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Abstract

The Role of Histone Variants, Histone Modifications, and Germline Transcription on Imprint
Establishment and Epigenetic Inheritance in Caenorhabditis elegans

By Jackelyn Kay Arico

Epigenetic information such as parental imprints can be transmitted along with genetic
information through the germ line from parent to offspring. Recent reports show that histone
modifications marking developmentally regulated loci can be transmitted through sperm as a
component of this information transfer. How the information that is transferred is established in
the parent and maintained in the offspring is poorly understood. Our lab had previously described
a form of imprinted X inactivation in C. elegans where dimethylation on histone 3 at lysine 4
(H3K4me2), a mark of active chromatin, is excluded from the paternal X chromosome (Xp)
during spermatogenesis and persists through early cell divisions in the embryo. We first
examined the role of histone variants and histone modifications in imprint establishment.
Although the histone variants examined were not required for imprint establishment, and the
histone modifications characterized were not unique to the Xp, these studies reinforced the
observation that the Xp (unlike the maternal X or any autosome) is largely transcriptionally
inactive in the paternal germ line. Based on this observation, we hypothesized that transcriptional
activity in the parent germ line may influence epigenetic information inherited by and maintained
in the embryo. We observed that chromatin modifications and histone variant patterns assembled
in the germ line can be retained in mature gametes. Furthermore, despite extensive chromatin
remodeling events at fertilization, the modification patterns arriving with the gametes are retained
in the early embryo. Using transgenes, we observed that expression in the parental germline
correlates with differential chromatin assembly that is replicated and maintained in the early
embryo. Expression in the adult germ cells also correlates with more robust expression in the
somatic lineages of the offspring. These results suggest that chromatin environments established
in the parental germ lines may provide a potential mechanism for the inheritance of parent of
origin epigenomic content that can be maintained and heritably affect gene expression in the
offspring.
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Chapter 1

Introduction



Epigenetics is defined as encompassing processes that induce a heritable change
in gene expression that does not affect the underlying DNA sequence. The most striking
example of epigenetics is the development of a multicellular organism from a single
celled zygote. Despite the fact that nearly all cells in the human body contain the same
DNA sequences, differences in gene expression from one cell to the next allow for
different tissues and cell types to arise. Transcription factors and chromatin are both
involved in differential gene expression. The known epigenetic effectors of changes in
gene expression are those that regulate chromatin structure, histone modifications, DNA
methylation and non-coding RNAs (ncRNAs). Although epigenetic changes may be
acquired during the parents’ lifetime in a manner similar to Lamark’s acquired traits, in
order for inheritance of these marks to occur epigenetic changes must be established in
the parents’ germline and passed onto the offspring. While evidence suggests that
epigenetic inheritance does occur, a mechanism for inheritance of histone modifications
has not been directly demonstrated across generations or even through cell divisions.

Chromatin and Histone Modifications

DNA does not exist alone in the nucleus of a cell but is organized into a higher
order structure called chromatin. DNA is wound around an octamer of four proteins,
histones H2A, H2B, H3 and H4 (Figure 1.1 A). A tetramer of two molecules each of
histones H3 and H4, along with two dimers each containing one molecule of histones
H2A and H2B make up the nucleosome, around which 147 base pairs (bp) of DNA is
wound (Luger et al., 1997). DNA entering and exiting the nucleosome interacts with the
linker histone, H1. Nucleosomes are spaced roughly 50 bp apart in the simplest

chromatin conformation, termed the ‘beads on a string’ structure (Olins and Olins, 1974),



and can be further folded into higher order structures such as the 30 nm fiber and up to
the highly condensed structure observed in mitotic chromatids. The four core histones
are highly conserved throughout evolution, with a globular histone fold domain
comprising the core of the nucleosome, and unstructured N-terminal “tails” which
protrude from the nucleosome (Figure 1.1 A). The N-terminal tails of histones can be
highly modified with various posttranslational modifications, such as methylation,
acetylation, phosphorylation, and ubiquitination (Strahl and Allis, 2000) (Figure 1.1 B).
These modifications of histone tails can act alone or together to have positive or negative
effects on gene expression by recruiting additional histone modifying factors or
chromatin remodeling enzymes as well as directly influencing chromatin structure. A
“histone code hypothesis” has been proposed that posits that different combinations of
post-translational modifications, can have distinct effects on gene expression (Strahl and
Allis, 2000). However, although there are correlations that provide evidence in support of
the histone code, examples of specific combinations of individual modifications strictly
determining biological outputs have not been demonstrated.

Two of the most highly studied post-translational modifications are histone lysine
acetylation and methylation. Acetylation of histone lysines correlates with
transcriptionally active chromatin. Acetylation of lysines, carried out by histone
acetyltransferases (HATS), reduces the positive charge of the histone, reducing its affinity
for negatively charged DNA, and potentially leading to a more open chromatin state. In
addition to directly affecting DNA-histone interactions, acetylation of H4K16 may lead
to a more open chromatin state by several different mechanisms. Acetylation on H4K16

can directly affect the inter-nucleosome contacts between H4 and an acidic patch on



H2A, as well as by directly repelling Sir3 to prevent heterochromatin spreading at
chromatin boundaries (Carmen et al., 2002; Shogren-Knaak et al., 2006; Shogren-Knaak
and Peterson, 2006; Suka et al., 2002; Vaquero et al., 2007; Zhou et al., 2007). HATS,
such as the SAGA complex in yeast (STAGA in humans), are recruited to DNA by
physically associating with RNA polymerase (Nagy and Tora, 2007). Acetylation by
such complexes may recruit ATP dependent chromatin remodelers such as the SWI/SNF
complex, leading to further histone displacement, and keeping the chromatin in recently
transcribed regions in an “open” state (Chandy et al., 2006; Hassan et al., 2001; Huang et
al., 2003). Conversely, histone de-acetylases (HDAC’s), remove acetyl groups by a
simple hydrolysis reaction, leading to more compact, less accessible chromatin. In
budding yeast, hypoacetylation of H4K16 can be recognized by Sir4p and Sir3p which
interact with the HDAC Sir2 and leads to spreading of silent chromatin (Hecht et al.,
1995).

While histone acetylation is clearly associated with active chromatin, and its
absence mostly associated with silent chromatin, histone methylation can be repressive,
or activating, depending on which histone residue is modified. Histone tails can be
mono-, di- or tri- methylated on lysines and mono- or di- methylated on arginines by
three classes of histone methyltransferases (HMTSs). Arginines in histone tails can be
mono- or di- methylated (Rmel and Rme2, respectively), either symmetrically or
asymmetrically by the PRMT family of HMTs (Wysocka et al., 2006), but this class of
enzymes will not be discussed further. The DOTL1 family comprises non-SET domain
HMTSs that specifically catalyze methylation of histone H3 at lysine 79 (H3K79me) (Ng

et al., 2002; van Leeuwen et al., 2002). A third family of HMTs,which contain the



conserved SET-domain, carries out all other known histone lysine methylation. Histone
methylation can be correlated with silent chromatin, in the case of H3K9me3,
H3K27me2/3 and H4K20me3. Alternatively, this mark can correlate with active
chromatin in the case of H3K4me2/3, H3K36me2/3, or H3K79me2. These histone
modifications are not known to directly affect intrinsic chromatin structure, as histone
acetylation does, but rather provide a platform for specific binding of downstream
effector proteins, including transcription factors, chromatin remodeling enzymes, adaptor
proteins, and additional chromatin modifying enzymes. Methylated lysine residues can
be bound by at least four protein domains, including plant-homeodomain (PHD),
chromodomains, Tudor domains, and WDA40 repeats. Proteins bearing these motifs can
apparently distinguish between methylation at different lysine residues, and in some cases
di- and tri- methylation, with their interactions resulting in different outputs (Adams-
Cioaba and Min, 2009).

Methylation on lysine nine of histone H3 (H3K9me2/3), for example, has been
shown to correlate with transcriptionally inactive or silenced chromatin. In humans,
fission yeast, and flies H3K9me3 is catalyzed by Su(var)3-9 homologs (Czermin et al.,
2002; Nakayama et al., 2001; Rea et al., 2000; Schotta et al., 2002). H3K9me3 can be
bound by heterochromatin protein 1 (HP1) via its chromodomain, which recruits
Su(var)3-9. This has been proposed to provide a self-reinforcing loop in which
H3K9me3 spreads and further silences adjacent regions (Aagaard et al., 1999).
Alternatively, methylation of lysine four on histone H3 (H3K4me2/3) has been correlated
with transcriptionally active chromatin, and in fact physically associates with the RNA

polymerase 11 holoenzyme in budding yeast (Krogan et al., 2003; Li et al., 2003; Ng et



al., 2003; Xiao et al., 2003). H3K4me3 binding has been observed with two different
proteins, WDR5 and Chdl, although WDRS5 has recently been shown to interact with H3
lysine four independent of methylation (Li and Kelly PloS Genetics 2011 in press).
WDRS5, which preferentially binds H3K4me2 through its WD40 repeat domain, is a
component of the MLL complex that possesses H3K4me3 activity (Wysocka et al.,
2005). It has been proposed that MLL recruitment converts H3K4me2 to H3K4me3
(Wysocka et al., 2005). The chromodomain of Chd1 interacts directly with H3K4me2/3
and is a component of the SAGA histone acetyltransferase (Pray-Grant et al., 2005; Sims
et al., 2007). The interaction of Chd1 with H3K4me2/3 is proposed to recruit the SAGA
complex to acetylate nearby histones and further open and activate chromatin.

Until recently, methylation was thought to be a permanent post-translational
modification based on the stable nature of the C-N bond and the low turnover rate of this
mark (Byvoet et al., 1972). However the discovery of lysine demethylases KDMs (LSD1
and the Jumonji domain containing KDMs) has brought to light the dynamic nature of
this mark. LSD1 (lysine-specific demethylase 1) is the founding member of this group of
enzymes (Shi et al., 2004). LSD1 is an H3K4mel/2 de-methylase with homologues in
Arabidopsis, Drosophila, C. elegans and S. pombe, however it is not found in S.
cerevisiae. More recently LSD1 has been reported to also demethylate H3K9me?2 at
androgen receptor target genes (Metzger et al., 2005). Demethylation by LSD1
homologues is thought to be restricted to di- or mono- methylated lysines, while different
Jumoniji-class demethylases can remove mono-, di-, and tri- methylation

(Mosammaparast and Shi, 2010).



Interestingly, lysine demethylases typically exist in complexes, which include
other chromatin modifying enzymes. For example, LSD1 is a member of both the
CoRest complex and NuRD complexes, which deacetylate histones (Mosammaparast and
Shi, 2010). In these cases demethylation of H3K4me2 complements deacetylation
towards the common goal of repressing chromatin. Similarly, the Jumonji domain
containing protein UTX has been reported to operate in a complex with MLL (an HMT
that methylates H3K4), and MOF (a HAT), where it demethylates H3K27me3, to create a
more accessible, transcriptionally active chromatin environment (Mosammaparast and
Shi, 2010).

Histone modifications are not only co-regulated by distinct enzymes existing in
the same complexes, but also by influencing the establishment of other modifications in
cis. For example phosphorylation of H3 serine 10 recruits HMT Gcn5, which establishes
H3K14Ac (Walter et al., 2008). As another example, HMT Set2, which tracks along
with RNA polymerase during transcription, lays down H3K36 dimethylation. This
H3K36me2 recruits Rpd3S (an HDAC) leading to deacetylation of H3 and H4,
preventing inappropriate internal initiation within mMRNA coding regions of recently
transcribed genes (Lee and Shilatifard, 2007).

Histone Variants

Adding another layer of complexity to chromatin regulation are histone variants.
While histones H4 and H2B are largely invariant, Histones H3 and H2A have multiple
variant forms that are conserved across species. The canonical form of histone H3
conserved among all metazoans, H3.2, is a replication dependent variant, that is

incorporated into replicating DNA during S-phase (Elsaesser et al., 2010). This histone is



enriched in heterochromatin and thus is highly modified with K27me2/3 as well as
H3K9me2/3 (Johnson et al., 2004; McKittrick et al., 2004). Histone H3.1 is an additional
replication-dependent variant, which differs from H3.2 by only one amino acid; amino
acid 96 is a cystine in H3.1 and a serine in H3.2 (Franklin and Zweidler, 1977). While
H3.2 is the evolutionarily more conserved H3 variant, there is only one gene expressing
this variant in the human genome. With eleven genes, H3.1 is the major H3 variant in
humans (Marzluff et al., 2002). Each of these copies is simultanteously expressed to
facilitate bulk chromatin assembly during S-phase. H3 incorporation into replicating
chromatin requires the histone chaperone Caf-1 (Tagami et al., 2004). Another class of
H3 histones the CenH3’s, are centromere specific variants. The function of CenH3s is
highly conserved; they recruit to the centromere, kinetochore proteins that serve as a
nucleating cite for microtubules during mitosis (Blower and Karpen, 2001; Blower et al.,
2002; Buchwitz et al., 1999; Howman et al., 2000; Stoler et al., 1995). Centromeres and
CenH3 patterns are stably maintained through both mitosis and meiosis. Another variant,
H3.3, distinguishes itself from canonical H3.2/H3.1 in that it can be expressed in a
replication independent fashion, allowing for incorporation of this variant outside of
DNA replication (Ahmad and Henikoff, 2002; Wu et al., 1982). H3.3 differs from H3.2
by 4 amino acids and is associated with euchromatin and enriched in active histone
modifications such as K4me2/3, K9Ac, and K14Ac (Chow et al., 2005; Johnson et al.,
2004; McKittrick et al., 2004). Based on these observations H3.3 is thought to be
incorporated into chromatin after transcription mediated nucleosome displacement via its
chaperone HIRA (Tagami et al., 2004). The definition of HIRA as an H3.3 chaperone is

due to its ability to assemble nucleosomes independent of DNA synthesis (Loyola and



Almouzni, 2004; Ray-Gallet et al., 2002; Tagami et al., 2004). When H3.3 is
unavailable, however, HIRA can incorporate canonical H3 at active genes by replication-
independent nucleosome replacement (Sakai et al., 2009). H3.3 is not exclusively
coupled to transcription, nor does it appear to be essential for normal transcription since
transcriptional outputs from flies lacking H3.3 were indistinguishable from wild-type
animals (Hodl and Basler, 2009). In fact, when H3.3 is knocked out in Drosophila, H3.1
expression is up-regulated, demonstrating that H3.1 is capable of fulfilling H3.3’s role in
transcription (Sakai et al., 2009). However, H3.3 plays key roles in the germline and
early development, and has been recently described in heterochromatin as well. While
flies lacking H3.3 are viable and superficially normal they are sterile (Hodl and Basler,
2009). This sterility cannot be rescued by H3.2 or an H3.3 mutant where lysine four is
changed to alanine, further suggesting that methylation on H3.3 lysine four is more
important for development than for incorporation of H3.3 in facilitating transcription.
Flies lacking the H3.3-specific chaperone HIRA are maternal effect embryonic lethal
because maternally provided HIRA is required for H3.3 incorporation into the
decondensing paternal pronucleus after fertilization (Loppin et al., 2005). Tetrahymena
provides another example where H3.3s play a role in development, rather than in active
transcription; H3.3 is required for the production of viable sexual progeny, but is not
necessary for cell growth (Cui et al., 2006). For a comparison of histone H3 variants see
Table 1.1.

In mouse zygotes the decondensing paternal pronucleus is also low in H3.1 and
accumulates H3.3 and HIRA (Torres-Padilla et al., 2006; van der Heijden et al., 2005).

Additionally, early mouse development specifically requires H3.3 with lysine at residue
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27 for normal heterochromatin formation in the embryo, implying a role for K27
methylation of H3.3 in this process (Santenard et al., 2010). Furthering H3.3’s potential
role in silencing are reports of its involvement in silencing of the inactive X chromosome.
H3.3, HIRA, and an H3.3 chaperone, Daxx, are enriched on the transcriptionally silent
XY body during mammalian spermatogenesis (Rogers et al., 2004; van der Heijden et al.,
2007). Daxx exists in a complex with the SNF2 family chromatin remodeler ATRX
(Lewis et al., 2010). Furthermore, ATRX is found on both the imprinted and randomly
inactivated X chromosome, and imprinted X inactivation is lost in the absence of ATRX
(Baumann and De La Fuente, 2009; Garrick et al., 2006). This association, along with
the recent data showing H3.3 enrichment at telomeres and pericentric heterochromatin
suggest that H3.3 may have a role in transcriptional silencing (Drane et al., 2010;
Goldberg et al., 2010; Lewis et al., 2010; Wong et al., 2009).

In addition to their roles in development, histone variants also directly impact
inherent chromatin structure. Nucleosomes containing H3.3 are less stable than those
containing H3.1 or H3.2, which may further enhance transcription in regions containing
this nucleosome (Jin and Felsenfeld, 2007). H3.3 containing nucleosomes can be further
destabilized by the inclusion of the histone variant H2A.Z (Jin and Felsenfeld, 2007).
Histone H2A.Z is the major H2A variant comprising 5-10% of the H2A in the
mammalian genome, and it varies significantly from H2A (Abbott et al., 2001; Leach et
al., 2000). It has a conserved extended acidic patch, which may cause the observed
instability in nucleosomes with H3.3 (Fan et al., 2004; Suto et al., 2000). In some studies
H2A.Z correlates with active chromatin and is enriched at transcription start sites, yet in

others it has been shown to play a role in pericentric heterochromatin maintenance
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(Adam et al., 2001; Dhillon and Kamakaka, 2000; Mizuguchi et al., 2004; Santisteban et
al., 2000). Another H2A variant, H2A.Bbd, is excluded from the inactive X
chromosome, destabilizes nucleosomes, and is associated with active genes (Chadwick
and Willard, 2001; Gautier et al., 2004; Zhou et al., 2007). H2A.Bbd was also recently
described as being expressed in testis during spermatogenesis (Ishibashi et al., 2010). In
contrast another H2A variant, MacroH2A, characterized by it large “macro” C-terminal
domain, is associated with heterochromatin, the inactive X chromosome, and DNA
methylation (Chadwick and Willard, 2001; Chadwick and Willard, 2002; Choo et al.,
2006; Choo et al., 2007; Costanzi and Pehrson, 1998; Costanzi et al., 2000; Grigoryev et
al., 2004; Pehrson and Fried, 1992; Zhang et al., 2005). For a comparison of histone
H2A variants see Table 1.2.

DNA methylation

In mammals, DNA is methylated primarily on CpG dinucleotides and this
methylation is mediated by DNA-methyltransferases. Dnmtl is an essential maintenance
methyltransferase required for methylating hemi-methylated DNA after replication
(Bestor, 1992; Li et al., 1992). Dnmt3a and Dnmt3b are responsible for de novo
methylation during development (Hsieh, 1999; Lyko et al., 1999; Okano et al., 1999).
Dnmt3a and 3b also interact with HDACS, furthering their ability to silence chromatin
(Burgers et al., 2002). CpGs are less abundant in the genome than expected, due to the
fact that methylated cytosine is mutagenic. If an un-methylated cytosine is deaminated, it
becomes uracil, which does not belong in DNA, and will be removed by the base
excision repair pathway. However, if a methylated cytosine is deaminated it becomes a

thymine and the miss-paired T-G may be correctly repaired to a C-G or, incorrectly
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‘repaired’ to a T-A by the mismatch repair system. Over evolutionary time cytosines in
CpGs have been converted to T’s, depleting CpGs throughout the genome (Bird, 1980).
Regions remaining rich in CpG dinucleotides are called CpG islands and are enriched in
gene promoters across the human genome (Jones and Baylin, 2002). CpG methylation is
extensive in heterochromatin, which is also rich in H3K9 dimethylation (Stancheva,
2005). The first link between DNA methylation and histone methylation was
demonstrated in Neurospora, where a mutation in an H3K9 HMT leads to the loss of all
DNA methylation in the genome (Tamaru and Selker, 2001). In Arabidopsis H3K9me3
recruits HP1, which can go on to recruit the DNA methyltransferase Cmt3b, which
catalyses DNA methylation at CoNpG’s (Jackson et al., 2002). DNA methylation can
mediate silencing by inhibiting transcription factor binding, and indirectly through
recruitment of Methyl-CpG binding proteins (MECPs). Many of these MECPs are
associated with histone deacetylases and histone modifying enzymes, which go on to
further silence chromatin. For example, MECP MBD2 (methyl binding domain 2) is
associated with the NuRD complex, which contains HDACSs as well as an ATP-
dependent chromatin remodeling enzyme, Mi-2 (Wade et al., 1999; Zhang et al., 1999).
DNA methylation has not been observed in all organisms; exceptions include C. elegans,
S. cerevisiae, and adult Drosophila (Lyko et al., 2000). DNA methylation is present in
mature gametes, but is largely erased genome wide at fertilization, allowing for
reprogramming and reactivation of previously silenced genes in the totipotent zygote
(Bourc'his et al., 2001; Hata et al., 2002; Howlett and Reik, 1991; Kafri et al., 1992;

Mayer et al., 2000; Oswald et al., 2000; Reik and Walter, 2001; Rougier et al., 1998).
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Mammalian genomic imprints however, as discussed below, are resistant to this initial
wave of erasure.
Imprinting

One well-studied epigenetic phenomena is genomic imprinting, where genes are
expressed from one or another, but not both alleles, in a parent-of-origin dependent
manner. This deviation from Mendelian genetics is an excellent model for studying
epigenetic inheritance. The importance of genomic imprinting is illustrated by diseases,
such as Prader-Willi and Angelman syndromes, where imprinted gene regulation is
disrupted (Amor and Halliday, 2008). Genomic imprinting has been most closely studied
in mammals, although examples in fish, worms, flies, and other insects exist as well.

