show
that global loss of H3K9me2 through loss of the met-2 and set-25 histone
methyltransferases phenocopies loss of promoter localized H3K9me2 to germline
genes in lin-156B mutants. Both met-2 single mutants and met-2 set-25 double
mutants ectopically express germline genes in the somatic intestine and arrest at

26°C. hpl-2 mutants also arrest at high temperature and ectopically express
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germline genes in the somatic intestine. Interestingly, ectopic PGL-1 staining is
perinuclear in hpl-2 mutants, but diffuse in /in-15B and met-2 mutants. Because
met-2 mutants phenocopy lin-156B mutants, we conclude that global loss of
H3K9me2 causes similar phenotypes to that observed in /in-15B mutants. This
supports a role for LIN-15B mediated H3K9me2 localization at synMuv B
regulated promoters.

Additionally, recent work from the Seydoux lab has implicated the loss of
LIN-15B protein in the germline is important for germline development (Lee et al.
2017). Maternally provided LIN-15B is normally removed from the primordial
germ cells (PGCs), while DREAM components are not (Lee et al. 2017). If LIN-
15B mediates H3K9me2 at germline gene promoters, loss of LIN-15B from the
PGCs may protect essential germline genes from being H3K9 methylated and
repressed in those cells. This supports a model in which LIN-15B is the first to
bind germline gene promoters and directs methylation of H3K9me2 and binding
of the repressive DREAM complex. How the different synMuv B complexes work
together to fully repress germline-specific genes in somatic cells is still an open
question. The establishment of H3K9me2 may be an initiating step in germline
gene repression or may be one part of a series of redundant steps necessary to

repress germline genes.

LIN-15B, MET-2 and the DREAM complex work in series to repress germline
genes in somatic tissue
To determine if LIN-15B and MET-2 work in series to repress germline

genes by H3K9me2, we created met-2; lin-15B double mutants and scored them
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for HTA. Because additional loss of met-2 and lin-15B did not enhance the HTA
phenotype at 24°C, we conclude that MET-2 and LIN-15B work in series within
the same pathway to repress germline genes in the soma. We carried out similar
experiments with /in-35;lin-15B, 1in-37;lin-15B and lin-54,lin-15B double mutants
and also did not observe enhancement of the HTA phenotype. Thus, based on
this assay, we genetically determined that LIN-15B and MET-2 work in series
with the DREAM complex to repress germline genes in somatic tissues.

Accumulation of multiple regulators to germline gene promoters is crucial
for their proper repression. In C. elegans, the DREAM complex, LIN-15B,
H3K9me2 and HPL-2 all accumulate at germline genes to ensure their
repression in somatic tissue (Rechtsteiner et al., 2018). Loss of these proteins
cause repercussions for development (Petrella et al., 2011). It is possible that
although these factors all co-localize to the same target genes, they may have
separate and additive functions at these promoters to achieve repression that
was not observed in this assay. It is possible that there are additive effects of
subsequent loss of these genes that did not cause enhancement of the HTA
phenotype at 24°C. Although some synMuv B mutants due arrest at lower
temperatures, 20°C, due to ectopic germline gene expression (let-418 and mep-
1), itis possible that small additive effects in compound mutants would not cause
a drastic enough increase in ectopic germline gene expression to cause an
enhancement of HTA at lower temperatures. Further studies must be completed
in order to the specific roles of each protein and how they work together to

achieve proper gene repression. . The establishment of H3K9me2 by LIN-15B
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may be one of the steps necessary for proper repression. In order to determine
this, further studies to determine how LIN-15B may recruit MET-2 and members
of DREAM complex to germline gene promoters will need to be carried out.
ChIP-gPCR in DREAM and lin-15B mutants backgrounds should be performed to

determine if DREAM complex can bind in the absence of /lin-15B and vice-versa.

synMuv B mutants and chromatin are temperature sensitive

The experiments performed here were all done with a high temperature
condition at the end of the temperature range where laboratory experiments are
routinely done. This raises the question of whether these temperature stresses
reflect levels that these organisms would experience under more natural
conditions. Work in the last 10-15 years has greatly expanded our understanding
of the ecology of naturally occurring C. elegans populations (Schulenburg and
Félix, 2017). Unlike what was previously thought, it is now known that the
reproductive lifespan of C. elegans occurs at the soil surface, often within rotting
plant vegetation (Félix and Duveau, 2012; Frézal and Félix, 2015; Kiontke et al.,
2011). In our temperature shift experiments, a window of 6-8 hours within
embryogenesis at 26°C elicited a severe chromatin delay in developing embryos,
even in wild-type. Given the short time period needed, it seems likely, that there
are circumstances where C. elegans embryos in natural habitats would
experience the temperatures tested here. Thus, having mechanisms that
regulate chromatin compaction during development at these temperatures is