Helen Crouse first defined imprinting in 1960 in Sciara, the fungus gnat, where
the paternal X chromosome(s), or even the entire paternal genome, is eliminated
depending on sex and tissue type (Crouse, 1960; Goday and Esteban, 2001). This
imprinting phenomenon is primarily understood from a cell biological perspective, and
the mechanism for distinguishing the paternal chromosomes has not been characterized.
In lecanoid Coccids, or mealybugs, the entire paternally inherited chromosome set
becomes heterochromatic and genetically inert (Bongiorni and Prantera, 2003; Brown
and Nelson-Rees, 1961). In contrast to mammals where DNA methylation correlates
with gene silencing, in mealybugs the heterochromatic paternal genome is
hypomethylated compared to the euchromatic maternal genome (Bongiorni et al., 1999).
The paternally inherited genome of the mealybug is also enriched in H3K9 tri-
methylation and HP1 (Cowell et al., 2002). Bongiorni et al. recently proposed that

H3K9me2/3 is the signal used to establish the paternal imprint in coccids, as it is present
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in mature sperm and persists in the paternal pronucleus (Bongiorni et al., 2009). In flies,
imprinting is a heterochromatin-based phenomena; the imprint is manifest when
chromosomal rearrangements cause marker genes to juxtapose heterochromatin. These
genes are silenced in a manner similar to position effect variegation, however the
silencing can be dependent on the parent of origin (Lloyd, 2000). These studies reveal
that imprinting in insects is manifest in a broad variety of ways.

There is evidence of transgene imprinting in zebrafish as well. Transgene
methylation patterns may be affected by sex as well as environmental influences (Martin
and McGowan, 1995). However, if parental imprinting exists in zebrafish, it does not
result in essential genes being inactivated when their expression is essential for
development, as androgenic progeny are viable (Corley-Smith et al., 1996). Dnmt3A and
Dnmt3b, the de novo DNA maintenance methyltransferases responsible for establishing
methylation are conserved in fish; however a regulatory cofactor required for
establishment of DNA methylation at mammalian imprints, Dnmt3L, is not conserved
(Yokomine et al., 2006). Dnmt3L is however conserved in opossum/marsupials.

In mammals, imprinted loci generally lie in clusters regulated by DNA
methylation of an imprint control region (ICR) and are often associated with a non-
coding RNA (ncRNA) antisense to the protein coding genes in the cluster. Reciprocal
DNA methylation is seen based on the parent of origin. For example, at the Igf2r locus
the promoter of the ncRNA Air serves as the ICR and is methylated on the maternal
allele, and is unmethylated on the paternal allele. DNA methylation on the maternal
allele silences Air expression, allowing for the genes in the opposite orientation to be

transcribed (Sleutels et al., 2002; Smilinich et al., 1999). Conversely, the ICR is
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unmethylated on the paternal allele, allowing for transcription of Air, which represses
transcription of the rest of the genes in the cluster on the paternal chromosome. While
the consequences of imprinting have been closely examined, the mechanisms by which
imprints are established in the parents” germline are unknown.

A dramatic example of imprinting in mammals is imprinted X chromosome
inactivation (iXi), in which the paternal X is preferentially inactivated prior to
implantation in mammals (Mak et al., 2004). iXi is sustained only in the placental tissues
of eutherians, while it is replaced by random X inactivation in the post-implantation
embryo (Mak et al., 2004). In marsupials however, iXi is maintained in both the
embryonic and placental lineages (Sharman, 1971). The first well-characterized step in
iXi, as in random X inactivation, is Xist expression. The ncRNA Xist is expressed
preferentially from the X chromosome that will be silenced; i.e., the Xp in iXi and either
X in random Xi. Xist spreads in cis and coats the inactive X chromosome, leading to
silencing of most of the genes on the chromosome. Similar to differentially methylated
ICR at genomic imprinting loci, in female somatic cells where random Xi occurs, the
promoter for the ncRNA Xist is methylated on the transcriptionally silent X, but not the X
that expresses Xist (Norris et al., 1994). However, this differential methylation is not
observed in the embryo until the blastocyst stage and unlike most genomic imprints, iXi
does not require the maintenance DNA methyltransferase Dnmt1 (Lewis et al., 2004;
McDonald and Kay, 1997; Sado et al., 2000; Sado et al., 2004). It does, however, require
repressive histone modifications such as H3K9me3 and H3K27me3 established by the
polycomb group histone methyltransferases (Mak et al., 2002; Silva et al., 2003; Wang et

al., 2001). These features are consistent with the theory that histone modifications are the
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more conserved imprinting mark, as DNA methylation is not associated with imprinting
phenomena in worms or flies for example, and yet epigenetic imprinting phenomena have
been observed in these organisms (Bean et al., 2004; Lloyd, 2000; Sha and Fire, 2005).
How and when iXi is initiated is a hotly debated topic with two main schools of thought.
iXi is certainly established by the 4-cell stage, but whether iXi initiates upon zygotic
genome activation and XIST expression in the embryo, or arrives at fertilization in a pre-
inactivated state resulting from meiotic sex chromosome inactivation (MSCI) is less clear
(Heard and Disteche, 2006; Huynh and Lee, 2003).

Meiotic Sex Chromosome Inactivation

In addition to random and imprinted X chromosome inactivation, a third form of
X inactivation occurs in the germline of mammalian males, termed meiotic sex
chromosome inactivation (MSCI). The X and Y sex chromosomes are unpaired in
meiosis except for along a small homologous region; the pseudo-autosomal region
(PAR). During the pachytene stage of spermatogenesis, the autosomes and the PAR pair
and synapse. The unpaired X and Y regions are transcriptionally silenced and
compartmentalized into a condensed structure termed the XY body. This MSCI persists
throughout the rest of meiosis. Silencing of the X and Y continuing beyond meiosis into
spermatids was reported by several groups and termed postmeiotic sex chromatin
(Namekawa et al., 2006; Turner et al., 2006). MSCI was proposed to persist through
fertilization, leading to an Xp inherited in a pre-inactivated state, and evidence of PMSC
seemed strengthen this argument (Huynh and Lee, 2003). However, there are X-linked
genes that are reactivated in postmeiotic cells (Mahadevaiah et al., 2009; Namekawa et

al., 2006). This postmeiotic activation argues against repression being continuous
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between MSCI and iXi. Additionally, apparent transcriptional activity from the Xp at the
2 cell stage further weakens the pre-inactivation argument (Okamoto et al., 2004).
Nevertheless, more recent evidence has shown that initiation of iXi occurs in the absence
of XIST expression and silencing of repetitive elements occurs by the two cell stage,
independent of XIST (Kalantry et al., 2009; Namekawa et al., 2010). As XIST is not
necessary to initiate iXi some other process must be at work, reopening the possibility
that despite some postmeiotic reactivation of certain genes, the Xp may arrive in the
embryo in a pre-inactivated state.

Sperm Chromatin

One of the final steps of spermatogenesis in many organisms is histones removal
and replacement with highly basic proteins called protamines. Although the presence of
histones in mature mammalian sperm has been demonstrated for some time, the
replacement of histones with protamines was thought to be near complete, negating major
consequences of histone or histone modification inheritance through the male gamete
(Ward and Coffey, 1991; Wykes and Krawetz, 2003). While histone replacement with
protamines in mammals and flies is extensive, histone replacement with protamines
varies greatly among animals and even between genera of the same order (Frehlick et al.,
2006). In C. elegans, GFP-tagged H3.3 histone variants can be visualized in mature
sperm (Ooi et al., 2006). In the blue swimming crab Portunus pelagicus, H2B and H3
remain in sperm and histone replacement by protamines appears minimal. Sperm nuclei
are not very condensed, and reports of the presence or absence of histones in other
species of crab vary from complete loss to significant retention of histones (Chevaillier,

1967; Kurtz et al., 2009; Kurtz et al., 2008; Langreth, 1969; Stewart et al., 2010; Vaughn
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and Thomson, 1972). During spermatogenesis in amphibians histone retention can occur
as one of three variations. In Rana catesbeiana there is no evidence of histone loss or
replacement. In Xenopus laevis, H2A and H2B are lost while H3 and H4 are retained and
chromatin is compacted with the aid of protamine like sperm nuclear basic proteins. Bufo
marinus sperm contain typical vertebrate protamines (Frehlick et al., 2006).

Additionally, the model plant Arabidopsis contain an apparently high level of H3.3 in the
male gamete (Ingouff et al., 2007). Most recently, a study in zebra fish has shown that
there is no apparnt histone repacement during spermatogenesis, and histones retain
bivaltent chromatin patterns at developmental loci, much like humans and mice (Wu et
al., 2011).

Two groups recently demonstrated that histones, as well as modifications
associated with both transcription and silencing, are retained in the mature sperm of mice
and humans. Although histones are retained at low levels genome wide (4-10% in human
sperm and <1% in mouse sperm) they are retained as nucleosomes at certain
developmental promoters (Brykczynska et al., 2010; Hammoud et al., 2009). Hammoud
et al. showed that H3K4me3 is enriched at HOX gene clusters, which regulate anterior-
posterior body patterning in development, as well as at paternally expressed, but not
paternally repressed, imprinted loci. Alternatively, H3K27me3 was enriched at
developmental promoters repressed in early embryos. Within those H3K27me3-enriched
loci there was a subset also modified with H3K4me3. Such bivalant domains largely
overlapped with previously characterized bivalent promoters in embryonic stem cells
(Bernstein et al., 2006; Brykczynska et al., 2010; Hammoud et al., 2009). Brykczynska

et al. showed that H3K4me2 was enriched on spermatogenesis and housekeeping genes,
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while H3K27me3 was enriched on developmental regulators such as HOX genes, and
genes that are not expressed during male or female gametogenesis or preimplantation in
the embryo (Brykczynska et al., 2010). An independent study showed by
immunofluorescence that sperm derived histones may be incorporated into zygotic
chromatin in humans (van der Heijden et al., 2008). These data along with evidence in
other organisms of modest to significant inheritance of histones via sperm allows for the
inheritance of histone modifications across generations that could allow for inheritance of
epigenetic information.

Transgenerational Inheritance

Erasure of epigenetic information between parent and offspring is necessary for
the transition from terminally differentiated gametes to the totipotent zygote. In mouse,
Drosophila, and C. elegans erasure of epigenetic information in primordial germ cells
between generations has been demonstrated, and likely exists in other organisms as well
(Schaner et al., 2003; Seki et al., 2005; Seki et al., 2007). In order for gametic epigenetic
inheritance to occur, epigenetic changes must be established in the parents germline,
packaged into gametes and be resistant to erasure mechanisms normally in place in the
embryo. Instances of loci that escape from erasure mechanisms include genomicly
imprinted genes in mammals, mating type loci in yeast and paramutation in plants.
However, resistance to erasure in these examples is not a trait acquired in the parents’
lifetime. Therefore they do not occur in response to experiences of the parent and are not
adaptive, but rather a normal part of development (Youngson and Whitelaw, 2008).
Whether changes in chromatin and gene expression that occur during the parents’ lifetime

can be inherited with phenotypic consequences is less well established. Evidence of fetal
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programming in humans where parental or even grandparental nutrition affects offspring
health have been well documented, however, the molecular mechanisms behind this
inheritance are as yet unknown (Bateson, 2001; Kaati et al., 2002; Kaati et al., 2007,
Lumey, 1992; Pembrey et al., 2006; Stein and Lumey, 2000). Apparent transgenerational
inheritance through the maternal line up to the F2 generation could be due to F1 prenatal
exposure or even exposure of the F2 genome/epigenome as developing germ cells while
the F1 is developing in utero (Youngson and Whitelaw, 2008). Studies showing
epigenetic inheritance through the male line could therefore be more telling, however,
even when examined in mice, the molecular mechanisms of gametic inheritance events
are still unknown (Carone et al., 2010). One study of note demonstrated that during
gonadal sex determination exposure to the endocrine disruptor vinclozolin leads to a
variety of abnormalities in the offspring. These abnormalities are seen at high penetrance
(90%) and are inherited through the male line out to at least three generations (Anway et
al., 2005; Anway and Skinner, 2006). These studies are of note because abnormal DNA
methylation was observed and inherited, suggesting a mechanism for inheritance of
epigenetic marks over several generations (Anway et al., 2005; Anway and Skinner,
2006). A question still unanswered from these studies is how these marks escape
epigenetic erasure over several generations.
C. elegans

Our research focuses on transgenerational epigenetic inheritance. As research in
humans is impractical and unethical, and even model systems such as mouse have a long
life cycle limiting their utility in generational studies, we chose C. elegans as our model

system. C. elegans is a Imm long non-parasitic nematode (roundworm). Their relatively
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short three-day life cycle along with their large brood size (between 250-350 offspring
per hermaphrodite) makes them particularly amenable to generational research questions.
Upon hatching, C. elegans proceed through four larval stages (L1-L4) prior to developing
into adults and typically live around 2 weeks. Their genome is comprised of 6
holocentric chromosomes, five autosomes and one sex chromosome, the X, making
genetic and chromosomal cell biology approachable. Additionally, there is no reported
DNA cytosine methylation, simplifying studies on chromatin and epigenetics. C. elegans
has two sexes, males and hermaphrodites and sex is determined by the number of X
chromosomes inherited; hermaphrodites have two X’s while males have only one.
Dosage compensation of the X’s in hermaphrodite C. elegans is achieved by down-
regulating expression from both X chromosomes by half. Hermaphrodites can mate with
males and are also self-fertile as they make sperm as L4 larvae, and then switch
exclusively to oogenesis as adults. In hermaphrodites, sperm are stored in the
spermatheca where oocytes are fertilized in adults. Males only make sperm and therefore
require hermaphrodites to reproduce.

Germ cells are the only players in the transfer of epigenetic information between
and across generations. Studying germ cells in C. elegans is particularly attractive due
their high number and cytological accessibility in adults, and the fact that the entire cell
lineage including the germline has been mapped (Sulston et al., 1983). From
fertilization, the one cell zygote divides asymmetrically to give rise to the AB somatic
blastomere and the germ cell precursor P1. The embryonic germline continues to divide
asymmetrically for three subsequent cell divisions, giving rise to a somatic blastomere

and a P-lineage cell at each division until P4 is born. P4 then divides symmetrically to
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give to rise to the primordial germ cells Z2 and Z3 (Figure 1.2). The P-lineage is
transcriptionally repressed by the maternally supplied protein Pie-1 (Seydoux and Dunn,
1997). Z2 and Z3 are maintained in a transcriptionally repressed state by chromatin-
based mechanisms until they re-enter the cell cycle at hatching (Furuhashi et al., 2010;
Schaner et al., 2003).

Germ cells develop within the somatic germ line, which is comprised of two U-
shaped ovary arms in the hermaphrodite and a single testis in the male (Figure 1.3). C.
elegans is an excellent model system for studying germ cell to zygote transitions as germ
cells comprise over half the cells in an adult animal; adults have 959 somatic cells and
over 1000 germ cells are produced by each gonad arm. The gonads are syncytial; nuclei
are partially enclosed by the plasma membrane, but share a contiguous cytoplasm.
Gametogenesis proceeds in linear fashion through the gonad from distal to proximal,
allowing for simultaneous examination of each stage of germ cell maturation in a single
animal. At the distal end the somatic distal tip cells create a stem cell niche under the
control of the Notch-like receptor GLP-1 (Kimble and Crittenden, 2007; Kimble and
Simpson, 1997). When germ cells lose contact with the distal tip cells or Notch signaling
is otherwise disrupted, they enter meiosis. During male meiosis in L4 larval
hermaphrodites and in males, the germ cells progress through the pachytene stage of
meiotic prophase I, where they transition into 4N primary spermatocytes, then divide to
give rise to 2N secondary spermatocytes, followed by rapid progress through meiosis Il
giving rise to 1N spermatids. Male gamets are stored as spermatids in the seminal vesicle
until mating in males, and as spermatozoa in the spermatheca in hermaphrodites. In

hermaphrodites, meiotic cells proceed through pachytene, diplotene and are held in



23

diakinesis in mature oocytes until fertilization, which occurs after ovulation into the
spermatheca. Embryos then begin the germline cycle again, re-establishing the P-lineage
in the first asymmetric division of the zygote.

Upon fertilization the two parental pronuclei are not equivalent at the chromatin
level, even in self-fertilized offspring of hermaphrodites. Our lab has previously shown
that the X chromosome that passed through spermatogenesis, whether in a male or a
hermaphrodite, lacks active histone modifications on histone H3 (H3K4me2, H3K9Ac,
H3K14Ac) while accumulating diacetylation on histone H4. In contrast, the maternally
inherited Xm chromosome, as well as all of the autosomes, are intensely decorated with
active histone modifications, even at the one cell stage when transcription has not yet
initiated. This paucity of these active histone H3 modifications on the Xp persists
through several rounds of cell division in the early embryo, but seems to weaken through
subsequent cell divisions, so that the Xp is indistinguishable from the other chromosome
with regards to active histone modifications beyond the 24-cell stage (Bean et al., 2004).
The persistent absence of active histone modifications on the Xp is what is referred to as
a chromatin based imprint in C. elegans. The means by which this imprint is established
in the parental germ cells and further maintained in the embryo is the focus of my
dissertation.

Rationale

I aim to determine how the Xp imprint is established in C. elegans. 1 first
proposed that histone variants or modifications incorporated during spermatogenesis
could render the Xp refractive from acquiring active histone modifications in the early

embryo. While demonstrating that a range of histone variants was not required for
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establishment of the imprint, and that certain histone modifications are the same on both
the Xp and the rest of the chromosomes (Chapter 2), I made the following observations.
1) Histones and histone modifications are maintained in mature sperm. 2) Genomic
segments sharing the transcriptional quiescence characteristic of the Xp while passing
through gametogenesis are similarly imprinted, while those regions that are
transcriptionally active during gametogenesis acquire and maintain active histone
modifications. 3) Inherited chromatin environments may impact embryonic expression
(Chapter 3). From these observations we went on to test whether similar observations
could be made with regards to the expression of imprinted non-coding RNASs in
mammals (Chapter 4).

The X chromosome in C. elegans is noticeably depleted of germline essential and
spermatogenesis specific genes (Reinke et al., 2000). The inactive state of the X
chromosome in male meiosis, and maintenance of that state during spermatogenesis, may
be a passive consequence of the lack of genes required for meiosis or spermatogenesis
from this chromosome. Indeed, genes with demonstrated functions in meiosis and
germline sex determination in both sexes are absent from the X, as are genes that have
been either defined as exhibiting sperm-enriched expression, or mapped mutations
causing sperm defects (spe; Table 1.3; (Reinke et al., 2000). Furthermore, cell cycle
genes that are not germline specific but are important for germ cell proliferation are also
absent from the X (Table 1.3). Finally, a number of examples have been reported in
which essential loci with X and autosomal linked paralogs exhibit germ-cell specific
defects when only the autosomal copy is defective, suggesting only the autosomal copy is

active in germ cells (L'Hernault and Arduengo, 1992; Maciejowski et al., 2005). Thus,
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the consensus of published data suggests there is little need for transcription from the X
chromosome during spermatogenesis.

In this thesis | demonstrate that imprint establishment is not unique to the
paternally inherited X chromosome, but rather is characteristic of large genomic
fragments that pass through gametogenesis in a transcriptionally inactive state. More
interestingly, chromatin that was transcriptionally active in the parent’s germline,
whether it be a transgene or an entire chromosome accumulates active histone
modifications in the germline. These modifications can be packaged into mature gametes
and carried into the embryo where the inherited histone modification patterns can be
maintained and perhaps propagated in the absence of transcription in the early embryo as
well as possibly influencing gene expression in the offspring.

Significance

Evidence for inheritance of epigenetic modifications across generations is
implied, but direct mechanisms for this inheritance are not well established. The
imprinting phenomenon in C. elegans is a useful model system for studying epigenetic
inheritance as the fundamental elements of this phenomenon, histones and histone
modifying machinery, is highly conserved. Epigenetic regulation plays a pivotal role in
mammalian imprinting and gene regulation throughout the genome. When these
processes are disrupted diseases such as cancer and Prader-Willi/Angelman Syndrome, as
well as other imprinting diseases can result. Studying the imprinting phenomena in C.
elegans will further our understanding of the mechanisms involved in these processes,
expand our knowledge of chromatin regulation in general, and provide a foundation that

could lead to treatment of disease in the future.
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Table 1.1 Comparison of Histone H3 variants. Canonical histone H3, H3.2, associated
marks, timing of expression and chaperon is compared other histone H3 variants, H3.1,

H3.3 and human CenH3, CENPA. Amino Acid changes are a comparison of the human

proteins.
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Table 1.1 Comparison of Histone H3 Variants

Associated with | Expression/incorporation | Chaperone Amino Acid
Changes
H3.2 Heterochromatin | S-phase Caf-1 canonical
K27me2/3,
K9me2/3
H3.1 Heterochromatin | S-phase Caf-1 96:S>C
K27me2/3,
K9me2/3
H3.3 Euchromatin S-phase HIRA 31:. A>S
Transcription Throughout cell cycle 87:S> A
H3K4me2/3 Fertilization 89:V > 1
K9Ac 90: M > G
K14Ac
Heterochromatin
Inactive X Daxx
CENPA Centromere 50% identity

63%
homology
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Table 1.2 Comparison of Histone H2A variants. Canonical histone H2A associations
and amino acid conservation is compared with other histone H2A variants, H2A.Z,

H2A.Bbd and MacroH2A. Amino Acid changes are a comparison of the human proteins.
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Table 1.2 Comparison of H2A Variants

Associated with...