necessary for species survival.
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Furthermore, almost all of the phenotypes displayed by synMuv B mutants
are temperature sensitive. The multivulval phenotype for which they were named
is enhanced at elevated temperatures of 25°C. Ectopic germline gene expression
is also enhanced in synMuv B mutants at 26°C compared to 20°C. Finally, the
high temperature arrest phenotype causes L1 arrest at 26°C but not 24°C or
20°C. Although temperature underlies many of these phenotypes, before this
study, the underlying mechanisms for this temperature sensitive phenotype have
remained unclear. lin-35, lin-15B, and met-2 mutants are null alleles that result in
no protein at all temperatures and lin-54 mutants, although not nulls, lose 80% of
DREAM complex binding at all temperatures (Petrella et al., 2011; Tabuchi et al.,
2011). Here, we show that chromatin compaction is temperature sensitive, even
in wild-type backgrounds, and may contribute to this phenotype.

Chromatin has previously been shown to be temperature sensitive.
reactive to changes in temperatures. Early studies in Drosophila revealed that
high temperature causes incomplete heterochromatin formation (Hartmann-
Goldstein, 1967). In addition to being temperature sensitive, chromatin is also
temperature respondent. Previous studies have reported that plants can change
chromatin dynamics to modify gene expression in response to changes in
temperature (Zografos and Sung, 2012). This is the first study to investigate the
role of temperature stress on chromatin compaction in a developmental context.
Here we reveal that chromatin compaction in early development is especially
vulnerable to the temperature sensitive nature of chromatin. Chromatin

compaction is developmentally delayed when worms experience high
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temperatures for small amounts of time. Causing further stress to this system by
loss of synMuv B proteins results in more drastic delays in chromatin
compaction. Loss of these proteins not only cause changes in chromatin
compaction at specific loci that they regulate, but also globally. Thus, small
changes in local chromatin domains throughout the genome, plus temperature
stress, can indirectly change the chromatin landscape at a global level within the

nucleus.

H3K9me2 mediated repression of germline genes is important for
organismal survival and disease prevention

Although the DREAM complex, LIN-15B and promoter enriched H3K9me2 are
only found to regulate a subset of germline-promoting genes, loss of this
repression is detrimental to the organism. Organisms defective in this regulation
cannot thrive in when faced with moderate temperature stress. Recent work in
Drosophila has revealed the importance of H3K9 methylation in repression of a
subset of coding genes to maintain proper cell fate. In the Drosophila ovary, loss
of H3K9me3 leads to up-regulation of testis-specific transcripts and changes the
fate of ovarian germ cells, leading to sterility (Smolko et al. 2018). As described
in C. elegans, prior investigations of H3K9 methylation loss in Drosophila had
focused primarily on up-regulation of repetitive elements (Guo et al., 2015;
Rangan et al., 2011; Wang et al., 2011; Zeller et al., 2016). However, it is clear
that H3K9me2/3 loss leading to up-regulation of small sets of coding genes in a

tissue-specific manner can have profound effects on cell fate and function. As

more studies investigate the roles of H3K9me2/3 in repression of coding genes, it
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seems likely that new pathways will be uncovered that are necessary to create
different patterns of H3K9me2/3 in different tissues for maintenance of proper
cell fate.

Ectopic expression of germline genes in somatic tissue leads to a variety of
adverse consequences in diverse animal species. These include L1 starvation
and reduced apoptosis during development in C. elegans synMuv B mutants,
tumor formation in Drosophila I(3)mbt mutants, and poor outcomes in human
tumors that express germline genes (Janic et al. 2010; Petrella et al. 2011;
Whitehurst 2014; Al-Amin et al. 2016). Thus, there is a need across species to
repress germline gene expression in the soma to facilitate proper development
and somatic function. Our data suggest that repression of germline genes during
development in somatic tissues through H3K9me2 may be a conserved
mechanism. As in C. elegans embryonic somatic cells, mammalian ES cells also
repress expression of germline genes (Blaschke ef al. 2013). Mouse ES cells
have been shown to lose repression of germline genes when H3K9me2 marking
of those genes is compromised by either Vitamin C treatment or knock-down of
Max (myc-associate factor X) (Blaschke et al. 2013; Maeda et al. 2013; Sekinaka
et al. 2016; Ebata et al. 2017). The conservation of H3K9me2 on germline genes
and its role in repressing those genes in developing somatic lineages may
represent a conserved regulatory role for H3K9me2. Both C. elegans and
Drosophila repress germline genes in the soma through complexes known to
interact with chromatin (Janic et al. 2010; Petrella et al. 2011; Wu et al. 2012), it

will be interesting to investigate if ectopic expression of germline genes in human
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somatic tumors is due to loss of these conserved complexes. Finally, not all
germline genes, but only a specific subset, are ectopically expressed in these
models. Why only certain germline genes are vulnerable to misexpression, if
those genes are the same across species, and which cellular processes are
disrupted as a result of germline gene misexpression singularly or as a group,
are open questions. Further investigation could have broad implications for
understanding conserved basic chromatin mechanisms and therapeutic targets
for cancer treatment.

Altogether, in this study, we uncover that synMuv B proteins are needed
for chromatin compaction throughout development, especially at high
temperature. Loss of chromatin compaction during developmental time periods in
which germline genes are globally upregulated during the maternal-to-zygotic
switch may underlie the developmental arrest phenotype of synMuv B mutants.
It is important to understand how germline genes are repressed in somatic tissue
as many somatic cancers that are highly proliferative and metastatic show
upregulation of germline genes (Gure et al., 2005; Maine et al., 2016; Xu et al.,
2014). Like C. elegans, mammals also repress germline gene expression during
embryogenesis in somatic cells and recent work has indicated that this
repression is dependent on H3K9me2 (Ebata, et. al., 2017; Lian, et. al., 2018).
Given that the DREAM complex is completely conserved between worms and
mammals (Litovchick, et al., 2007), its role in establishment of developmental

repressive chromatin at germline genes may also be conserved.
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A model for synMuv B germline gene regulation

We propose a model (Figure 6.1) in which LIN-15B is the first to bind
germline gene promoters in somatic tissue through it's putative THAP or AT hook
domain. Binding of LiN-15B promoters di-methylation of H3K9 by the
methyltransferase MET-2 at these promoters. H3K9me2 and LIN-15B binding
promotes and stabilizes binding of the repressive DREAM complex in order to
repress germline fates in somatic tissue. All of this occurs prior to the 8E stage in
wild-type embryos, preceding the maternal to zygotic switch. As zygotic gene
expression is globally upregulated, promoter localization of LIN-15B, DREAM
and H3K9me2 ensures germline gene repression in somatic tissues.

We predict that LIN-15B binds to germline gene promoters first to
establish a repressive chromatin environment at these loci. Loss of /in-15B

causes loss of H3K9me2 at synMuv B regulated germline gene promoters
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Figure 6.1 A Model for synMuv B germline gene
repression. LIN-15B binds germline gene promoters in
soma through its putative DNA binding domain and
promotes H3K9me2 by MET-2. This stabilizes biding of the
repressive DREAM complex in order to repress germline
gene expression in somatic tissue.
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(Figure 6.2). Loss of LIN-15B and H3K9me2 at these promoters likely
destabilizes binding of the repressive DREAM complex (Figure 6.2). This results
in a loss of a repressive environment at these loci and causes small amounts of
ectopic expression of germline genes in somatic tissue at 20°C (Figure 6.2). We
discovered that chromatin compaction is temperature sensitive, and exposure to
26°C causes loss of chromatin compaction even in wild type. Loss of the
repressive environment established by LIN-15B, MET-2, and DREAM complex,
in addition to loss of chromatin compaction at 26°C, results in increased ectopic
expression of germline genes in somatic tissues (Figure 6.2). Loss of the
repressive chromatin environment in lin-15B, met-2, or DREAM complex mutants
has detrimental impacts to development. Loss of these factors causes prolonged
open chromatin into developmental time periods in which global upregulation of
zygotic gene expression occurs. Without LIN-15B, MET-2, or the DREAM
complex, the tissue-specific mechanism for germline gene repression is not
established and these loci are available to be bound and ectopically expressed,
especially at high temperature (Figure 6.2). Further studies will need to be
preformed in order to determine if LIN-15B recruits or promotes H3K9me2 and
DREAM complex binding at germline gene promoters, Future studies of synMuv
B regulation will provide evidence of how organisms establish and maintain
chromatin structure and gene expression states, especially during times of

stress, to ensure vitality.
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Figure 6.2 A model for loss of LIN-15B at germline gene promoters.
lin-15B mutants lose H3K9me2 enrichment at germline gene promoters in
somatic tissue.Loss of LIN-15B and H3K9me2 destabilizes DREAM
complex binding at germline gene promoters. Loss of the repressive
chromatin environment at these promoters in addition to loss of chromatin
compaction at hight temperature leads to increased ectopic germline gene
expression at high temperature.
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