Amino Acid comparison
with H2A

H2A canonical
H2A.Z Active transcription 65% identity
Pericentric heterochromatin | 76% homology
H2A.Bbd Excluded from inactive X 49% identity
Destabilizes nucleosomes 70% homology
Active genes
Expressed in testis
MacroH2A Heterochromatin

Inactive X
DNA methylation

Large (254 amino acid)
unique C-terminal Macro
Domain

N-terminal
66% identity
75% homology




Table 1.3. Chromosomal Distributions of Genes that Express in Germ Cells
Chromosomal linkages of common germline expressing genes (assembled from
Wormbase.org) are restricted to autosomes. None appear on the X with one exception;

cdk-4 is only required for larvae.
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Table 1.3 Germline-expressing loci chromosomal linkage
Spermatogenesis|Linkage [Meiosis LinkagefCell cycle [Linkage |Germline sex Linkage)
genes (45) Group Jgenes (53) |Group Jgenes (26) |Group |determination (21) |Group
Ifer-1 | air-2 | cdc-25.1 | fbf-1 1l
fog-3 | atl-1 \Y cdk-1 I fbf-2 Il
gsp-3 | bre-1 1] cdk-4 X* fem-1 \%
gsp-4 | orc-2 ] cdk-7 | em-2 1]
htas-1 \ chk-1 \% cep-1 | em-3 \%
k08c7.3 \ chk-2 \% icki-1 Il 0g-1 |
msp-142 Il dpy-28 1] clk-2 1] 0g-2 \%
msp-19 \ dyp-26 I\ cul-1 1] fog-3 |
msp-31 Il olp-3 ] cyd-1 1] gld-1 |
msp-33 Il him-1 | cyel | gld-3 I
msp-40 Il him-10 1] dpl-1 Il her-1 \%
msp-45 Il him-11 1] efl-1 \% mog-1 11l
msp-49 Il him-12 \% lemb-27 Il mog-2 Il
msp-50 1l him-13 | emb-30 1] mog-3 1
msp-53 \ him-14 Il hus-1 | mog-4 1]
msp-55 \ him-15 1] lin-23 Il mog-5 Il
msp-57 v him-2 | lin-35 | mog-6 Il
msp-77 v him-3 [\ lin-36 ] nos-3 1l
msp-79 \ him-5 \% lin-9 1l tra-1 1]
msp-81 \ him-6 \ mat-1 | tra-2 1]
smz-1 v him-7 \Y mat-2 Il tra-3 \Y
smz-2 | him-8 v mat-3 I
spch-1 \ him-9 Il mdf-1 \%
spch-2 | hop-1 | mrt-2 1]
spch-3 | htp-1 \ san-1 |
spe-1 Il htp-2 \% wee-1.2 Il
spe-10 \ htp-3 |
spe-11 | mei-1 |
spe-12 | mei-2 |
spe-13 | mes-2 \%
spe-14 v mex-1 1l
spe-15 | mex-3 |
spe-16 1l mre-11 \%
spe-17 \ msh-2 |
spe-19 \ msh-4 Il
spe-2 Il msh-5 \
spe-3 Il msh-6 |
spe-4 | pie-1 1]
spe-5 | rad-51 [\
spe-6 1 rad-54 |
spe-7 1] rec-8 [\
spe-8 | smc-2 1l
spe-9 | smc-3 ]
Ssp-10 v spo-11 \%
Y59e9ar.1 v sun-1 \Y

syp-1 \

syp-2 \%

syp-3 |

zhp-3 |

zim-1 v

izim-2 \Y

zim-3 \Y

zyg-12 1
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Figure 1.1 Nucleosome Schematic and Histone H3 N-terminal Modifications (A)
Schematic of a typical nucleosome is shown with canonical histones H2A (blue), H2B
(orange), H3 (green), and H4 (pink), globular domains, DNA (red) and linker histone H1
(gray). N-terminal histone “tails” protrude from the nucleosome and can be highly
modified. (B) N-terminal histone H3 modifications examined in this work: Amino acid
residues modified are in black below the tail. Circles represent possible modifications at

that residue. Methylation (blue), Acetylation (purple), Phosphorylation (green)
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Figure 1.2 Germ cell lineage and histone modifications in embryogenesis (A)
Asymmetric cell divisions give rise to the primordial germ cells Z2/Z3. P-cells (PO-P4
gray) are primordial germ cell precursors. Transcription is repressed in P-cells by pie-1
(red). P-cell nuclei are decorated with H3K4me2 (green). Pie-1 and H3K4me2 are lost
in the nuclei of Z2/Z3. (B) H3K4me2 is present in both somatic lineages and germ cell
precursors prior to the birth of Z2/Z3. In primordial germ cell precursors (P0-P4)

transcription is repressed by pie-1. In Z2/Z3 Pie-1 is degraded and H3K4me2 is lost.
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Figure 1.3 C. elegans germline anatomy Adapted from (Wang et al., 2009) (A) Adult
hermaphrodite with two U-shaped ovary arms. Distal tip cells (yellow). Mitotically
dividing germ cell nuclei (green). Meiotic germ cell nuclei (red). Diakinetic oocytes
(yellow). Sperm, produced as larvae, are stored in the spermatheca (blue). Embryos
(light green). (B) Adult male. Distal tip cells (yellow). Mitotically dividing germ cell

nuclei (green). Meiotic germ cell nuclei (red). Postmeiotic sperm (blue).
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Chapter 2

Examining the Role of Histone Variants and Histone Modifications in Imprint

Establishment in C. elegans
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INTRODUCTION

X inactivation, the silencing of an X chromosome to achieve dosage
compensation in female mammals, is an epigenetic event, in that the silencing is
dependent on mechanisms other than DNA sequence. Epigenetic phenomena, as
discussed in Chapter 1, include DNA methylation, non-coding RNAs, histone modifiers
and remodelers, histone modifications and histone variants. Of these, the ncRNAS Xist
and Tsix are well established as playing key roles in X inactivation in the mammalian
embryo and roles for histone variants and histone modifications in X inactivation are
emerging as well. There are two types of X inactivation in placental mammals.
Imprinted X inactivation (iXi) is the preferential silencing of the paternally inherited X
chromosome. iXi is initiated by as early as the two cell stage at some loci and
chromosome wide by the four-cell stage and persists in the extra-embryonic tissue
(Namekawa et al., 2010; Okamoto et al., 2004). iXi is lost in the inner cell mass of the
embryo, and replaced by random inactivation of either X chromosome in the embryo
proper. The first well-characterized step in both iXi and random X inactivation is Xist
expression. The ncRNA Xist is expressed preferentially from the X chromosome that
will be silenced; the Xp in iXi and either X randomly in random X inactivation. Xist goes
on to coat the inactive X chromosome silencing it in cis (Penny et al., 1996).
Subsequently, active chromatin modifications such as H3K4me and H3K9Ac are lost
(Heard et al., 2001). This is followed by hypoacetylation of H3K4, and enrichment of
marks associated with heterochromatin such as H3K27me3, H3K9me2, H4K20mel and

H2AK119Ub (de Napoles et al., 2004; Heard et al., 2001; Kohlmaier et al., 2004; Plath et
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al., 2003; Silva et al., 2003). However, mechanisms establishing imprints in mammals,
or any organism, remain to be identified.

The inactive X chromosome in mammals has a distinct chromatin environment
with regards to histone modifications and histone variant makeup. Typical of silent
chromatin, the inactive X chromosome is hypoacetylated on nearly all histones as well as
being hypomethylated on H3K4 (Boggs et al., 2002; Heard et al., 2001; Jeppesen and
Turner, 1993). iXi shares many similarities with genomic imprinting, where allelic gene
expression is determined based on parent of origin, and the two are often paralleled.
Based on the association between iXi and genomic imprinting, as well as the fact that
hypomethylation of H3K4 is one of the first chromatin signatures of the inactive X, it is
interesting to note that establishment of maternal genomic imprints requires KDM1B, a
H3K4 demethylase (Ciccone et al., 2009). However a direct link between active H3K4
demethylation and iXi has not been demonstrated. The inactive X chromosome is
enriched with and in fact requires heterochromatic markers H3K9me2 and H3K27me3, as
well as components of the polycomb H3K27 histone methyl transferase complexes (Mak
et al., 2002; Silva et al., 2003; Wang et al., 2001). DNA methylation on the inactive X
chromosome is one of the final events of random X inactivation, and is not required for
iXi in the eutherian trophectoderm or in marsupials (Heard and Disteche, 2006).
Additionally, with H3K27me3 and H3K9me2, iXi can persist in the absence of the DNA
maintenance methyl transferase, Dnmtl (Mak et al., 2002; Plath et al., 2003; Silva et al.,
2003; Wang et al., 2001).

H3K27me3 established by polycomb repressive complex 2 (PRC2) is capable of

recruiting the Polycomb repressive complex 1 (PRC1) (Sarma et al., 2008). PRC1
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catalyzes ubiquitination of H2A on lysine 119 (UbH2A) in mammals (Wang et al., 2004).
The E3 ligase responsible for ubiquitination in PRC1, Ring1B, as well as UbH2A itself
are transiently enriched on both the imprinted inactive X in trophoblast stem cells, as well
as the randomly inactivated X chromosomes in differentiating embryonic stem cells
(Fang et al., 2004). This transient association, along with the accumulation of UbH2A
upon induction of a transgene expressing Xist, implied that UbH2A could play a role in
initiation of X inactivation (de Napoles et al., 2004). However, it was subsequently
shown that neither initiation nor maintenance of silencing at an inducible Xist transgene
requires Ring1B/UbH2A (Leeb and Wutz, 2007). One further modification, H4K20mel,
catalyzed by the HMT Prset7, coincides with Xist expression on an inducible Xist
transgene as well (Kohlmaier et al., 2004; Oda et al., 2009). A summary of histone
modifications and histone variants associated with the inactive X chromosome in
mammals is provided in Table 2.1.

In addition to a unique chromatin modification signature, the inactive X
chromosome has a unique histone variant makeup. Both the imprinted and random
inactive X chromosomes are enriched for the H2A variant MacroH2A (Costanzi and
Pehrson, 1998; Costanzi et al., 2000). MacroH2A has a large C-terminal domain, which
inhibits transcription initiation in vitro and is associated with heterochromatin (Costanzi
et al., 2000; Doyen et al., 2006). Further suggesting a role in gene silencing, MacroH2A
is found at DNA-methylated inactive imprint control regions in genomic imprinting loci
(Choo et al., 2006; Choo et al., 2007). While MacroH2A is enriched on the inactive X,
its presence is not required for maintenance of X inactivation and is unlikely to be

required for initiation of X inactivation, as imprinted X inactivation begins by the two or
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four-cell stage depending on the loci, prior to when Macro H2A is detected, beginning at
the eight-cell stage (Csankovszki et al., 1999).

A histone H3 variant, H3.3, can be expressed outside of S-phase, and incorporated
into chromatin independent of replication. H3.3 was initially thought to be involved in
enhancing an active chromatin environment, due to it’s enrichment at active genes,
promoters, and regulatory elements, and its ability to be incorporated outside of S-phase
(Ahmad and Henikoff, 2002). Recently, a more nuanced view of this variant suggests it
may have important roles independent of gene activation, in development and
heterochromatin. H3.3, as well as its chaperone HIRA and histone remodeler CHD1 are
required for paternal pronuclear decondensation and fertility in flies (Hodl and Basler,
2009; Loppin et al., 2005; Sakai et al., 2009). H3.3, its classic chaperone HIRA, as well
as its recently described chaperone Daxx, localize to the transcriptionally silent XY body
during mammalian spermatogenesis (Rogers et al., 2004; van der Heijden et al., 2007).
Daxx exists in a complex with the SNF2 family chromatin remodeler ATRX (Lewis et
al., 2010). ATRX is found on both the imprinted and random inactive X chromosome,
and iXi is lost in the absence of ATRX (Baumann and De La Fuente, 2009; Garrick et al.,
2006). This association, along with the recent data showing H3.3 at telomeres and
pericentric heterochromatin suggest that H3.3 may play a role in X inactivation (Drane et
al., 2010; Goldberg et al., 2010; Lewis et al., 2010; Wong et al., 2009). Enrichment and
absence of histone variants on the mammalian inactive X are summarized in Table 2.1.

Imprinted X inactivation (iXi) in C. elegans is a chromatin-based phenomenon,
where active histone modifications such as H3K4me2 and acetylation on histone H3 are

absent from the paternally inherited X chromosome (Xp) in the early embryo. At the
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outset of this project my goal was to further characterize chromatin modifications
associated with the inactive X chromosome in the germline and embryo, reasoning that
histone modifications established in the parents’ germline, if carried to the zygote, could
impact acquisition of histone modifications on the Xp in the embryo. | also examined
whether enrichment of a specific histone variant on the X chromosome during
spermatogenesis could be responsible for the Xp’s apparent resistance to acquiring active
histone modifications in the early embryo as well.

Based on the unique chromatin signature of the inactive X in mammals, we first
investigated whether histone variants or additional histone modifications could establish
the unique chromatin environment of the paternally inherited X chromosome. We
observed that, in addition to the active histone modifications previously described, tri-
methylation on lysine 4 of histone H3 (H3K4me3) was also absent from the Xp. We also
found that unmodified H3K4 (H3K4me0), was enriched on the X during spermatogenesis
and the paternal pronucleus, but this enrichment did not persist through the first cell
division. Similarly, differences in H3.1 and H3.3 accumulation on the X during
spermatogenesis were observed, however, these differences did not persist upon
fertilization.  Additionally, all other histone variants examined did not impact the
presence of the imprint in C. elegans. Other histone modifications examined were either
the same among autosomes, the maternally inherited X (Xm) and the Xp, or were the
same between the Xm and the Xp, while different from the autosomes, and therefore
these modifications do not play an obvious role in imprint establishment in C. elegans.

These results suggested that the imprint is established by means other than chromatin



44

modifications, and that the paucity of H3K4me2/3 and H3K9/14Ac are a consequence of

another mechanism establishing the imprint, which we explored further in Chapter 3.

RESULTS

Characterization of Histone H3 Variants in the Germline and Early Embryo

As discussed in the introduction, the histone H3 variant, H3.3 can be expressed
outside of S-phase, and in many studies correlates with transcriptional activity. However
associations of H3.3 with heterochromatin and the inactive X in mammals, as well as a
specific role for this variant in development and heterochromatin formation, have
recently been described (Baumann and De La Fuente, 2009; Drane et al., 2010; Garrick et
al., 2006; Goldberg et al., 2010; Lewis et al., 2010; Rogers et al., 2004; van der Heijden
et al., 2007; Wong et al., 2009). The C. elegans genome includes two H3.3s and several
H3.3-like variants (Table 2.2). H3 variants HIS-71 and HIS-72 have the conserved H3.3-
specific residues AIG at positions 87, 89, and 90, respectively, as well as a potentially
phosphorylateable threonine at position 31, which is a serine in other H3.3s (Ooi et al.,
2006). Residues 87-90 have been demonstrated to be important for replication-
independent incorporation of H3.3, and may be responsible for the chaperone HIRA’s
higher affinity for H3.3 over H3.1 (Ahmad and Henikoff, 2002). his-69, his-70, his-73,
and his-74 have also been identified as H3.3-like variant genes (Pettitt et al., 2002). The
presence of HIS-69, HIS-70, HIS-71, HIS-72 and HIS-74 protein were detected in both
spermatogenic and oogenic germlines by a proteomic screen (Chu et al., 2006). Although
not identified in the proteomics screen and characterized as a pseudogene, we also

observed sperm specific expression of his-73, which has a highly divergent N-terminal
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domain and conserved histone fold domain. We first asked whether a histone variant
enriched on the X chromosome during spermatogenesis could be responsible for the
unique chromatin structure of the Xp. Several variants were particularly attractive as
they either lacked lysine 4 or had amino acid changes adjacent to lysine 4, which could
perhaps render them resistant to acquiring any methylation on that residue (Table 2.2).

To test for a requirement for these H3 variants in X imprint establishment, we
tested deletion mutations of C. elegans H3.3-related variants his-69 and his-70. No
defects in X chromatin dynamics were observed in either the adult germline or embryo
(Figure 2.1 A-Bi). Additionally, his-69 was confirmed to be a pseudogene by RT-PCR,
as previously reported (Figure 2.1 G and (Ooi et al., 2006)). his-73 was also annotated as
a pseudogene, however a his-73 transcript is detected by RT-PCR (Figure 2.1 G), and
preliminary studies showed his-73 transcript in spermatocytes and a HIS-73 antibody
showed staining in the same region (C. Bean unpublished). A GFP-tagged construct of
his-73 with its native promoter initially showed a spermatogenesis specific expression
pattern (Figure 2.1 E). With its highly divergent N-terminal domain, lacking a lysine at
position 4, this variant seemed a likely candidate for a sperm specific histone variant that
could specifically be enriched on the Xp. However, there was no evidence for the
presence of the GFP-tagged HIS-73 histone on the Xp or any other chromosomes in the
early embryo by immunofluorescence (Figure 2.1 D). Additionally, animals that were
homozygous mutation for a his-73 (tm1643) deltion, which takes out most of a large
portion of the unique N-terminal region are viable, although with a reduced brood size (T.
M. Edwards and W. G. Kelly, unpublished), and the imprint is intact in these animals

(Figure 2.1 C). his-74 was not pursued; due to its high homology to H3 it was not
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anticipated to have any unique variant properties influencing the imprint. These H3.3
variants are thus unlikely to be specifically accumulating on the X chromosome or
contributing to imprint establishment during spermatogenesis.

We also examined the localization of the C. elegans centromeric H3 variant HCP-
3. In eukaryotes centromeres are characterized by enrichment for Centromere-specific
H3 histones (CenH3s) essential components of the kinetochore (Ekwall, 2007). C.
elegans chromosomes are holocentric; they do not have a focused centromeric
constriction and microtubules attach along the length of the chromosome during mitosis
(Albertson and Thomson, 1993). The functional CenH3 in C. elegans is HCP-3, is an
H3-like variant that decorates mitotic chromosomes and is necessary for proper
chromosome segregation (Buchwitz et al., 1999). Like H3.3, CenH3 incorporation is
independent of DNA replication, although the exact timing varies among organisms
(Torras-Llort et al., 2009). Although the C-terminal histone-fold core region of CenH3 is
well conserved, the N-terminal region is highly divergent (Torras-Llort et al., 2009).
Based on its characterization as a histone variant and it’s highly divergent N-terminal
domain, HCP-3 could play a unique or additional role in chromatin formation in C.
elegans, independent of or in addition to its function in chromosome segregation. We
therefore asked whether the Xp could be distinguished by enrichment of HCP-3. Anti-
HCP-3 antibody did not show enrichment or depletion from any particular chromosome
in either the germline or the embryo (Figure 2.1 F).

We next tested whether there was a difference in H3.1 dynamics on the Xp
relative to other chromosomes. We obtained a monoclonal antibody, which can

specifically recognize canonical histone H3.1, by recognition of the alanine at position
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31, which is a serine on H3.3s in mammals and a threonine in H3.3 in C. elegans (Table
2.2). We observed that H3.1 was enriched on the X during pachytene of both sexes and
this enrichment continued during spermatogenesis into mature sperm (Figure 2.1 H). The
difference between H3.1 levels on the Xp and the autosomes in sperm was lost after
fertilization (Figure 2.1 1). In contrast, H3.1 was depleted from all chromosomes during
the course of oogenesis, and was detected at very low levels in mature oocytes. Little to
no H3.1 was detected in early embryos until they had gone through several rounds of
replication (Figure 2.1 1).

To complement our H3.1 antibody studies, we examined a strain expressing a
GFP-tagged version of C. elegans H3.3, HIS-72, which we obtained from the Henikoff
lab (Ooi et al., 2006). Reciprocal of our H3.1 data, H3.3::GFP did not accumulate on the
X at high levels during pachytene in either spermatogenesis or oogenesis. H3.3::GFP
became enriched on all chromosomes, including the X during oogenesis, but did not
accumulate on the X at any point during spermatogenesis ((Ooi et al., 2006) and Figure
2.1 J). In contrast to H3.1, H3.3::GFP decorated all chromosomes shortly after
fertilization ((Ooi et al., 2006)and Figure 2.1 K). The absence of any significant
differences in the levels of H3.1 and H3.3::GFP on the Xp compared to other
chromosomes in the early embryo suggest that these variants do not play a substantial
role in imprint establishment in C. elegans. The implications of these results are further
discussed within the context of Chapter 3. These experiments failed to identify any
histone variants that may be playing a significant role in imprint establishment in C.

elegans.
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Examination of Histone Modifications in the Germline and Early Embryo

Active Histone Modifications H3K4me3, H3K18Ac, and H3K36me3

As histone variants did not seem to play a role in iXi establishment, we chose to
further characterize histone modifications that could potentially influence iXi. The
imprint previously described is characterized by the absence of active histone
modifications H3K4me2, H3K9Ac, and H3K14Ac. We further examined active histone
modifications on the X chromosome during gametogenesis and early embryogenesis.

While H3K4me2 methylation patterns largely overlap, H3K4me3 is more strongly
correlated with ongoing transcription and is enriched at transcription start site of
expressed genes, whereas H3K4me2 is found in the coding region and may reside at
euchromatic genes that are not being expressed (Liu et al., 2005; Pokholok et al., 2005).
We examined H3K4me3 patterns in the germline and early embryo, and did not observe a
difference between these two marks. H3K4me3 was scarce on the X chromosome in
pachytene in both sexes, accumulated on the Xm during oogenesis, and was absent from
the Xp while robustly present on the Xm and autosomes in the early embryo (Fig 2.2 A
and B).

H3K18 Acetylation, like other acetyl histone marks is correlated with active
chromatin. Like other active histone modifications, this mark was low on the X
chromosome during pachytene in both sexes (Figure 2.2 C). Unexpectedly, in the early
embryo all chromosomes seemed to be equally decorated with this modification (Figure
2.2D).

The HMT SET2 mediates H3K36 methylation and associates with elongating

RNA polymerase Il phosphorylated on serine 2 of the hepta-peptide repeat (Krogan et al.,
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2003; Xiao et al., 2003). Due to its association with active RNA polymerase 11, H3K36
methylation is closely associated with active chromatin. The SET2 homologue mediating
H3K36me2 in the C. elegans germline is MES-4 and the methyltransferase as well at
H3K36me2 is concentrated on the autosomes and excluded from the X in oogenesis,
spermatogenesis, and the early embryo (Bender et al., 2006). We examined H3K36me3
in the germline and early embryo and also noted that this mark was enriched on
autosomes and not the X during gametogenesis of either sex (Figure 2.2 E). In the early
embryo, both X chromosomes had lower levels of H3K36me3 than autosomes, however
one of the X chromosomes may have an intermediate level of H3K36me3 (Figure 2.2 F).
I speculate this is the maternally inherited Xm, from which some oogenesis genes are
expressed after pachytene, possibly allowing for a low accumulation of this mark during
oogenesis, and inheritance by the early embryo.

Ubiquitination

Ubiquitination of H2A on lysine 119 (UbH2A), is established by the PCR1
complex, comprised of polyhomeotic (Ph), polycomb (Pc), Psc (posterior sex combs) and
Ringlb, the E3 ubiquitin ligase, and is strongly linked to gene silencing in mammals (de
Napoles et al., 2004; Wang et al., 2004). UbH2A blocks H3K4me2/3 mediated by the
HMT MLL-3, while de-ubiquitination allows H3K4 to be methylated by MLL-3
(Nakagawa et al., 2008). However chromatin containing UbH2A along with an H3 with
a lysine to arginine mutation at position 4 (H3K4R) can be transcribed, suggesting along
with the above data, that UbH2A may block transcription indirectly by preventing
H3K4me2/3 (Nakagawa et al., 2008). UbH2A is also enriched on the inactive X in

mammals, as discussed above. Based on this information we wanted to ask whether
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enrichment of UbH2A could be preventing the accumulation of H3K4me2/3 on the Xp in
C. elegans. While there is no clear Ubiquitin E3 ligase homologues in C. elegans
UbH2A is present in C. elegans, perhaps by a non-homologous E3 (de Napoles et al.,
2004). We examined UbH2A by immunofluorescence. Although UbH2A antibody
staining was present in the germline, it did not overlap with DAPI dense regions of
pachytene nuclei, nor was it enriched on the Xp (Figure 2.3 A). We were unable to detect
any UbH2A on DNA in early embryos (Figure 2.3 B). Based on these data we did not
find any role for UbH2A in preventing H3K4me2/3 on the Xp.

In yeast H2B ubiquitination by the ubiquitin E3 ligase Rad6/Brel is required for
H3K4me by the HMT complex COMPASS (Dover et al., 2002; Sun and Allis, 2002;
Wood et al., 2003). In Arabidopsis, mutations in the de-Ubiquitination enzyme
SUP32/UBP26 lead to a decrease in H3K9me2, an increase in H3K4me3, and
inappropriate release of silencing (Sridhar et al., 2007). In yeast a mutation in the
ubiquitin hydrolyase Ubp8, which de-ubiquitinates H2B leads to an increase in H3K4me3
(Henry et al., 2003). In general H2B ubiquitination is correlates with active transcription
(Zhang, 2003). Based on this information we hypothesized that a de-ubiquitination
enzyme targeted to the Xp during spermatogenesis could prevent it from acquiring active
chromatin marks like H3K4me2/3. As no ubiquitin H2B antibody was commercially
available at the time of these studies, we began to examine this question with a pan-
ubiquitin antibody, to see if ubiquitin was absent from the Xp or not. However, the pan-
ubiquitin antibody proved uninformative, as we had high non-specific background
staining throughout the animal as well as the germline and embryos (Figure 2.3 C and D).

We next tried to address this question by examining animals with a deletion of the C.
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elegans E2 ubiquitin ligase homologue ubc-1, with the rationale that if this enzyme is
typically excluded from the Xp and then if removed H3K4me2/3 would be lost form the
autosomes as well. However, this deletion had no effect on H3K4me2/3 in the germline
or the imprinted Xp in the embryo (Figure 2.3 E and F). As we lacked the tools to further
address the role of ubiquitination in establishment of the imprint in C. elegans, we did not
pursue these questions further.

Unmodified H3K4

Histone H3 Serine 10 phosphorylation is present on all chromosomes in the early
embryo, confirming that N-terminal tail cleavage, that has been recently reported, is not
noticeably enhanced on H3 on the Xp (Bean et al., 2004; Duncan et al., 2008). Further
confirming that the Xp was not deficient in intact histones H3 tails, nor enriched in a
form of H3 that is inaccessible to the antibodies against H3K4me2/3, binding of an
antibody specific for unmodified H3K4 (H3K4me0) was enriched on the X in pachytene
of both sexes, throughout spermatogenesis, and even persisted into mature sperm and the
paternal pronucleus (Figure 2.4 A and B). However after pronuclear fusion all
chromosomes became highly decorated with H3K4meO, and the Xp became
indistinguishable from autosomes with this antibody by the two-cell stage (Figure 3.4 Fi).
The results of this experiment are detailed further in Chapter 3.

H3K27 Methylation

In C. elegans H3K27 di- and tri- methylation in the germline and early embryo is
mediated by the MES-2/3/6 complex (Bender et al., 2004). MES-2 is a SET-domain
containing histone methyltransferase homologous to the Drosophila PRC2 HMT E(z)

(Bender et al., 2004; Holdeman et al., 1998). MES-2/3/6-dependent H3K27me2/3 is
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found on all chromosomes in the germline and early embryo. H3K27me3 is enriched on
the X in pachytene, although this enrichment does not seem to perdure into the embryo
(Bender et al., 2004). In our experiments we also observed H3K27me2 on all
chromosomes of in the germline and early embryo (Figure 2.3 C and D). However in
contrast to a previous report, we did not detect noticeable enrichment of H3K27me3 on
the X during pachytene with our antibody (Figure 2.4 E). As no enrichment of these
marks has been linked to the Xp in either the germline or the embryo by either study
(Figure 2.4 C-F), it is unlikely that methylation of H3K27 is contributing directly to the
imprint in C. elegans.

H3K9 tri-methylation

Like H3K27me2/3, methylation of H3K9 is strongly associated with
heterochromatin. In particular H3K9me2 is enriched on unpaired chromatin, such as the
unpaired X chromosome during XO male meiosis, and much lower levels on paired
chromosomes in hermaphrodites by immunofluorescence in C. elegans ((Bean et al.,
2004) and Alex Fedotov in preparation). Enrichment of H3K9me2 is a characteristic of
meiotic silencing of unpaired chromatin (MSUC), first described in neurospora (Shiu et
al., 2001). The silencing of the unpaired sex chromosomes in male meiosis, termed
Meiotic sex chromosome inactivation (MSCI), is found across many species (Turner,
2007). Although H3K9me2 is enriched on the Xp as it progresses in an unpaired state
during male meiosis in C. elegans, H3K9me2 does not remain enriched on the Xp in
early embryos(Bean et al., 2004). H3K9me3 in particular is typically associated with
constitutive heterochromatin. It was recently reported that H3K9me3 is enriched on

repetitive transgenes carrying somatic genes in the germline of C. elegans (Bessler et al.,
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2010). As such transgenes are typically silenced in the germline of C. elegans, the
presence of H3K9me3 was perhaps unsurprising. However, we observed H3K9me3
accumulation on transgenes in general, including a non-repetitive transgene that is
transcriptionally active in the germline (Figure 3.10 Gi). H3K9me3 is thus not a reliable
marker for repressed transgenes in germ cells. Interestingly, H3K9me3 is not enriched
on the Xp in either the germline or in early embryos, thus separating its role on
transgenes from the imprinting phenomena in C. elegans (Figure 2.4 G and H). These
results, with particular attention to H3K9me3 accumulating on transgenes, are discussed
in further detail in Chapter 3. A comparison of histone modifications and histone variant
patterns on the Xp vs. the Xm and autosomes is found in (Table 2.3).

In summary, we did not observe any additional unique histone variants or unique
histone modifications that correlated with the imprinted X in C. elegans. However, our
results further reinforced the idea that the imprint is a consequence of the distinctive lack
of transcriptional activity of the X chromosome passing through spermatogenesis, which
serves as the basis of our hypothesis outlined in Chapter 3.

DISCUSSION

We have shown that although the pattern of some additional histone modifications
and histone variants in the adult germline differ between the spermatogenic X
chromosome and the oogenic X chromosome as well as the autosomes, these differences
do not persists beyond the zygote. The differences we did observe seemed to correlate
with the transcriptional status of the different chromosomes as the germ cells developed
in the different (germline) sexes. Indeed, most histone modifications and histone variants

are indistinguishable by immunofluorescence between the spermatogenic X chromosome
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and the oogenic X or autosomes (Summarized in Table 2.3). These results suggest that
the histone modifications and histone variants examined are unlikely to influence iXi in
C. elegans.

In mammals, X chromosome inactivation is characterized by a unique chromatin
environment (Table 2.1). While the absence of active histone modifications such as
H3K4me and H3Ac are conserved between the inactive X in C. elegans and mammals,
many of the modifications characteristic of iXi in mouse were not found on the imprinted
Xp in C. elegans (See Tables 2.1 and 2.3). In particular, repressive histone
modifications H3K9me and H3K27me while not enriched on the Xp in C. elegans, are
enriched on the inactive X in mammals, and preservation of imprinted X inactivation is
dependent on H3K27 HMTs. The strong association of these marks with the inactive X
in mammals may have more to do with maintenance of inactivation rather than the
underlying mechanism biasing the imprinted X chromosome for silencing.

Similarly, our observation of H3.3 not accumulating on the X during
spermatogenesis is in contrast to reports in mammals, where the variant is enriched on the
transcriptionally silenced XY sexbody and the entire paternal pronucleus (van der
Heijden et al., 2007; van der Heijden et al., 2005). Indeed, our results showing H3.3
failing to accumulate on the transcriptionally silent X during pachytene fall more inline
with the traditional view of H3.3 as a variant associated with active chromatin. Perhaps
enrichment of this variant on the sex chromosomes in mammals is necessary for re-
activation of MSCI repressed chromatin upon fertilization. This perspective aligns that
data with the role of H3.3 in development and fertilization in other metazoans. However

the role of the newly described H3.3 chaperone, Daxx, on maintenance of iXi is just now
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being described and may create a more complex picture of this variants role in
transgenerational transitions.

The imprint in C. elegans is characterized by the absence of active histone
modifications from the paternally inherited X chromosome. As our examination was not
exhaustive the possibility for cross talk between another histone modification or histone
variant that could prevent the accumulation of H3K4me2/3 or H3K9/K14Ac in C.
elegans is formally possible. Evidence for one chromatin modification influencing
another has been proposed and established before. For example H3K9me3 is dependent
on H3K27me/MES-2 HMT in the germline of C. elegans. The HMT responsible for
H3K9me3 in the C. elegans germline has not been identified. Bessler et al. proposed that
MES-2 may directly methylate H3K9, as the MES-2 homologue in Drosophila, E(z), has
H3K27 as well as H3K9 HMT activity in vitro (Bessler et al., 2010; Czermin et al., 2002;
Muller et al., 2002). However, it seems more likely that recruitment of the unidentified
H3K9 tri-methyl HMT is dependent on H3K27me, as has been suggested in other
systems (Erhardt et al., 2003; Liu et al., 2007). The correlation between H2B
ubiquitination and H3K4me is very consistent (Zhang, 2003). However, the tools for
examining the role of H2BUb in C. elegans are limited, so this modification or some
other we did not examine could in fact influence the imprint. However as discussed in
the next chapter, the histone modifications characterizing the imprint may be reflective
of, rather than causative of the mechanism truly establishing iXi in C. elegans.

Nevertheless, our studies on histone variants and histone modifications reinforced
an important observations; the transcriptional history of the Xp versus the Xm in the

germline is vastly different, as reflected in their different chromatin makeup. Although
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not all of the chromatin differences between the Xp and the Xm are inherited by the
zygote, H3K4me2/3 and H3K9/14 Ac are inherited by the Xm and autosomes and not the
Xp. These marks are well correlated with transcription and are likely laid down as a
result of it. Based on these observations, we continued to pursue the mechanism
establishing iXi in C. elegans and reasoned, that these marks were laid down as a
consequence of transcriptional history, rather than anything inherent about the Xp. We
pursued the role of transcription in imprint establishment in Chapter 3.

MATERIALS AND METHODS

Strains We used standard techniques for worm maintenance and handling. We carried
out all crosses and grew all worms at 20° C. We used the following strains: wild-type N2
(Bristol), zuls178 [(his-72'*::HIS-72::GFP); unc-119(ed3), gift from S. Henikoff], his-
69(gk394), his-70 (gift from D. Chu), his-73 (tm1643), ubc-1(gk14), KW1864 (ckEx2
his-73*::H1S-73::GFP; rol-6) randomly integrated on X.

RT-PCR RNA was amplified with RiboMax large scale RNA production kit (Promega)
(a kind gift from Matt Edwards). Reverse transcription was carried out using SuperScript
I11 reverse transcriptase (Invitrogen) with random and oligo-dT primers. PCR was
performed for 35 cycles with Genescript taq cycles. PCR program was as follows: 1) 94°
3 mins. 2) 94° 45 secs. 3) 50° 30 secs 4) 72° 1 mins. 5) go to 2) 34 times. 6) 72° 7 mins.
7) 4° forever. The following primers were used: his-69 a) (gaaagaacgcaatcgtcgtc and
agaagaagatcagtggactttt), his-69 b) (AACGCAATCGTCGTCGGAGCC and
TTAGTTGGGCTAGTTGAAT), his-73 ¢) (atggttccgcaccagcgca and

ttaagcgcgcetctectegg).
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Immunocytochemistry Whole-mount fixation and antibody staining of worms and
embryos with methanol/acetone fixation was done as previously described(Strome and
Wood, 1983). For detection of specific histone modifications, we used the following
primary antibodies at the specified dilutions: rabbit antibody to H3K4me2 (1:500;
Millipore), mouse antibody to GFP (1:200, Millipore), mouse monoclonal #34 against
H3.1 (van der Heijden et al., 2005), mouse monoclonal CMA301 specific for unmodified
H3K4 (H3K4me0; 1:500; a gift from H. Kimura, Osaka University, Japan), rabbit
polyclonal to HCP-3 (1:1000; a gift from Abby Dernberg), Mouse Monoclonal H2AUb
IgM (Millipore 1:50), Mouse monoclonal antibody to Ubiquitin (1:500 Covance), Mouse
Monoclonal to H3Ser10P (1:1000 Upstate), Rabbit polyclonal to H3K27me2 (1:100
Abcam), Mouse monoclonal to H3K27me3 (1:100 Abcam), Mouse monoclonal to
H3K9me2 (1:500 Abcam), Rabbit polyclonal to H3K9me3 (1:1000 Abcam). Rabbit
polyclonal to H3K36me3 (1:500 Abcam), Rabbit polyclonal to H3K18Ac (1:500),
Rabbit polycolonal to H3K4me3 (1:1000 Abcam). Secondary antibodies were used at
1:500: Alexaflour™:594 donkey anti-rabbit IgG, Alexaflour™:; 488 donkey anti mouse
19G (Molecular Probes).

Immunofluorescence Analysis We observed images using a Leica DMRA microscope
outfitted with a Q-imaging Retiga-SRV Fast 1394 Camera. We acquired and processed
the images with Simple PCI software. For detection of unique chromosomes lacking or
enriched for a particular modification in the embryo, embryonic nuclei were optically

sectioned at intervals of 0.1-0.2 micrometers and analyzed by Z-stacks.
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Table 2.1 Histone Variants and Histone Modifications Associated with the Inactive
X in Mammals

Histone modification, histone variant, or histone chaperone patterns of enrichment or
deficiency on the imprinted X chromosome (or genomicly imprinted loci) as indicated.

rXi=random X inactivation, iXi= imprinted X inactivation
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Table 2.1 Histone Modifications and Variants Associated with X-inactivation in Mammals

Histone modification

iXi, rXi, or genomic imprints

Citation

Hypo acetylated H4

rXi

(Keohane et al., 1996)
(Csankovszki et al., 2001)
(Heard et al., 2001)
(Jeppesen and Turner, 1993)

Hypo methylated H3K4

rXi

iXi
KDMB1 demethylase required for
maternal genomic imprints

(Boggs et al., 2002)
(Heard et al., 2001)
(O'Neill et al., 2003)
(Costanzi et al., 2000)
(Ciccone et al., 2009)

H3K9 hypo acetylation rXi (Heard et al., 2001)
iXi (Costanzi et al., 2000)
H3K9me2 rXi (Heard et al., 2001)
(Peters et al., 2002)
(Mermoud et al., 2002)
(Boggs et al., 2002)
iXi (Okamoto et al., 2004)
genomic imprinting (Umlauf et al., 2004)
H3K27me3 rXi (not necessary for maintenance) | (Plath et al., 2003)
iXi (required for maintenance) (Silva et al., 2003)
(Erhardt et al., 2003)
genomic imprinting (Lewis et al., 2004)
Inducible XIST transgene (Kohlmaier et al., 2004)
Eed/Enx1/Ezh2 iXi (required for maintenance) (Wang et al., 2001)
rXi (not necessary for maintenance) | (Mak et al., 2002)
Genomic imprinting (Silva et al., 2003)
G9a not required for iXi (Kalantry et al., 2009)
(Erhardt et al., 2003)
(Plath et al., 2003)
H4K20mel Accumulates upon induction of (Kohlmaier et al., 2004)
XIST transgene (models rXi)
H2AK119Ub Enriched on iXi and rXi in ES cells | (Fang et al., 2004)

Acquired upon inducible XIST
expression (rXi model)
Not required for initiation or
maintenance of X inactivation

(de Napoles et al., 2004)
(Leeb and Wutz, 2007)
(Plath et al., 2004)

Histone Variants and

Chaperones
MacroH2A enriched rXi (Mermoud et al., 1999)
(Csankovszki et al., 1999)
(Choo et al., 2006; Choo et al.,
iXi 2007)

(Costanzi and Pehrson, 1998;
Costanzi et al., 2000)

H3.3 chaperons enriched

Daxx on XY body
HIRA on XY body
ATRX on rXi and iXi
iXi lost without ATRX

(Rogers et al., 2004)

(van der Heijden et al., 2007)
(Baumann and De La Fuente,
2009)

(Garrick et al., 2006)

H2ABbD deficient

Excluded from rXi

(Chadwick and Willard, 2001)

H2A.Z deficient

Enriched on X or Y in 1N sperm
Excluded from inactive X

(Greaves et al., 2006)
(Rangasamy et al., 2003)
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Table 2.2 Alignment of Histone H3 Protein Sequences in C. elegans

H3 variants in worms, along with an S-Phase histone from fly (DmH3.3a). HIS-17 isa
representative H3.1 from C. elegans. HIS-71 and HIS-72 are C. elegans H3.3s. Red
letters indicate differences between either H3.1 or H3.3. Blue letters indicate residues
found in H3.3. Lysine 4 is highlighted in yellow. Residues 31 and 32 are highlighted in

green. Residues 87-90 are highlighted in pink.
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Table 2.2 Alignment of H3 Histones

0 1 2 3 4 5 6 7 8 9 10 11 12 13
12345678901234567890123456789002345678901234567890123456789012345678901234567890123456 123456789012345678901234567890123456789012345
Dm3.3a martkqtarkstggkaprkglatkaarksap  ggvkkphryrpgtvalreirrygkstellirklipfgrivreiagdfktdlrfgs algeaseaylvglfedtnlcaihakrvtimpkdiqlarrirgera-

HIS-17 (H3.1) MARTKQTARKSTGGKAPRKQLATKAARKSAPASGGVKKPHRYRPGTVALRE IRRYQKSTELL IRRAPFQRLVRE IAQDFKTDLRFQS LQEAAEAYLVGLFEDTNLCAIHAKRVT IMPKD IQLARR IRGERAH
HIS-71 (H3.3) MARTKQTARKSTGGKAPRKQLATKAARKSAP  GGVKKPHRYRPGTVALREIRRYQKSTELL IRKLPFQRLVRE IAQDFKTDLRFQS ALQEASEAYLVGLFEDTNLCAIHAKRVT IMPKDMQLARRIRGERAH
HIS-72 (H3.3) MARTKQTARKSTGGKAPRKQLATKAARKSAP,  GGVKKPHRYRPGTVALREIRRYQKSTELL IRKLPFQRLVRE IAQDFKTDLRFQS ALQEASEAYLVGLFEDTNLCAIHAKRVT IMPKDMQLARRIRGERAH

HIS-74 MARTKQTARKSTGGKAPRKALATKAARKSAIMIGSVKKVHRFRPGTVALREIRRYQKSTELLLRKLPFQRLVRE IAQDFKTDLRFQS! ALQEASEAYLVGLFEDTNLCAIHAKRVT IMPKDMQLARRIRGERS-
HIS-70 MARTKHTARKSFGGKAPRKSLATKAARKVFPMBGQVKK--RYRPSSNALKE IRKYQKSTELLVRKLPFQRLVREVAQE IMPNVRFQS! ALHEAAEAYL IGLFEDTNLCAIHAKRVT IMPKDMQVG—-======~~
HI1S-69 - --MCPGGKAPRKQLATKAARKNA INMVGAVKKPHRFRPGTVALRE IRRYQKSTDLLLRKLPFQRLVRE IAQDVKQDLRFQS! ALQEASEYFLVGLFEDTNLCAIHAKRVT IMPKDMQLARR IRGERN-
HIS-73 MVPHORTTVRS IMN-QLEKQLQAGSRRNAAPEH--EETNPSCTGENSEFSTTKNSLQTLNLL IRRAPFQRLVRE IAQDFKTDLRFQS ALQEAAEAYLVGLLEDTNLCAIHAKRVT IMPKDIQLARRIRGERA-
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Table 2.3 Histone Variants and Modification Patterns on the Autosomes, the Xm,
and the Xp in C. elegans Embryos. Summary of histone variant and histone
modification patterns in the early C. elegans embryo from experiments in this work and
in published literature. The only characterized instances where the Xp is different from
the Xm and autosomes are highlighted in yellow. The Xp is not decorated with high
levels of H3K4me2/3 or H3K9/14Ac2, while the Xm and autosomes are. All other
modifications are either present or absent on all chromosomes including the Xp, or are
absent from both the Xp and the Xm while enriched on the autosomes (H3K36me2/3),
however, the Xm does seem to accumulate a low level of H3K36me3 intermediate of the

Xp and autosomes (see Figure 2.2 F).
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Table 2.3 Histone Variant and Modification Patterns in the Early C. elegans Embryo

Variant/Modification | Autosomes | Xm | Xp Reference
H3.1 - - - Figure 2.1 i
H3.3 + + + Figure 2.1 Ki
HCP-3 + + + Figure 2.1 Fi
H3K4me2/3 - (Bean et al., 2004) and Figure 2.2 B
H3K9/K14 Ac? - (Bean et al., 2004)
H3Ser10P + + + (Bean et al., 2004)
H4K18/K16 Ac + + + (Bean et al., 2004)
H3K18Ac + + + Figure 2.2 D
H3K36me2/3 + - - | (Bender et al., 2006) and Figure 2.2 F
UbH2A - - - Figure 2.3 Bi
Ub + + + Figure Di
H3K4me0 + + ++ Figure 2.4 Bi
H3K27me2/3 + + + | (Bender et al., 2004) and Figure 2.4 D
and Fi
H3K9me?2 - - - Fedotov personal communication
H3K9me3 + + + Figure 2.4 Hi
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Figure 2.1 Histone Variants Not Affecting the Imprint in C. elegans

The X chromosome lacks H3K4me2 in his-69 deletion animals as usual in both
pachytene (A) and early embryos (Ai) (one cell embryo shown). The X chromosome
lacks H3K4me2 in his-70 deletion animals in both pachytene (B) and early embryos (Bi)
(nuclei from a 4 cell embryo shown). The X chromosome lacks H3K4me2 in his-73
deletion animals in both pachytene (C) and early embryos (Ci) (one cell embryo shown).
A-Ci DAPI (red), H3K4me2 (green). HIS-73::GFP does not accumulate on the Xp in the
early embryo (D) (one cell embryo shown) arrow indicates Xp, DAPI (red), H3K4me2
(green), (Di) anti-GFP staining. HIS-73::GFP is expressed in mature sperm (E) DAPI
(red), H3K4me2 (green), (Ei) anti-GFP staining. HCP-3 staining does not colocalize
with DNA in pachytene (F), but does stain mitotic chromatids (Fi) (nuclei from a two cell
embryo shown). his-69 is not expressed in C. elegans, while his-73, which is also
classified as a pseudogene, is (G) a) RT-PCR products for his-69 primer set. No product
is seen in either RT+ or RT- reactions indicate no transcript is expressed. b) RT-PCR
products for another his-69 primer set. No product see in either RT+ or RT- reactions
indicate no transcript is expressed. ¢) RT-PCR products for his-73 primer set. Product in
RT+ lanes only indicates this transcript is expressed. + indicates reactions with reverse
transcriptase, - indicates reactions without reverse transcriptase, g indicates PCR product
amplified from genomic DNA.

H3.1 is enriched on the X during pachytene (Hi), however this enrichment is lost upon
fertilization, and very little H3.1 decorates chromatin in a one cell embryo (li). His-
72::GFP is depleted from the X during pachytene (Ji), however all chromosomes

including the Xp contain His-72::GFP in the early embryo (Ki) (one cell embryo shown).
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(A-K) DAPI (red), H3K4me2 (green), H3.1 (Hi and li), anti-GFP in his-72::GFP animals

in (Ji and Ki).
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Figure 2.2 H3K4me3, H3K18Ac and H3K36me3 in Pachytene and Embryos

H3K4me2 is absent from the X during pachytene (A), as well as from the Xp in the early
embryo (B). H3K18Ac is low on the X in pachytene (C), but decorates all chromosomes
in the early embryo (D). H3K36me3 is low the X during pachytene (E), as well as on

both X chromosomes in the early embryo (F). The Xp has very low levels of H3K36me3
(F arrow), while the Xm (F arrowhead) has a low level of H3K36me3 intermediate to the

Xp and the autosomes. Antibodies as indicated (green) with DAPI counterstain (red).
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Figure 2.3 Ubiquitination in the Germline and Early Embryo.

Antibody against UbH2A showed non-specific staining in pachytene (Ai) and did not
decorate chromatin in the early embryo (Bi) (nuclei from a two cell embryo shown). A
pan-ubiquitin antibody showed non-specific background staining in both pachytene (Ci)
and the embryo (Di). Deletion mutants for ubc-1 had normal H3K4me2 staining in both
pachytene (E) and the embryo (F) (one cell embryo shown). (A-F) DAPI (red),
H3K4me2 (green). (Aiand Bi) DAPI (red), anti-H2Aub (green). (Ci and Di) DAPI (red)
anti-Ubiquitin (green). Arrows indicate the X chromosome in pachytene and the Xp in

embryos.
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Figure 2.4 H3K4me0, H3K27me2/3, and H3K9me3 in Pachytene and Early Embryo.
Antibody staining for H3K4me0 (Ai and Bi), H3K27me2 (Ci and Di), H3K27me3 (Ei
and Fi), and H3K9me3 (Gi and Hi), compared to H3K4me2. (A-H). Antibodies (green)
with DAPI (red). H3K4me0 is enriched on the X in pachytene as identified by lack of
H3K4me2 (Ai). Some enrichment for this mark can still be observed in a one cell
embryo (Bi). H3K27me2 decorates all chromosomes including the X in pachytene (Ci)
and the early embryo (Di) (nuclei form a two cell embryo). H3K27me3 decorates all
chromosomes in pachytene (Ei) and the early embryo (Fi) (one cell embryo shown).
H3K9me3 decorates all chromosomes in a pachytene(G) and the early embryo (Hi) (one

cell embryo shown).



73

eoW6XEH

g
poqnuy

IS|
Ildva/Apoqnuy  |dva/

ZoW

%

NE

S Iy
pogiuy



74

Chapter 3

Epigenetic Patterns Maintained in Early C. Elegans Embryos Can Be Established
by Gene Activity in the Parental Germ Cells

As Submitted to PLoS Genetics with additions
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INTRODUCTION

The information transferred by gametes from parent to offspring is not limited to
that encoded in DNA,; epigenetic information is also an important component of cross-
generation inheritance (Youngson and Whitelaw, 2008). How this information is
established in the parent and stably maintained in the offspring is poorly understood. The
importance of this information is revealed in developmental diseases that result from
defective genomic imprinting, in which defective epigenetic information establishment in
the parental germ line can cause abnormal somatic gene expression in the offspring
(Amor and Halliday, 2008). Although this is limited to parent-to-offspring inheritance,
recent studies suggest that epigenetic abnormalities in the parental germ line can cause
heritable defects across many generations (Anway et al., 2005; Katz et al., 2009). The
germ line therefore not only protects and distributes genetic information, but may also
identify and regulate what epigenetic information is “proper” and heritable through
subsequent generations.

A dramatic example of imprinting in mammals is imprinted X chromosome
inactivation (iXi), in which the paternal X is preferentially inactivated prior to
implantation in mammals (Mak et al., 2004). iXi is sustained only in the placental tissues
of eutherians, but is also observed in embryonic lineages in marsupials (Mak et al., 2004;
Sharman, 1971). Unlike most genomic imprints, iXi does not require the maintenance
DNA methyltransferase Dnmtl (Lewis et al., 2004; Sado et al., 2000; Sado et al., 2004).
It does however require repressive histone modifications such as H3K9me and H3K27me
established by the polycomb group histone methyltransferases (Mak et al., 2002; Silva et

al., 2003; Wang et al., 2001). These features are consistent with the theory that histone
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modifications are the more conserved imprinting mark, as DNA methylation is not
associated with imprinting phenomena in worms or flies for example, and yet epigenetic
imprinting phenomena have been observed in these organisms (Bean et al., 2004; Lloyd,
2000; Sha and Fire, 2005).

What “marks” the paternal X for iXi? One mechanism that is unique to the
paternal X is meiotic sex chromosome inactivation (MSCI). MSCI targets the XY
chromosome pair for significant transcriptional repression during male meiosis. This is
thought to be due to the largely unpaired/unsynapsed status of these chromosomes, which
renders the X and Y targets for a process generally termed Meiotic Silencing (Turner et
al., 2004). This correlation between MSCI and iXi has not gone unnoticed, and highly
debated models linking these processes have been proposed (Heard and Disteche, 2006;
Huynh and Lee, 2003). Regardless, it is clear that in mice and marsupials, passage
through spermatogenesis imparts an imprint that selectively renders the X prone to early
repression in the offspring, while passage through oogenesis prevents this from occuring.

The X chromosome is also condensed and transcriptionally inert during C.
elegans spermatogenesis, and, as in some mammals, the paternal X (Xp) is initially
inactive in the early embryo (Bean et al., 2004; Goldstein, 1982; Kelly et al., 2002). This
iXi in C. elegans consists of a near complete absence of most “active” histone H3
modifications on the Xp, a unique status that is stable through early cell divisions,
becoming less obvious by ~24 cells (Bean et al., 2004). The absence of specific H3
modifications on the Xp implies that de novo zygotic chromatin assembly on the Xp is
somehow uniquely and heritably refractory to addition of these marks during early stages.

This information is clearly epigenetic in nature: it is only imparted to an X that has
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passed through spermatogenesis and not to a genetically identical chromosome
encountering oogenesis. Interestingly, the Xp is “imprinted” whether it passed through
spermatogenesis in an XX hermaphrodite or an XO male. That is, the pairing status of the
X going through spermatogenesis does not affect imprint establishment. This seems to
omit a contiguous linkage between this process and meiotic silencing mechanisms. The
only determinant seems to be whether the X chromosome went through spermatogenesis
before arriving in the zygote, independent of whether that spermatogenesis occurred in an
XX hermaphrodite or an XO male.

A key difference between the Xp and the rest of the chromosomes in the embryo,
including the oocyte-derived Xm, is a significant difference in their respective
transcriptional activities in the parental germ lines. The X chromosome appears largely
transcriptionally inactive in pre-meiotic and early to middle stages of meiosis in both
sexes. This is likely due to the paucity of X-linked genes expressed in germ cell stages
common to both sexes, which itself may be an evolved consequence of meiotic silencing
mechanisms (Kelly and Aramayo, 2007; Reinke et al., 2000). The X also lacks
spermatogenesis specific genes, and thus remains largely inactive throughout sperm
development (Kelly et al., 2002; Reinke et al., 2000). In contrast, oogenesis-enriched loci
are well represented on the X and this chromosome becomes active during oogenesis
(Kelly et al., 2002; Reinke et al., 2000). Thus the X’s from egg and sperm arrive into the
zygote with significantly different transcriptional histories.

A histone modification that is associated with transcription is histone H3 lysine 4
methylation (H3K4me). H3K4me deposition can result from active transcription, and it

has been implicated in providing a heritable and trans-generational memory of where
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transcription has occurred in the genome (Muramoto et al., 2010). H3K4me has been
implicated as playing an important role in differential DNA methylation, as this mark can
interfere with de novo methylation in vitro, and mutations in the H3K4 demethylase
KDM1b lead to defective maternal imprint establishment in vivo (Ciccone et al., 2009;
Ooi et al., 2007). It is thus possible that transcription-coupled addition of H3K4me in the
parental germ line can influence the establishment of epigenetic imprints inherited by the
offspring. Likewise, the absence of this mark could also have consequences for
epigenetic inheritance. Importantly, H3K4me is largely absent from Xp chromatin in C.
elegans spermatogenic germ cells, and its continued absence in the embryo is what
defines iXi in this organism (Bean et al., 2004).

We therefore hypothesized that the epigenetic imprint of the Xp in the offspring is
a passive consequence of its transcriptional quiescence, which implies the equally
interesting idea that transcriptional activity in the adult germ line may influence the
epigenetic information that is inherited by the offspring. This also implies that
differential assembly of chromatin, such as that imposed by transcription in the parental
germ cells, may survive gametogenesis, be transferred intact into the offspring, and be
maintained in early embryogenesis. In order to test this, we further characterized Xp
chromatin assembly in the adult germ line and the heritability of epigenetic information
through sperm, and studied the connections between gene activity in the parental germ

line and the patterns of chromatin modifications that are maintained in the zygote.
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RESULTS

Sex Body Formation and Imprint Establishment are X DNA Autonomous

The X chromosome in C. elegans is largely devoid of genes that are expressed in
spermatogenic germ cells as well as genes that are enriched for expression in both
oogeneic and spermatogenic germ cells (Reinke et al., 2000). Additionally, a number of
examples have been reported in which essential loci with X- and autosomal-linked
paralogs exhibit germ cell-specific defects when only the autosomal copy is defective,
suggesting that only the autosomal copy is active in germ cells (L'Hernault and
Arduengo, 1992; Maciejowski et al., 2005). Thus the consensus in published data
suggests there is little need for transcription from the X chromosome during any stage of
spermatogenesis. Indeed, few histone marks found in active chromatin are detected on X
chromatin during spermatogenesis, and the X chromosome(s) become highly condensed
relative to autosomes during both XO and XX spermatogenesis (Figure 3.1A, male
pachytene nuclei with X chromosome (arrow), and (Goldstein, 1982; Kelly et al., 2002)).
This premature condensation, along with the absence of H3 histone modifications
correlating with transcription, is reminiscent of XY-sex body formation in mammalian
spermatogenesis (Handel, 2004). If X inactivity during spermatogenesis is a passive
consequence of X chromosome sequence content, then attachment of X sequence to an
active autosome should not affect either condensation or accumulation of active histone
marks, such as dimethylated H3K4 (H3K4me2). This is indeed the case, as animals
carrying a fusion of chromosomes 1V and X (mnT12) exhibit a chromosome with both
autosome and X chromosome structural characteristics that are limited to each respective

half. In wild-type males (or wild-type hermaphrodite L4 larvae) undergoing
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spermatogenesis, the X chromosome in pachytene lacks H3K4me2 and forms a
condensed ball reminiscent of the XY body in mammalian spermatogenesis (Figure 3.1A
arrow and (Goldstein, 1982; Kelly et al., 2002)).  Strikingly, in mnt12 hermaphrodite L4
larvae undergoing spermatogenesis, one half of the fusion chromosome lacks H3K4me2
and is highly condensed (Figure 3.1C arrow), while the other half remains elongated and
is decorated by H3K4me2 (Figure 3.1C arrowhead). These data suggest that the
transcriptionally quiescent sex body-like structure formed during spermatogenesis is
autonomous to the DNA content of the X-chromosome.

We next looked at this fusion chromosome in the early embryo. The mnt12
chromosome is easily identifiable cytologically because it is approximately twice the
length of the rest of the chromosomes (Sigurdson et al., 1986). When paternally
inherited, this chromosome is “half-imprinted”; i.e., exhibits the characteristic absence of
H3K4me2 along half its length (one cell embryo; Figure 3.1D). Furthermore, combined
FISH-antibody analyses indicate that there is little or no spreading of H3K4me?2 into the
X chromosome sequence (Figure 3.1 E). In contrast, the mnT12 chromosome
encountering oogenesis becomes fully decorated with H3K4me2, consistent with the
normal representation of X-linked oocyte-expressed genes (Kelly et al., 2002), and
heritably maintains this status in the zygote (Figure 3.1 F). These data suggest that the
imprint in the zygote is specific for and limited to X DNA, and correlates with sex-

specific gene activity in the parental germ lines.
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Mature Sperm Chromatin Retains Epigenetic Information that Correlates with

Spermatogenic Transcription

Histone variant H3.3 incorporation correlates with transcriptionally active
chromatin and other modes of chromatin remodeling, and is reported to be enriched on
the XY body and unpaired chromatin targeted by MSCI in mammals (Ahmad and
Henikoff, 2002; van der Heijden et al., 2007). In contrast, and as previously reported, a
C. elegans H3.3::GFP (HIS-72::GFP (zuls178)) expressed in germ cells is largely absent
from the X but accumulates on the autosomes in pachytene nuclei during both oogenesis
and spermatogenesis in C. elegans (Ooi et al., 2006). Additionally, HIS-72::GFP
accumulates on the X in mature oocytes ((Ooi et al., 2006) and Figure 3.2 B-D). HIS-
72::GFP is known to be present in haploid spermatids and thus survives sperm chromatin
condensation (Ooi et al., 2006). We further observed, however, that whereas the rest of
the chromosomes contain H3.3 in mature sperm, the X remains devoid of this variant
(Figure 3.3A). The genomic distribution of H3.3 within sperm chromatin thus grossly
overlaps with the general pattern of its distribution during gametogenesis.

Although HIS-72::GFP is largely and uniquely absent from X chromosomes in
spermatocytes, this does not rule out an enrichment for other H3 variants that exist in the
C. elegans genome (Ooi et al., 2006). Incorporation of H3 variants outside of DNA
replication necessarily involves the replacement of the canonical S-phase specific histone
H3.1. We therefore tested whether H3.1 was being replaced on the X at any stage in
germ cells of either sex. Using a monoclonal antibody specific for H3.1 (van der Heijden
et al., 2005) we observed that H3.1-specific staining was enriched on all chromosomes in

the proliferating region of the gonad, as expected (Figure 3.2E). In the pachytene region
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of the hermaphrodite gonad H3.1 was progressively lost from the autosomes but persisted
on the X chromosome (Figure 3.2F). However, as the germ cells progressed into
oogenesis, H3.1 on the X chromosomes became reduced to levels indistinguishable from
autosomes (Figure 3.2G). This is consistent with transcriptional quiescence of the X
during meiosis and its activation during oogenesis, as previously reported (Bean et al.,
2004; Kelly et al., 2002). In spermatogenesis, we saw similar staining in the mitotic (not
shown) and pachytene regions of the gonad (Figure 3.2H). In contrast to oogenesis, H3.1
persisted beyond pachytene, and could be detected in a specific region in the nuclei of
mature sperm (Figure 3.3B). We presume this to be the X, since in addition to
enrichment in H3.1 the region also lacked H3K4me2 (below). These data are reciprocal
of the H3.3 data, and are consistent with X chromatin being transcriptionally inactive and
comparatively free of large-scale H3 remodeling throughout spermatogenesis. The male
X thus uniquely retains substantial levels of H3.1 that were incorporated during pre-
meiotic replication. In contrast, during oogenesis the X becomes transcriptionally active,
and H3.1 is largely replaced, presumably by H3.3. Therefore the general deposition
pattern of histone H3.3, as a mark of chromatin activity, is retained during
spermatogenesis and is carried into the offspring with the paternal DNA.

It is possible that the enrichment of other H3.3-like variants may not have been
detected in our assay. We tested deletion mutations of C. elegans H3.3-related variants
his-69 and his-70 and observed no defects in X chromatin dynamics in either the adult or
embryo (not shown). These H3.3 variants are thus unlikely to be specifically
accumulating on the X chromosome or contributing to imprint establishment during

spermatogenesis.
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These data show that an X going through spermatogenesis is largely refractory to
transcription-dependent or other H3 remodeling activities, presumably as a passive
consequence of the paucity of genes on this chromosome that are active in spermatogenic
germ cells. As a result, histone H3.1 incorporated during pre-meiotic S-phase persists in
Xp chromatin in sperm. Conversely, patterns of histone variant incorporation that result
from transcription or other processes appear to persist in other regions of the genome in
sperm.

We next asked whether histone modifications such as H3K4me2 are present in
mature C. elegans sperm, as has been recently reported in mammals (Brykczynska et al.,
2010; Hammoud et al., 2009). We detected substantial levels of both H3K4me2 and
unmodified H3K4 (H3K4meO0) in purified haploid spermatids by immunofluorescence
(Figure 3.3). We were also able to detect substantial levels of histone H3, H3K4me2,
H3K4me0 as well as H2A in sperm by western blot (Figure 3.3 D-G). Furthermore, we
found that the H3K4me2 that is retained in sperm nuclei is strikingly excluded from one
region in spermatid nuclei (Figure 3.3, arrow). Co-staining with an antibody that
specifically recognizes unmodified H3K4 (H3K4meO0) gave the reciprocal pattern (Figure
3.3C). As this pattern is consistent with what is observed for the X chromatin in all earlier
stages of spermatogenesis (Figure 3.2L), we conclude that this region is the X
chromosome. This indicates that histone H3 not only remains associated with DNA
during sperm chromatin compaction, but also retains chromosomal epigenetic patterns
placed during spermatogenesis. Thus, the X chromosome arriving from spermatogenesis
is enriched, relative to both autosomes and an X going through oogenesis, in histone H3.1

molecules that contain few marks of transcriptional activity. These experiments also



84

show that the failure of the Xp to be recognized by antibodies against modified H3K4 is
not due to epitope masking or enrichment for N-terminally cleaved forms of H3 that have
recently been reported (Duncan et al., 2008).

Histone H3 and its marks remain highly abundant in purified sperm chromatin,
and thus the paternal chromatin enters the egg carrying substantial epigenetic information
(Figure 3.3D-G). However, extensive post-fertilization remodeling of the paternal
pronucleus by H3.3 occurs in many organisms, and such remodeling could significantly
interrupt the heritability of sperm chromatin (Loppin et al., 2005; van der Heijden et al.,
2005). Indeed, H3.3 (e.g., HIS-72::GFP) that is retained in mature sperm of C. elegans
appears to disperse after fertilization, presumably through substantial incorporation of
maternal H3.3 into the sperm pronucleus (Ooi et al., 2006). This indicates that as in other
organisms, there is dynamic histone H3 mobilization into and out of the paternal
chromatin during sperm pronuclear decondensation in the C. elegans zygote. These
dynamics appear to precede DNA replication in the zygote. Importantly, little H3.1 is
detected on any chromosome by immunofluorescence in early (1- 8 cell) embryos (Figure
3.4Aii and Bii). This suggests that the bulk of the H3 dynamics in the zygote involve
deposition of H3.3, as observed in other species, and is largely replication independent
and maternal in origin (Ooi et al., 2006). Importantly, the Xp is not noticeably resistant
to H3.3 incorporation, and thus not refractive to post-fertilization histone dynamics
(Figure 3.4Cii and Dii). Despite the similar H3 dynamics, the Xp maintains its relative
enrichment for H3K4me0 through sperm decondensation and the first S-phase, when the
autosomes also become increasingly enriched in H3K4me0 due to substantial

incorporation of unmodified H3/H3.3 in all chromosomes (Figure 3.4Eii). Furthermore,
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after subsequent rounds of DNA replication and histone incorporation (by the 2-cell stage
and beyond), anti-H3K4meO0 signals on the Xp are indistinguishable from the other
chromosomes (Figure 3.4Fii). However, in spite of substantial de novo incorporation of
H3, the Xp remains uniquely devoid of H3K4me2. Importantly the autosomes and Xm
maintain their H3K4me2 enrichment, as established in the parental germ line, despite the
significant post-fertilization H3 dynamics that we observe for these chromosomes. The
H3K4me2 we observe at these early stages is likely due to maintenance of parental
chromatin patterns, rather than de novo transcription-dependent establishment, as there is
little or no zygotic transcription at these early stages (Guven-Ozkan et al., 2008; Seydoux
and Dunn, 1997; Seydoux and Fire, 1994).

These observations indicate that the chromatin assembled de novo in the zygote
does not grossly perturb a significant amount of the epigenetic information that is carried
by pre-existing histones in gamete chromatin. This implies that the unique chromatin
status of the Xp could be due to an absence of an instructive template that is present on
the Xm and autosomes, i.e. the epigenetic information retained during assembly of
chromatin in the zygote is guided by pre-existing information present in the gamete from
which it arrived. The establishment of this template could conceivably be influenced by
transcriptional activity in the parent, and retained in the zygote by transcription-
independent processes.

Transcriptional Activity in Adult Correlates with Chromatin Status in the Embryo

Transcriptional regulation in the adult germ line is poorly understood in most
organisms including C. elegans, presenting a major challenge to experimentally

modulating the transcriptional activity of endogenous loci. We therefore tested
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transgenes that exhibit differential germ line transcription properties and chromosome
linkage to correlate epigenetic status in adult germ cells with that in the early embryo.
We first examined a strain carrying an X-linked repetitive transgene with a GFP reporter
driven by a soma-specific promoter [him-5(e1490);axIs36 (pes-10::GFP, dpy-20(e1282)]
(Montgomery et al., 1998). This reporter is not normally active in the germ line of either
sex, and as reporter transgenes are typically silent in the germ line of C. elegans, no
aberrant or ectopic GFP expression was detected in germ cells of this strain (not shown).
This transgene is devoid of H3K4me2 during meiosis in the parental germ cells (Figure
3.6 A). Combined H3K4me2 antibody/DNA fluorescence in situ hybridization (FISH)
analyses showed that H3K4me2 remained strikingly depleted from the transgene region
on the Xm in embryos (Figure 3.5A). Importantly, the absence of H3K4me2 on the Xm
transgene was observed through multiple rounds of cell division in the embryo until GFP
became detectable in lineages where the pes-10 promoter is active (8-24 cells; not
shown). H3K4me2 remained depleted from the transgene in lineages where the promoter
is not active until at least the 50-cell stage (not shown). The establishment of a heritable
chromatin state in the embryo that correlates with transgene expression in the parental
germ line is thus not specific to the sex of the germ line.

We next asked if the absence of H3K4me2 on germ line silent transgenes is
limited to X-linked loci by examining a repetitive transgene construct carrying a similar
GFP reporter to the transgene above, but integrated on chromosome V (mls10 V). In
early embryos from this strain we could identify the imprinted Xp, which lacked
H3K4me2 (Figure 3.5B arrowhead), as well as two autosomes exhibiting stripes lacking

H3K4me2, which overlapped with the FISH signals detecting the transgene (Figure 3.5B



87

arrows). We observed similar results for several other germline inactive transgenes
(Figure 3.3 F and G, and Table 3.1). These and the above data together indicate that the
absence of H3K4me2 in embryonic chromatin correlates with a lack of adult germline
expression rather than germline sex or chromosome linkage.

Repetitive transgenes are subjected to a number of silencing mechanisms, and
could be targeted for assembly of repressive chromatin assembly in the embryo by
mechanisms independent of template establishment (Kelly and Fire, 1998). We therefore
tested whether embryonic chromatin assembled on a non-repetitive transgene correlated
with its expression in adult germ cells. The KW1336 strain is homozygous for a
mutation in the essential gene, let-858, but is rescued to viability and fertility by a non-
repetitive, or “complex”, transgene carrying a let-858::gfp construct (Kelly and Fire,
1998). The germline expression of this transgene is maintained by selection, since failure
to express let-858 in germ cells results in sterile animals (Kelly and Fire, 1998).
Importantly, in the absence of selection this transgene can become heritably silenced in
germ cells, which allowed us to directly compare zygotic chromatin assembly on an
identical transgene that was either active or repressed in parental germ cells.

In the line with expression maintained by selection, H3K4me2 was detectably
present on the transgene array in 71% (n=126) of embryos, of which many exhibited high
levels of H3K4me2 comparable to autosomes (Figure 3.5C). We next outcrossed this
line to wild-type males to remove the selective pressure to maintain germline expression,
and followed the outcrossed line for several generations (Figure 3.8). Germline
expression was maintained in the majority of outcross progeny in the first two

generations; that is, the majority (93-100%) of offspring from germline-expressing adults
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initially also expressed the transgene in their germ line. By the F3 generation, however,
only 69% of the offspring of germline-expressing F2 animals showed germline GFP, and
germ cell expression was not detected in any of the offspring (F4) of the germline-
expressing F3 animals (Figure 3.8). In all cases the silencing of the GFP reporter in germ
cells, once established, was heritable in all subsequent generations. Note that germline
silencing of the transgene was not linked to any genotype, as it eventually occurred in all
descendants of all randomly selected outcross progeny.

We examined, in parallel, whether H3K4me2 was detected at significant levels on
the transgene in the embryos of each generation (Figure 3.8). In all cases in which the
parents exhibited germline GFP expression, 64-78% of the embryos showed H3K4me2
on the transgene. Note that the adult germline is syncytial, thus it is possible that some
transgenes inherited by offspring from adults exhibiting germline GFP were not active in
adult germ cells. The frequency of H3K4me2 on the transgene in embryos from
germline-silenced adults dropped to ~30%, independent of which generation the silencing
occurred. A similar correlation was also observed for H3K4me3 (Figure 3.7). Oddly,
this ~30% frequency was stably maintained in silenced animals for many (>20)
generations. This may suggest that a background level of H3K4mez2 is stably, or
stochastically, maintained on this transgene array long after removal of selection for
germline expression. Importantly, the KW1336 array is composed of relatively few
copies of the let-858::gfp reporter construct embedded in random fragments of C. elegans
genomic DNA (Kelly and Fire, 1998; Kelly et al., 1997). Since we do not know the
composition of the array other than the reporter sequences, we cannot know if this

represents sporadic transcription in the adult germ line from the embedded genomic
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fragments, or DNA elements that may attract this modification through some other
process. Importantly, none of the embryos from a different line carrying the same let-
858::0fp reporter transgene, but in a germline-silenced array that lacks embedded
genomic sequences, showed any detectable H3K4me on the transgene array (strain
PD7271; Figure 3.5 F (Kelly and Fire, 1998)).

We further tested a total of 13 transgenes linked to various chromosomes and with
various expression in adult germ cells, several of which correspond to genes that are
normally expressed in all tissues (e.g., let-858, his-24, Imn-1), but in some cases exhibit
germline silencing (Table 3.1). The persistence of H3K4me2 in the transgene chromatin
in embryos generally follows the same pattern for all: transgene expression status in the
parental germ cells is predictive for heritable and persistent H3K4me2 status on the
transgene in the embryo. We observed three transgenes that did not fit this pattern. Two
transgenes, the KW1864 and TJ375 strains, respectively, exhibited no detectable
H3K4me2 in parental germ cells, although both show unusual germline expression
patterns. The KW1864 transgene is expressed post-meiotically during spermatogenesis,
as detected by both RNA in situ and antibody staining (T. M. Edwards and W. Kelly,
manuscript in preparation). TJ375 carries a heat-shock promoter that drives GFP
expression in all somatic lineages, but its germline expression is also unusual. After heat
shock, GFP RNA is only detected in a narrow band of late pachytene cells, and the RNA
is not detectably translated and is short-lived(Sheth et al., 2011).

We confirmed that transcription occurs in this limited pattern, but did not detect
significant accumulation of H3K4me in transgene chromatin (not shown). The nature of

the heat shock promoter, or the late timing of expression, or the very limited period of
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activity may impinge upon the window of opportunity for establishing active chromatin
modifications in the germline. The correlation between these unusual expression
characteristics and their inconsistent correlation with germline expression and H3K4me2
is not understood. The transgene in the third strain, PD4251, was selected for minimal
mosaicism in its expression in muscle cells, and this selection for more efficient mitotic
transmission and somatic expression may be connected to its higher “background” of
H3K4mez2 in the zygote ((Sha and Fire, 2005), A. Fire, personal communication).
Nevertheless, these data show that a DNA segment can be differentially targeted for
chromatin assembly in the embryo in a manner that appears to depend largely on its
activity in the parental germ line, although other modes of H3K4me insertion in the
parental germ cells may also participate. It is again important to note that chromatin
assembly in the one cell embryo has no connection to zygotic transcription, as chromatin
assembly and the H3K4me pattern maintenance occurs prior to any known zygotic
genome activation (Guven-Ozkan et al., 2008; Seydoux and Dunn, 1997; Seydoux and
Fire, 1994).

We next tested whether transcription activity on the Xp in adult germ cells was
able to establish a region of heritable H3K4me2 maintenance on this chromosome in the
offspring. The IN373 (dtls372) strain carries a multi-copy his-24::gfp transgene that is
integrated on the X chromosome. his-24 encodes a ubiquitously expressed C. elegans H1
linker histone (Hatzold and Conradt, 2008; Jedrusik and Schulze, 2007). The dtls372
transgene initially showed robust HIS-24::GFP expression throughout the soma, and
weak expression in the germ line during both oogenesis and spermatogenesis. In

embryos from these animals we initially observed a distinct stripe of H3K4me2 on the
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Xp, which was largely limited to the transgene FISH signal (Figure 3.5E). During the
course of these studies, this transgene became heritably silenced in adult germ cells, and
thereafter the stripe of H3K4me2 coinciding with the transgene in embryonic Xp
chromatin was no longer detected in this strain (Figure 3.5 H).

We also tested whether inheritance of H3K4me2 that was established in the
parental germ line can affect expression of the transgene when it becomes active in the
offspring. We compared somatic expression of the LET-858::GFP reporter in offspring
from the parental line, in which germline expression is under selection, to that of
outcrossed animals, in which the selection was removed and germline expression is lost
(e.g., Figure 3.8) . In both the parental line and outcrossed animals, inheritance
frequency of the transgene is ~70% as determined by DNA FISH, and the LET-858::GFP
reporter is expressed in most if not all of the somatic tissues in adult animals. Most
(over 90 %) of the embryos from germline expressing parents (either parental or
outcrossed strain) had easily detected GFP-positive nuclei in most if not all somatic cells,
whereas few (14%; n=92) of embryos from germline silent parents had detectable GFP
expression (Figure 3.9 C and D). This is far below the frequency of array inheritance in
these offspring. GFP expression was significantly weaker among embryos from the
germline silent outcrossed line, and strong mosaicism of expression was also often
observed (Figure 3.9 C). This basal level of expression was consistent in offspring from
the germline silenced animals for >20 generations (not shown). The increased expression
frequency in embryos from the germline-expressing parents, which exceeded the
inheritance rate of the transgene, indicated that at least part of the GFP detected in these

embryos was provided maternally. We therefore compared GFP fluorescence of the two
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sets of transgenic offspring at larval and adult stages. L2 larvae through adult stage
offspring from germline-expressing parents still showed significantly higher levels of
GFP expression compared to the germline-silenced offspring both immediately after
germline silencing occurs, and after many generations of the transgene being shut down
in the germline (data not shown and Figure 3.9). These results indicate that, at least for
this transgene, expression in the adult germ line strongly correlates with enhanced
somatic expression in the offspring, even in late stages of development.

It has been reported that repetitive transgenes, including several that we examined
in this study, accumulate H3K9me3 during meiosis (Bessler et al., 2010). We examined
H3K9me3 to see if this mark, accumulated in the parent, is also inherited by the
offspring. The presence of this mark could prevent the addition of H3K4mez2 to inherited
chromatin in the zygote, and thus be causal to its absence. Importantly, this correlation
does not exist for the Xp, which lacks both H3K9me3 and H3K4me2 in both adult germ
cells and in the zygote (Figure 3.10). In addition, although H3K9me3 may also be
inherited from gamete chromatin, there was no obvious correlation between H3K9me3
presence and H3K4me2 absence on transgenes in either adult germ cells or in embryonic
chromatin. On all transgenes examined, including those that expressed in adult germ
cells, we observed an enrichment of H3K9me3 on transgene chromatin in pachytene and
oocyte nuclei, and this mark persisted in the embryo (Figure 3.10 Gii-lii). The presence
of H3K9me3 in transgene chromatin did not correlate with either expression in the
parent, or the presence or absence of H3K4me2 in the embryo.

The lack of correlation between expression in the germ line and appearance or

absence of H3K9me3 on transgenes, and the absence of H3K9me3 on the imprinted Xp
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at any stage, indicates that H3K9me3 accumulation on transgenes is due to a mechanism
distinct from, and has little detectable influence on, the heritable chromatin assembly we
report here. In addition, we did not observe either enrichment for, or absence of, other
repressive marks (e.g., H3K27me2 or H3K27me3) on either germline-silent or germline-
expressed transgenes. Indeed, abundance of these marks was indistinguishable between
transgenes and autosomes in both germ line and embryo (data not shown).

These data show that the establishment of heritable epigenetic information that
guides chromatin assembly in the zygote is likely gene autonomous, independent of
chromosomal location, and that the information established can be guided by

transcriptional activity in the adult germ line.

DISCUSSION

Our data shows that epigenetic information in the form of histone modifications,
imposed during transcription and other chromatin-modifying processes in the adult germ
line, can be stably carried by gametes into the offspring. This information appears to be
grossly impervious to de novo chromatin assembly and histone dynamics in the embryo,
and is maintained in the embryo in the absence of significant levels of zygotic
transcription. These results suggest that sex-specific activities, including gamete-specific
transcription, in the parental germ line can create parent-of-origin specific epigenetic
content that may determine or guide the epigenetic information that is maintained in
embryonic chromatin during development. This information content could directly affect
transcriptional regulation in later development or may provide a bias for stochastic

aspects of epigenetic regulation.
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C. elegans spermatids retain histones, histone variants, and histone modification
patterns that were established in the parental germ line. During spermatogenesis in plants
and a wide range of animals, histones are largely replaced by protamines, small basic
proteins synthesized in late stage spermatids, to facilitate sperm compaction (Balhorn,
2007; Frehlick et al., 2006). While the extent of histone displacement can vary between
organisms, histone retention in spermatid chromatin is now recognized as being
substantial in many organisms, as histones have been observed in the mature sperm of
mammals, amphibians, Drosophila, and C. elegans (Dorus et al., 2006; Frehlick et al.,
2006; Gatewood et al., 1990; Ooi et al., 2006; Palmer et al., 1990; Palmer et al., 1991).
Importantly, histones and their modifications are retained at developmental promoters
and imprinted loci in human and mouse sperm (Brykczynska et al., 2010; Hammoud et
al., 2009). Histones, and any accompanying histone modifications, surviving protamine
replacement therefore have the capacity to transmit epigenetic information across
generations. Our results show that sperm chromatin can retain epigenetic information
that reflects prior genetic activity in the parental germ cells, and which appears to
template epigenetic patterns maintained in the early zygote. Inheritance of modified
histones is thus likely to be a conserved mode of epigenetic information transferred
between generations, and parental transcription may therefore contribute to the content of
this information (Katz et al., 2009; van der Heijden et al., 2005).

Recent data provides evidence for such a system. Histone H3K36 methylation,
like H3K4me, is normally considered a consequence of transcriptional activity. In
budding yeast, the Set2 methyltransferase tracks along with the elongating RNA

polymerase holoenzyme, adding this mark within the body of transcribed genes (Li et al.,
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2007). Unlike yeast, however, metazoans have more than one H3K36 methyltransferase:
in C. elegans this additional activity is encoded by the mes-4 gene, a gene required for
germline viability (Capowski et al., 1991). Unlike Set2, MES-4-dependent H3K36
methylation appears to be a maintenance activity--- it can maintain H3K36me in the
bodies of genes that are transcriptionally inert(Furuhashi et al., 2010; Rechtsteiner et al.,
2010). Amazingly, the genes marked by MES-4 dependent H3K36me in embryos are
specifically those that are expressed in adult germ cells, and exclude genes expressed
solely in somatic lineages (Furuhashi et al., 2010; Rechtsteiner et al., 2010). MES-4
system is thus maintaining, in the embryo, an “epigenetic memory” of transcription in
genes that were last transcribed in adults. Intriguingly, we recently found that the
conserved MLL H3K4-specific methyltransferase complex is essential for transcription-
independent activity in the early embryo, and this activity, like MES-4, is largely required
for the maintenance of H3K4me in early embryonic chromatin (T. Li and W. Kelly, Plos
Genetics, in press).

It is clear that not all of the epigenetic information transferred into the zygote is
stable; indeed there is extensive chromatin remodeling and epigenetic reprogramming
observed after fertilization in most species. However, some information survives and is
maintained; how this maintenance is achieved is only now beginning to be identified.
Whereas DNA methylation has a clear propagation intermediate and activity for
maintenance (e.g., hemi-methylated DNA and DNMT1 methyltransferase, respectively),
mechanisms that can maintain a memory composed of histone modifications have been
less clear. The inheritance of repressive histone marks, however, has received significant

attention. The well-known mitotic inheritance and propagation of H3K27 methylation by
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the PRC2 complex, for example, requires the H3K27me3-recognition domain of the EED
subunit (Sarma et al., 2008). It is thus likely that marks such as H3K4me2 could also
have analogous propagation mechanisms. Histones and their marks that are inherited
from parental chromatin could “seed” an epigenetic template that is recognized and
propagated in the absence of transcription in the zygote. This would presumably involve
H3K4me recognition proteins capable of recruiting methyltransferase activities. The
epigenetic signature thus retained or re-established may be maintained with meta-stable
fidelity in the germ line epigenome across generations to guide and maintain germ cell
function and pluripotency. In somatic lineages at each generation, however, this
information would become increasingly altered during tissue-specific zygotic
transcription, thereby leading to decreased pluripotency in differentiated cells.

Our results predict that epigenetic information involving H3K4mez2, if ectopically
presented to the zygote, could become stabilized through germline passage and have
functional consequences for transcription patterns in the offspring. H3K4 methylation has
been directly implicated in the heritable maintenance of transcriptional activity in
Drosophila via the Trithorax system, and more recently in Dictyostelium (Muramoto et
al., 2010; Schuettengruber et al., 2007). Indeed, lysine 4 of H3 has been specifically
implicated in developmental epigenetic “programming”, and this residue in H3.3 has
been reported to be essential for fertility in Drosophila, although the specific role of K4
in the fertility defects has been questioned (Hodl and Basler, 2009; Ng and Gurdon, 2008;
Sakai et al., 2009). We have shown that mutations in spr-5, a C. elegans ortholog of the
H3K4me2 demethylase Lsd1/Kdml, cause a generation-dependent build-up of H3K4me2

levels in germ cell chromatin, resulting in sperm-specific transcriptional defects and
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ultimately germ cell failure (Katz et al., 2009). This is strong evidence that histone
modifications can become heritably stable across generations, and that the ectopic
presence of H3K4me in the germline epigenome can have lasting consequences on
transcriptional regulation in subsequent generations. Removal of H3K4me2 acquired
during spermatogenesis from spermatid or sperm pronuclear chromatin may thus be
required to prevent its inappropriate templating in the zygote and subsequent generations.
How the information established at any locus is targeted for maintenance or erasure is not
known in any system and remains an important question.

It is interesting that the somatic expression of the KW1336 transgene in the
offspring appeared to be influenced by its activity in the parental germ cells. We have
not been able to test directly whether ectopic activation of a transgene in the germ line
can cause heritable ectopic activation in offspring. However initiation of the repressed
state, e.g., the spontaneous silencing of active transgenes in adult germ cells, is always
heritable and appears to be very stable: such silenced transgenes have never been
observed to reactivate in our lab under normal conditions, even after many generations
(these studies and W. Kelly, unpublished). It is unclear whether parental germ line
activity can be as stably and heritably instructive as parental germline repression, and this
question clearly requires further inquiry. Indeed, the germ line appears to be
preferentially poised for repression in C. elegans, with numerous interrelated RNAI and
chromatin based mechanisms targeting exogenous DNA for silencing (e.g.,(Kelly and
Fire, 1998)). The persistence of H3K4me2 on the outcrossed KW1336 transgene (in the
absence of detectable expression in the adult) could reflect persistence of a heritable

chromatin state in transgene chromatin that is either unrelated to the regulation of the
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GFP reporter, or is insufficient to overcome other modes of repression that target the
transgene in both soma and germ line. Expression in the adult germ cells and the
consequential increased inheritance of “active chromatin” may help overcome or prevent
these modes of repression and may favorably bias expression in the offspring.

The relationship of iXi in the offspring to transcriptional repression in the adult
germ line in both worms and some mammals is striking, irrespective of the issue of
continuity of the inactive state. As in C. elegans, iXi in mice is meta-stable, in that it is
ultimately reversed: it is stabilized in the first lineages to differentiate, the extra-
embryonic tissues, but (as in C. elegans) becomes unstable in embryonic cells and is
ultimately replaced by another dosage compensation process, random X inactivation
(Mak et al., 2004; Okamoto et al., 2004). In metatherians that have been tested, iXi
occurs despite the absence of an XIST locus (Duret et al., 2006; Hore et al., 2007;
Shevchenko et al., 2007). Some forms of iXi could thus have arisen or been adapted from
a mechanism similar to the templated chromatin assembly we observe in C. elegans.
Marsupial X-linked loci silenced during meiosis are activated in round spermatids, yet
still subjected to iXi in the zygote (Mahadevaiah et al., 2009). This may suggest a
temporal restriction for the establishment of a chromatin state that can be interpreted by
the zygote.

iXi in mice does not require the maintenance DNA methyltransferase Dnmt1, but
does involve repressive histone modifications (Lewis et al., 2004; Mak et al., 2002; Sado
et al., 2000; Sado et al., 2004; Silva et al., 2003; Wang et al., 2001). These features are
consistent with the theory that histone modifications may be the more ancient imprinting

mark. Indeed, epigenetic imprinting phenomena have been observed in many organisms
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independent of DNA methylation, such as C. elegans and numerous insect species (Bean
et al., 2004; Bongiorni and Prantera, 2003; Lloyd, 2000; Sha and Fire, 2005).
Furthermore, H3K4 methylation has been proposed to affect the establishment of de novo
DNA methylation, such as imprinted DNA methylation (Ooi et al., 2007). Mammalian
imprinting may thus be an adaptation imposed upon more ancient, DNA methylation-
independent modes of imprinted gene regulation. We propose that sex-specific
incorporation of epigenetic information via transcription-linked processes (or lack
thereof) in the adult germ line may be a conserved process that could guide imprinted
chromatin assembly in the offspring. A sex-specific difference in transcriptional activity
during gametogenesis could thus provide an underlying mechanism that contributes to
imprint establishment in the germ line, and perhaps influence imprinted gene regulation
during embryonic development.

MATERIALS AND METHODS

Strains. We used standard techniques for worm maintenance and handling. We carried
out all crosses and grew all worms at 20° C. We used the following strains: wild-type N2
(Bristol), mnt12 (X;IV fusion), zuls178 [(his-72'::HIS-72::GFP); unc-119(ed3), gift
from S. Henikoff], his-69(gk394), his-70 (gift from D. Chu), him-5(e1490);axIs36 (pes-
10::GFP, dpy-20(e1282)), mis10 (myo-2::GFP, pes-10::gfp, F22B7.9::gfp, V), mes-
4(bn85)/DnT1 (unc-?(n754), let-? qls50(myo-2::GFP, pes-10::GFP, F22B7.9::GFP), gift
from S. Strome, KW1336 unc-4(e120) let-858(cc500) I1; unc-4(e120)let-858 Ex1336
[pPBK48.1 (let-858::GFP)];pRF4), Ex1336 [pBK48 (let-858::GFP)], PD7271 ((pha-
1(e2123) 111; ccEX7271(pBK48.1[let-858::GFP] and pC1 [pha-1(+)])), dtIs372 (his-

24::HIS-24::GFP, X), gift from B. Conradt, PD3861 (pha-1(e2123ts) I11; ccIn3861 (pha-
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1 (+) unc-54p::GFP)) gift from A. Fire, KW1864 (ckin2 his-73::GFP, rol-6), PD4251
(ccls4251 (myo-3p::nuclear GFP,myo-3p::mitochondrial GFP, dpy-20) dpy-20(e1282)),
DG1575 (tnls6 lim-7::GFP, rol-6), ccIn4810 lamin::GFP (X). TJ375 (hsp-16-

2::GFP::unc-54 3’ UTR) gift from J. Priess,

Immunocytochemistry. Whole-mount fixation and antibody staining of worms and
embryos with methanol/acetone fixation was done as previously described (Strome and
Wood, 1983). For detection of specific histone modifications, we used the following
primary antibodies at the specified dilutions: rabbit antibody to H3K4me2 (1:500;
Millipore), mouse antibody to GFP (1:200, Millipore), mouse monoclonal #34 against
H3.1 (1:300) (van der Heijden et al., 2005), mouse monoclonal CMA301 specific for
unmodified H3K4 (H3K4me0; 1:500; a gift from H. Kimura, Osaka University, Japan),
rabbit polyclonal antibody to H3K4me3 (1:1000 Abcam), rabbit polyclonal to H3K9me3
(1:100 Abcam). Secondary antibodies were used at 1:500: Alexaflour™;594 donkey
anti-rabbit 1gG, Alexaflour™; 488 donkey anti mouse 1gG Alexaflour™:594 donkey anti
rat IgG (Molecular Probes). Fluorescein-labeled antibody to digoxigenin was used at

1:200 (Roche).

Immunofluorescence Analyses. Images were obtained using a Leica DMRA
microscope outfitted with a Q-imaging Retiga-SRV Fast 1394 Camera. We acquired and
processed the images with Simple PCI software. For analyses of H3K4me2 in transgene
chromatin in the embryo, embryonic nuclei were optically sectioned at intervals of 0.1-

0.2 micrometers to detect transgene arrays. Array chromatin in one to four cell embryos
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was scored blind to the genetic background of the animals as one of the following: None

(-), Low (+) or Hi (++) relative to the autosomes and imprinted Xp in the same embryo.

FISH analysis. For combined histone antibody and DNA FISH experiments, we did
sequential antibody staining, and DNA FISH with a digoxigenin-labeled probe detected
by a fluorescein-labeled anti-digoxigenin antibody (Roche), as previously described(Bean
etal., 2004). We carried out FISH using the digoxigenin-labeled (Roche) probe L4054
(Fire Lab vector Kit) that recognizes the sequence for GFP in transgenic worms. X-paint
probe (Figure 3.1 E and F) was generated by digoxigenin labeling of a mixture of X-
chromosome YACs (generous gift from G. Csankovszki). We observed the prepared

samples and recorded and processed images as described above.

Protein Preparation and Western Blot. Mixed stage embryos were harvested from
gravid adults by standard procedure (Epstein and Shakes, 1995). Purified sperm were a
kind gift of S. L’Hernault. To each 150 ul sample 450 ul of grinding buffer (15 mM
HEPES, 10 mM KCI, 5 mM MgCI2, 0.5 mM EGTA, 15% Glycerol, 1 mM DTT, 1X
complete mini EDTA-free protease inhibitor cocktail [Roche]) were added, frozen in
liquid nitrogen, homogenized, re-frozen in liquid nitrogen, and thawed on ice for 15
mins. 600 ul of 2X extraction buffer (500mM NacCl, 0.8% NP40, 10 mM HEPES (pH
7.5), ImM MgCI2, ImM DTT, 1X protease inhibitor) were added to samples, vortexed
and rocked for 30 mins. at 4°C. Samples were centrifuged at 8000g for 5 mins. at 4°C,
and supernatant was removed. Pellet was re-suspended in 222 ul digestion buffer (0.4%

NP40, 10 mM HEPES, 1 mM MgCI2, 1 mM DTT, 1X protease inhibitor cocktail). 30 ul
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of sample was sonicated in a sonicating water bath for 15 mins. and DNA concentration
was quantified with a BioRad VersaFluor Fluoremeter using the BioRad Fluorescent
DNA Quantitation kit. Equivalent amounts of DNA for each sample were loaded and run
on a 15% SDS-PAGE gel, transferred and probed with antibodies: H3 (1:5000; Abcam
ab1791), H3K4me2 (1:5000; Abcam), H3K4meO0 (1:5000, a gift from H. Kimura, Osaka
University, Japan) H2A (1:5000 Upstate). Primary antibodies were detected by Goat
anti-rabbit IgG HRP conjugated secondary antibody (1:5000; Upstate Biotechnology,

Inc.) and detected by chemiluminescence with the Amersham ECL Plus Detection Kit.

GFP expression analysis. KW1336 or outcrossed animals (F20+) rolling adults carrying
the Ex1336 transgene were cloned, and mixed stage embryos were harvested from gravid
adults by a brief (20 second) hypochlorite treatment and either harvested or allowed to
develop. Embryos were then transferred to painted-well slides and examined at 100X by
phase contrast and GFP using a Leica DMRA microscope outfitted with a Q-imaging
Retiga-SRV Fast 1394 Camera. 1.5- to 3- fold embryos were scored + or — for the
presence of detectable nuclear LET-858:GFP fluorescence. Animals were allowed to
develop at 20 degrees for 36hrs (L2’s), 60 hrs (L3/L4’s) or 84hrs (adults) and mounted on
5% agrose in microbeads and images were captured at 40X by phase contrast and GFP as
above. 5-10 gut nuclei and 5 background areas were measured per animal. The average
nuclear GFP intensity minus the average background intensity for each animal was
calculated to give average adjusted GFP intensity. 17-22 animals were scored for each

background at each time point.
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Table 3.1 Germline Expression and H3K4 Methylation in Different Transgenes.
Expression of the GFP reporter in adult germ cells is compared to the enrichment of

H3K4me2 in the transgene chromatin in the offspring.



Table 3.1 Germline Expression and H3K4 Methylation in Different Transgenes

Strain Transgene Transgene Germline H3K4me2 H3K4me2
E— Chromosome . in .
Name Constructs Expression in Embryos
Pachytene
N2 (XO) n.a. n.a. X no no no
N2 n.a. n.a. A yes yes yes
(Snfr?tig) n.a. n.a. XIA nolyes nol/yes nolyes
JH103 axIs36 pes-10:GFP, X no no no
dpy-20
pes-10::GFP,
PD4793 mis10 myo-2::GFP, \ no no no
gut::GFP
ESVS'%G (et | Ey1336 Iritl:EéSB::GFP’ Ex yes yes yes (71%)
KW1336 Ex1336 let-858::GFP, Ex no no no (72%)
outcross rol-6
IN373 dtls372 :](;7-62 4:GFP, X yes yes yes
pha-1 (+) unc-
PD3861 ccln3861 54p::GFP \ no no no
mes-4 myo-2::GFP,
qls50 pes-10::GFP, \% no no no
(bn85)/DnT1 F22B7.9:GFP
PD7271 ccEx7271 | IEUBOBIGER, iy no no no
pha-1 (+)
KW1864* ckin2 his-73:GFP, | Low | no no
rol-6 sperm only
hsp-16- late
TJ375 2::GFP:iunc-54 | A pachytene no N.D.
3'UTR in ~20 nuclei
myo-
3p::nuclear
GFP,myo- 35% yes | 47% yes
*%
PD4251 cels4251 3p::mitochondr | ! no *5(N=65) *x(N=38)
ial GFP, dpy-
20
DG1575 tnis6 ame7EGEP, rol- | no no no
CB1489 ccln4810 Imn-1::GFP X no no no
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*The GFP expression in the KW1864 transgene is only detected in post-meiotic sperm (T.M. Edwards and
W. Kelly, unpublished)
**The PD4251 transgene has been selected for non-mosaic expression, and does not display gamete-of-
origin imprinting effects ([14], and A. Fire, pers. communication)
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Figure 3.1 Sex Body Formation and Imprint Establishment are X DNA
Autonomous. The male X chromosome lacks H3K4me2 and forms a dense, sex body-
like, ball in wild-type pachytene nuclei (A, arrow), and continues to lack H3K4me?2 after
chromatin assembly in the zygote (B, arrow) (one cell embryo shown). In L4
hermaphrodite spermatogenesis mnt12 pachytene nuclei (C), one half of the X:IV fusion
chromosome lacks H3K4me2 and forms a dense ball (arrow) while the other half remains
elongated and accumulates H3K4me2 (arrowhead). In mnt12 zygotes (D), only half of the
fusion chromosome lacks H3K4me2 (arrow) while the other half accumulates H3K4me2
(arrowhead) (one cell embryo shown). (E) Pachytene nucleus in adult animal carrying
mnT12 IV:X fusion. H3K4me2 on IV chromatin does not appreciably spread into X
sequences. (F) X-chromosome DNA in an mnt12 IV:X fusion oocyte has H3K4me2 at a
level indistinguishable from the attached autosomal DNA. H3K4me2 (green), DAPI

(red). DNA FISH (blue) Scale bars, 5um.
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Figure 3.2 H3.3, H3.1, and H3K4me0 Dynamics in Oogenesis and Spermatogenesis.
(A-H) Comparison of H3.3::GFP (A, Bi-Di) to H3K4me2 (Bii-Dii), and H3.1 (E, Fi-Hi)
to H3K4me2 (Fii-Hii), in hermaphrodite germ cells. (A) H3.3 is low in the distal nuclei
of the gonad (d), and accumulates as nuclei progress towards the proximal (p) end.
H3.3::GFP is absent from X in pachytene nuclei (Bi; arrow), identified by lack of
H3K4me2 (Bii). H3.3::GFP is present on all chromosomes in mature oocytes (Ci), as is
H3K4me2 (Cii). H3.3::GFP is absent from X’s in larval hermaphrodite (spermatogenic)
pachytene nuclei (Di; arrow), coincident with the absence of H3K4me2 (Dii). (E) H3.1
is high in the distal region of the gonad (d), and is depleted as nuclei progress towards the
proximal (p) end. H3.1 is enriched on the X in pachytene nuclei (Fi; arrow) as identified
by lack of H3K4me2 (Fii). H3.1 is low on all chromosomes in mature oocytes (Gi), while
H3K4me2 is abundant (Gii). H3.1 is enriched on the paired X’s in larval spermatogenic
pachytene nuclei (Hi; arrows) as identified by the absence of H3K4me2 (Hii).

(1, Ji-Li) X chromosome enrichment for H3K4me0 in male germ cells. (1) In both male
and hermaphrodite (not shown) germ cells, H3K4me0 is high in the distal region of the
gonad (d) and is depleted as nuclei progress towards the proximal (p) end. H3K4meO is
enriched on the X in pachytene hermaphrodite nuclei (Ji; arrow), as identified by lack of
H3K4me2 (Jii). H3K4meO is low on all chromosomes in mature oocytes (Ki) while
H3K4me2 is abundant (Kii). H3K4me0 is enriched on the X’s in larval hermaphrodite
(spermatogenic) pachytene nuclei (Li; arrow) as identified by lack of H3K4me2 (L.ii).

Antibodies as indicated (green) with DAPI counterstain (red). Scale bars, 5um.
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Figure 3.3 Mature Sperm Chromatin Retains Epigenetic Information Established in
Meiosis. Antibody staining for H3.3::GFP, H3.1 and H3K4me0 compared to antibody
staining for H3K4me2 in mature hermaphrodite spermatids. (A) H3.3::GFP has
substantial overlap with H3K4me2, but is depleted from the X region (arrow), which
lacks H3K4me2. In contrast, both H3.1(B) and H3K4meO0 (C) are enriched on the X
chromosome, marked by a lack of H3K4me2 (arrows). Antibodies (green) with DAPI
(red). Scale bars, 5um. (D-G) Western blot analysis of histone modifications in mature
sperm and embryos. H3 is abundant in mature sperm chromatin at levels near that of
embryonic chromatin(D). H3K4me2 is abundant in mature sperm chromatin at levels
near that of embryonic chromatin (E). H3K4meO is detected in both mature sperm and
embryonic chromatin (F). H2A is detected in mature sperm chromatin at levels near that
of embryonic chromatin, however there is some degradation of the sperm sample (G).
Lanes were loaded with DNA equivalents from left to right as follows 1) embryo 1X

DNA, 2) embryo 2X DNA, 3) sperm 1X DNA, 4) sperm 2X DNA.
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Figure 3.4 H3.1, H3.3, and H3K4me0 Dynamics in the Early Embryo. In all image
sets, a merged image of H3K4me2 (green) and DAPI (red) are shown, while the adjacent
gray scale image shows a separate channel corresponding to co-staining with antibodies
against H3.1, H3.3, or H3K4me0 as indicated. (Ai) In a one-cell embryo, all
chromosomes except the Xp (arrow) incorporate H3K4me2 (green), but very little H3.1 is
present on any chromosome (Aii). In 2 cell embryos low levels of H3.1 are detected on
all chromosomes, including the Xp (Bi; arrow). Maternally provided H3.3:GFP is
immediately incorporated into all sperm chromosomes, including the Xp, in the one cell
stage (Cii; arrow), and thereafter (Dii nuclei from two cell embryo). Despite the
incorporation of maternal H3.3, the autosomes retain H3K4me2 and the Xp (Ei; arrow)
still lacks this modification, and is enriched for H3K4meO relative to the autosomes
(arrow; Eii). By the 2 cell stage and thereafter (Fii and not shown) all chromosomes
(including the Xp; arrow), have incorporated high levels of H3K4me0 (Fii), but the Xp

still excludes H3K4me2 (Fi; arrow). Scale bars, 5um.
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Figure 3.5 Transcriptional Activity in Parental Germ Cells Influences Chromatin
Assembly in the Zygote. (A-E) Chromosomes and transgenic arrays in 1-2 cell
embryos with DAPI (red), antibody against H3K4me2 (green), and DNA FISH marking
the transgene (blue). Arrowheads in all panels mark the Xp; arrows mark the transgenes.
(A) X-linked, germline silent pes-10::GFP transgene lacks H3K4me2 on Xm (arrow) in
addition to Xp (arrowhead) in embryos. (B) LG V-linked, germline silent mIs10
transgene (arrow) lacks H3K4me2 in embryos. (C) Germline expressing Ex1336 extra-
chromosomal transgene (arrows) accumulates H3K4me2 in embryos. (D) Same
transgene as in (C), but lacking adult germline expression and lacks H3K4me2 in embryo
(arrow). (E) X-linked, germline expressing his-24::GFP transgene accumulates
H3K4me2 on Xp in embryo (arrow). (F) Germline silent PD7271 extrachromosomal
transgene (arrow) lacks H3K4mez2 in the embryo. (G) LG V-linked, germline silent
CCIn3861 transgene (arrow) lacks H3K4me2 in embryos. (H) X-linked, germline silent

his-24::GFP transgene lacks H3K4me2 in the embryo. Scale bars, 5um.
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Figure 3.6. H3K4me2 in Transgene Chromatin in Germ Cells Correlates with
Germline Transcription. (A-E) Pachytene nuclei from adult hermaphrodites with
DAPI (red), antibody against H3K4me2 (green), and transgene DNA FISH (blue). (A)
X-linked, germline silent pes-10::GFP transgene (arrows) lacks H3K4me2, as does the
rest of the X chromosome, in pachytene nuclei. (B) LG V-linked, germline silent mIs10
transgene (arrows) lacks H3K4me2 in pachytene nuclei. (C) Germline expressing
Ex1336 extrachromosomal transgene (arrows) accumulates H3K4me2 in pachytene
nuclei. (D) Germline silent Ex1336 extrachromosomal transgene (arrow) in wild-type
background lacks H3K4mez2 in pachytene nuclei. (E) X-linked, germline expressing his-
24:.GFP transgene accumulates H3K4me2 on X in pachytene nuclei (arrow) (FISH not
shown). (F) X-linked, germline silent his-24::GFP transgene does not accumulate

H3K4me2 on X in pachytene nuclei (arrow).
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Figure 3.7 H3K4me3 of Transgenes in Germ Cells and Early Embryo Correlates
with Germline Transcription. (A-J) Pachytene nuclei from adult hermaphrodites or
one to two cell embryos with DAPI (red), antibody against H3K4me2 (green), and DNA
FISH (blue). (A) X-linked, germline silent pes-10::GFP transgene lacks H3K4me3, as
does the rest of the X chromosome, in pachytene nuclei. (B) X- linked pes-10::GFP
transgene also lacks H3K4me3 on the Xm in a two cell embryo. (C) LG V-linked,
germline silent mls10 transgene (arrow) lacks H3K4me3 in pachytene nuclei. (D) LG V-
linked, germline silent mIs10 transgene (arrow) also lacks H3K4me3 in a one cell
embryo. (E) Germline expressing Ex1336 extrachromosomal transgene (arrows) does
not appear to have H3K4me3 in pachytene nuclei. (F) Germline expressing Ex1336
extrachromosomal transgene (arrows) does accumulate H3K4me3 in a one cell embryo.
(G) Germline silent Ex1336 extrachromosomal transgene (arrow) in wild-type
background lacks H3K4me3 in pachytene nuclei. (H) Germline silent Ex1336
extrachromosomal transgene (arrow) in wild-type background lacks H3K4me3 in a one
cell embryo. (1) X-linked, germline silent his-24::GFP transgene lacks H3K4me3 on X
in pachytene nuclei (arrow). (J) X-linked germline silent his-24::GFP transgene lacks

H3K4me3 on Xp in one cell embryo.
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Figure 3.8 Transgene Germline GFP Expression vs. Transgene H3K4me2 in
Embryos (A) Schematic of selection of animals during this experiment. At each
generation animals were cloned out and allowed to lay. Half of the animals were scored
live for germline GFP expression and the remaining animals were dissected to retrieve
offspring for DNA FISH and anti-H3K4me2 immunofluorescence (B) % of animals
expressing let-858::GFP in the germline as adults at each generation (blue bars) vs. % of
offspring from each generation retaining H3K4me2 on the transgene as embryos (red

bars). Number of animals scored is indicated in parentheses.
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Figure 3.9 Embryonic and Somatic GFP Intensity is Higher in Offspring From
Germline Expressing than in Offspring from Germline Silent Parents. GFP
fluorescence (Ai-Ci) or DIC (Aii-Cii) microscopy of 1.5-fold to 3—fold stage live
embryos . (Ai) 93% (n=27) of embryos from KW1336 offspring from parents which
express let-858:gfp in the germline show robust GFP expression in all nuclei. (Bi) 87%
(n=47) of offspring from outcrossed animals where germline expression of let-858:gfp
was lost lacked any GFP positive nuclei (approximately 40% of offspring inherit the
array). (Ci) Rare (13% n=47) embryos from outcrossed parents where germline
expression of let-858:gfp was lost with GFP positive nuclei (far right) have weaker and
more variegated GFP expression than offspring from germline expressing parents (Ai).
(D) % of animals expressing let-858::GFP in the germline as adults at each generation
(blue bars) vs. % of offspring expressing somatic GFP as embryos (red bars). Number of
animals scored is indicated in parentheses. (E) Average GFP intensity (arbitrary units) of
somatic nuclei in offspring from germline GFP expressing (KW1336) parents vs.
germline GFP silenced (N2 outcrossed 20+ generations) parents at larval stages (L2 and

L3/L4) and adults. Number of animals scored is indicated in parentheses.
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Figure 3.10 Transgenes are Enriched for H3K9me3 in Pachytene, Oocytes, and
Early Embryos Independent of Transcription in the Germline. Pachytene nucleli,
oocytes, and nuclei from one or two cell embryos with H3K4me2 (green) and DAPI (red)
(Ai-Li) or H3K9me3 (Aii-Lii). (Ai-Ci) X-linked, germline silent pes-10::GFP transgene
(arrow) is enriched for H3K9me3 over autosomes and surrounding X-chromatin(Aii-Cii),
(Di-Fi) LG V-linked, germline silent mis10 transgene identified by lack H3K4me2
(arrow) is enriched for H3K9me3 over autosomes and surrounding chromatin (Dii-Fii).
(Gi-li) Germline expressing Ex1336 extrachromosomal transgene (arrows) is enriched for
H3K9me3 over autosomes, particularly in oocytes and early embryos (Gii-lii). (Ji-Li)
Germline silent extrachromosomal array PD7271 (arrow) is enriched for H3K9me3 over

autosomes, particularly in oocytes and early embryos (Jii-Lii).
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Chapter 4

Transcription of Imprinted Non-Coding RNAs in Mammalian Spermatogenesis
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INTRODUCTION

Genomic imprinting, biasing or monoallelic gene expression based on whether the
allele was inherited maternally or paternally, was discovered in mammals by elegant
experiments by McGrath and Solter and independently by Surani et al in 1984 (McGrath
and Solter, 1984; Surani et al., 1984). Although it had been known for some time that
uniparental gynogenesis or androgenesis was embryonic lethal, this was originally
thought to be due to the homozygosity of recessive lethal genes. Experiments in the
1980’s showed that bi-parental gynogenesis or androgenesis was also embryonic lethal
and further that uniparental disomy of particular genomic regions had opposite
phenotypes, depending on which parent the duplication was inherited from (Cattanach
and Kirk, 1985; McGrath and Solter, 1984; Surani et al., 1984). These experiments
suggested that something unique and necessary was independently contributed by the
maternal and paternal genomes. Evidence of a specific gene subjected to genomic
imprinting was described in 1991 by Barlow et al. and Dechiara et al. (Barlow et al.,
1991; DeChiara et al., 1991). Together these groups demonstrated that a functional copy
of 1gf2 was contributed maternally while a functional copy of Igf2r was contributed
paternally in mouse (Barlow et al., 1991; DeChiara et al., 1991). To date 144 imprinted
genes have been confirmed in mouse (see:

http://www.har.mrc.ac.uk/research/genomic_imprinting/) and many of these are

imprinted in the same pattern in humans (http://igc.otago.ac.nz/home.html).
Imprinted genes typically occur in clusters and are CpG rich, with an imprint
control region (ICR) that is differentially methylated depending on parent of origin.

Long non-coding RNAs (ncRNASs) are expressed from loci near the ICR in many


http://www.har.mrc.ac.uk/research/genomic_imprinting/
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imprinted clusters, and are often transcribed in the opposite orientation of the protein
coding genes that are repressed on the same allele indicating roles for these ncRNAs in
gene regulation in cis (Sleutels et al., 2002; Smilinich et al., 1999). While DNA
methylation and histone modifications regulate or maintain imprinted gene expression in
the offspring, how the imprints are established in the parental germline in mammals, or
any system, is unknown.

As discussed in previous chapters, one well-studied example of imprinting in
mammals is imprinted X chromosome inactivation (iXi), in which the entire paternal X
chromosome is inactive prior to implantation (Mak et al., 2004). iXi is maintained in
only the placental tissues of eutherians, but persists in embryonic lineages in marsupials
(Mak et al., 2004; Sharman, 1971). Unlike most genomic imprints, iXi does not require
the maintenance DNA methyltransferase Dnmt1 (Lewis et al., 2004; Sado et al., 2000;
Sado et al., 2004). It does however require repressive histone modification H3K9me2 as
well as H3K27me3 established by the polycomb group histone methyltransferases (Mak
et al., 2002; Silva et al., 2003; Wang et al., 2001). DNA methylation at gene promoters
on the inactive X chromosome is one of the final events of random X inactivation,
however, DNA methylation does not appear to be necessary for iXi in the eutherian
trophectoderm nor in marsupials (Kaslow and Migeon, 1987; Sado et al., 2000). These
features are consistent with the theory that histone modifications are the more ancient
imprinting mark.

Our lab has previously described a chromatin based imprinting phenomenon in C.
elegans (Bean et al., 2004). This work (described in Chapter 3) suggests a model by

which transcription in the parents’ germline in C. elegans may establish a chromatin
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environment that is inherited by the offspring. Based on these findings, we hypothesized
that transcription of imprinted non-coding RNA’s in the parents’ germline in mice may
set up a chromatin environment that could provide the basis for differential DNA
methylation and ultimately imprint establishment in mouse. We would predict that
paternally expressed imprinted ncRNAs would be expressed during spermatogenesis and
not oogenesis, and reciprocally that maternally expressed imprinted ncRNAs would be
expressed during oogenesis and not spermatogenesis.

The long non-coding RNA that is essential for X inactivation in eutherians is
named Xist (X-inactive specific transcript). Xist along with its antisense transcript Tsix
(X-inactive specific transcript, antisense) are expressed from the Xic (X-inactivation
center) and control both iXi discussed above, and the random X inactivation process that
governs dosage compensation in placental mammals. Xist is expressed from the X
chromosome that will become inactive and coats that chromosome silencing it in cis, in
part by recruiting Polycomb group proteins involved in heterochromatin formation. (de
Napoles et al., 2004; Mak et al., 2002). Tsix expression from the active X represses Xist
expression, thereby preventing inactivation in cis (Lee, 2000; Lee and Lu, 1999; Sado et
al., 2001).

Air is another well-studied long ncRNA involved in mammalian genomic
imprinting at the Igf2r locus. The ICR at the Igf2r locus is methylated on the maternally
inherited chromosomes, which represses Air transcription, and allows for expression of
the adjacent imprinted genes at this locus. The paternally inherited allele is un-
methylated at the ICR, allowing for transcription of Air which correlates with repression

of the imprinted protein coding genes in cis (Sleutels et al., 2002). Deletion of either the
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Air promoter or truncation of the transcript results in expression of the normally silenced
imprinted genes from the paternal allele at this locus, suggesting that either transcription
of the ncRNA or the transcript itself functions to silence these genes. G9a, a histone
methyl-transferase responsible for di-methylation at H3K9, has been shown to interact
with Air and to be required for repression of the imprinted gene Slc22a3, which is
antisense to Air (Nagano et al., 2008). However, G9a was not necessary for silencing of
Igf2r (Nagano et al., 2008). Additionally, the chromatin region that becomes enriched
with Air lacks RNA polymerase Il and active histone modifications, and colocalizes with
PRC 1 and 2 components (Terranova et al., 2008). Due to these associations, Air is
believed to function in a manner similar to Xist by recruiting histone modifying and
remodeling enzymes to the imprinted region to mediate silencing.

Another long ncRNA Kcnglotl has also been shown to regulate an imprinted
cluster in cis. Like Air, the Kcnglotl promoter is methylated on the maternal allele and
un-methylated on the paternal allele, and is antisense to the major protein coding
transcript in the cluster Kcngl. The absence of methylation on the paternal allele allows
for transcription of the long non-coding RNA, which leads to silencing of the imprinted
protein coding transcripts at this locus in cis (Mancini-Dinardo et al., 2006; Shin et al.,
2008; Thakur et al., 2004). Methylation of the DMR ICR on the maternal allele represses
Kcnglotl and allows for transcription of the imprinted genes including Kcngl (Mancini-
DiNardo et al., 2003; Pandey et al., 2004). Similar to Xist, Kcnglotl can interact with
repressive histone methyltransferases Ezh2 and G9a (Pandey et al., 2008; Terranova et

al., 2008).
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One of the first imprinted gene clusters discovered, and one of the best
characterized is the 1gf2/H19 locus (Bartolomei et al., 1991). The Igf2/H19 locus is
distinctive in that the ICR at this locus is methylated on the paternal allele; only 2 other
paternally methylated ICRs have been described, Meg3 and Rasgrfl
(http://igc.otago.ac.nz/home.html). CpG methylation on the paternal allele prevents the
insulator protein CTCF from binding, allowing a distal enhancer to stimulate the 1gf2
promoter. On the maternal allele, the ICR is un-methylated, allowing CTCF to bind and
act as an insulator, preventing 1gf2 expression, while allowing expression of the ncRNA
H19 (Bell and Felsenfeld, 2000; Hark et al., 2000; Kanduri et al., 2000; Szabo et al.,
2000). Loss of the ICR and H19, or loss of the H19 transcriptional until alone, results in
phenotypically normal mice, even though this results in loss of imprinting of the maternal
allele and biallelic expression of 1gf2r (Leighton et al., 1995; Thorvaldsen et al., 1998).
How H19 may play a role in repressing 1gf2 is not established. There is no evidence that
the H19 transcript interacts with polycomb group proteins and in fact, the RNA is
typically located in the cytoplasm (Schoenfelder et al., 2007). However, the H19
promoter interacts with cohesins and may modulate expression of imprinted genes at the
locus by an insulator function (Nativio et al., 2009; Stedman et al., 2008). H19 has been
implicated as a tumor suppressor (Hao et al., 1993) as well as having other regulatory
functions, but how the ncRNA mediates regulation is not understood.

In Chapter 3 we formed a model, which suggests that transcription in the
germline of C. elegans can establish an epigenetic pattern that is passed into gametes, is
inherited by the embryo, and may affect transcription in the embr offspring. Based on

this model, we asked whether this hypothesis could be extended to imprinting in
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mammals. We hypothesized that transcription of imprinted long ncRNAs in the parents
germline could establish a chromatin environment at that locus that could be inherited
and establish imprinted expression of the ncRNA in the offspring in a parent of origin
fashion. In order to test this we examined the expression of the four ncRNAs discussed
above in staged spermatocytes and spermatids from mice by quantitative RT-PCR. In
contrast to our hypothesis, we observed that paternally expressed imprinted ncRNAs
were expressed at negligible levels compared to a major sperm transcript in developing
mouse spermatocytes and spermatids. Similarly contradicting our hypothesis, we readily
detected the presence of the maternally expressed H19 transcript in spermatocytes and
spermatids, in line with previously published results. These data suggest that, unlike our
model for C. elegans, imprint establishment in mice may not be regulated by germline
transcription in a parent of origin fashion, leaving the mechanisms still unknown.
RESULTS

If parental germ line expression of ncRNAs were involved in establishing
imprints in mammals, then we would predict that ncRNAS that are expressed from the
paternal, and not the maternal allele, in the offspring would be expressed during
spermatogenesis, and not oogenesis. Conversely, we would predict that ncRNAS
expressed from the maternal allele, and not the paternal allele, in the offspring would be
expressed during oogenesis and not spermatogenesis, according to our model. In order to
test this hypothesis we began by examining transcript levels of Xist, Air, Kcnglotl, and
H19 in spermatocytes and spermatids.

In mice, oogenesis initiates at 13.5 days post coitus, making retrieval of

developing oocytes from embryos technically difficult (Adams and McLaren, 2002). We
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therefore chose to begin with spermatocytes and spermatids provided by the McCarrey
lab for the pilot experiments. Pgk-2 (phosphoglycerate kinase two), an autosomal
housekeeping gene expressed exclusively in meiotic and post meiotic testis, was used as a
positive control (VandeBerg et al., 1973; Yoshioka et al., 2007). During iXi Xist
NncRNA is expressed from and coats the paternally inherited X chromosome. Xist has
also been previously been detected by (35 cycles of) RT-PCR in spermatogenesis
(McCarrey and Dilworth, 1992). We therefore predicted Xist would be expressed in
developing spermatocytes and spermatids, based on both published data and our model.
Similarly, we predicted paternally expressed Air and Kcnglotl would be expressed
during spermatogenesis. The Pgk-2 transcript was readily detected in oligo-dT primed
and random primed reverse transcriptase (RT) plus spermatocytes and spermatid PCR
samples. Pgk-2 expression was higher in spermatids in both samples and there was no
detectable pgk-2 transcript in the RT-minus negative control (Figure 4.1 A). However,
no significant expression of any of the paternally expressed transcripts was observed
(Figure 4.1 A). Of the ncRNAs, Kcnglotl had the highest expression level, although the
levels were negligible compared to pgk-2. Xist and primer sets to three different regions
of the Air transcript did not produce significant levels of product by quantitative RT-PCR
(Figure 4.1 A).

H19 is a maternally expressed transcript, and we would not expect to detect its
expression during spermatogenesis based on our model. Contrary to our model, H19
transcript was detected in both spermatocytes and spermatids (Figure 4.1 B). Although
sperm RNA samples had been treated with DNAse, the RT- samples also produced some

product, perhaps amplified off of environmental contamination, as a similar intensity
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band was amplified in the blank (no template added) control. Despite the contamination
in the RT- samples, RT+ samples had much more product. However, these samples
could not be quantified due to the contamination. Strengthening our result, the H19
transcript has also been detected in mouse and rat spermatogenic cells previously by
other groups (McCarrey et al., 1999; Shima et al., 2004).

These results show that paternally expressed imprinted ncRNAs are not
significantly expressed in either spermatocytes or spermatids compared to a major sperm
transcript, pgk-2 (Figure 4.1 A), and that the maternally expressed ncRNA H19 is
expressed during spermatogenesis (Figure 4.1 B). These findings do not fit with our
hypothesis and suggest that genomic imprints in mice are not established by germline
transcription in the parent, as may be the case in C. elegans.

DISCUSSION

We have shown that the paternally expressed ncRNAs Xist, Kcnglot and Air are
not significantly expressed in mouse spermatocytes or spermatids compared to a major
sperm specific transcript, pgk-2. Additionally, we have been able to detect the maternally
expressed ncRNA H19 in mouse spermatocytes and spermatids. In Chapter 3 we formed
a model for iXi in C. elegans, where transcription in the parents germline establishes a
chromatin environment that is packaged into mature gametes and maintained in early
embryo, and could influence gene expression in the offspring. We speculated that this
model might also hold true for genomically imprinted genes in mouse. Based on that
model we hypothesized that expression of ncRNASs in the parent could establish a
chromatin environment that was inherited by the offspring and could potentiate biased

expression of that ncRNA from that parental allele in the offspring. However our results
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suggest that our hypothesis in correct, and a more complicated mechanims is likely
involved in regulating imprint establishment in mammals. In contrast to our hypothesis,
paternally expressed ncRNAs, such as Air and Kcngl10t, were not expressed in
developing sperm while the maternal ncRNAs H19 was.

Another group has studied the role of transcription in imprint establishment in
mammalian oocytes. They showed that transcription of the coding gene Nesp across the
differentially methylated region (DMR) within the ICR in oocytes is necessary for
acquisition of methylation at the maternal DMR (Chotalia et al., 2009). As this
transcript, as well as other coding transcripts that cross DMRs, was found shortly prior to
and during the time when genomic DMR methylation appears, the authors suggested that
transcription across a DMR maybe generally required for acquisition of maternal
germline methylation at those loci. The authors suggest that this transcription leads to a
chromatin state that allows access to the DNA methyltransferase Dmnt3a and its cofactor
Dmnt3L which are necessary for de novo germline methylation at imprinted loci
(Chotalia et al., 2009). This speculation is confusing due to previous observations that 1)
transcription is closely associated H3K4me2/3 in general and 2) the Dnmt3L component
of de novo DNA methylation specifically interacts with histones un-methylated on H3K4
(Ooi et al., 2007). Pursuing these studies at paternally methylated DMR during
spermatogenesis is needed to broaden the implication of these results. Finally, this
model still leaves unanswered the question; what is the event establishing imprints in the
parents’ germline? Why does transcription at these loci lead to recruitment of de novo
DNA methyltransferases, while other non-imprinted loci expressed during gametogenesis

remain unaffected by imprinting?



135

In mice the DNA-methylated vs. un-methylated ICR have distinct histone
modification patterns in somatic tissue. H4K20me3 and H3K9me3 are enriched on the
methylated ICR in somatic cells, while the un-methylated allele is characterized by
H3K4me2 and H3K9/K14Ac (Reviewed in (Koerner et al., 2009)). These patterns are
also observed in spermatogenesis before protamine exchange, suggesting that inheritance
of these histone modifications may allow for imprints to be carried across generations
(Delaval et al., 2007). In particular, the presence of H3K4me2/3 on the ICR inherited
though sperm could indirectly prevent DNA methylation on the paternal allele (Delaval et
al., 2007). More recent in-depth analysis of histones and histone modifications in mature
sperm has revealed that although present at low levels genome wide, histones are retained
at developmentally regulated loci such as HOX gene clusters and imprinted loci
(Brykczynska et al., 2010; Hammoud et al., 2009). Consistent with the above study,
Hammoud et al found H3K4me3 at paternally expressed imprinted loci (Hammoud et al.,
2009). This chromatin status could either prime these loci for expression in the offspring,
or indirectly prevent DNA methylation from silencing them.

It’s possible that the antithesis of our hypothesis is true: that parental expression
of the ncRNA somehow predisposes it to a repressed state in the offspring, as suggested
by one study (Chotalia et al., 2009) However this seems unlikely, as the tendency to
observe similar transcriptional activity at the same locus, at least between cycles of
mitotic replication is well supported, but the tendency for expression leading to silencing
is unprecedented. The only exception to conflicting chromatin signals are bivalent
domains in embryonic stem cells. Bernstein et al. first described bivalent domains, where

both the repressive histone modification H3K27me3 as well as the active histone
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modification H3K4me3 were found at the same locus in mouse embryonic stem cells in
2006. Initial reports suggested that bivalent domains predisposed those genes for
activation (Azuara et al., 2006; Bernstein et al., 2006). However, more recent reports
showed that in mouse embryonic fibroblasts only half of the biallelic domains are
resolved as highly expressed H3K4me2 regions (Mikkelsen et al., 2007). The remaining
domains were either silenced or expressed at a low level. It is possible that germline
transcription of these ncRNAs establishes an H3K4me2/3 positive domain that is
additionally enriched in H3K27me3 and allows for additional factors to impact imprinted
expression in the embryo based on parent of origin.

MATERIALS AND METHODS

Quantitative RT-PCR spermatocytes and spermatid RNA were kind gifts from John
McCarrey. Reverse transcription was carried out using SuperScript 111 reverse
transcriptase (Invitrogen) with random and oligo-dT primers. The gPCR analyses were
performed using a real-time PCR instrument (Applied Biosystems 7300 Real-time PCR
system) with supplied reaction mix (LightCycler 480 SYBR Green 1 Master Mix; Roche
Applied Sciences). Input cDNA was amplified under conditions of 95°C for 10 min
followed by 40 cycles of steps 95°C for 15 seconds, annealing at specified temperatures
for 1 minute and 72°C for 30 seconds. PCR primers and annealing temperatures are

listed in Table 4.1.
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Table 4.1 Primers Used for Q-RT-PCR

annealing
primer name |Primer sequence ncRNA size [temperature
JKA13 TGGACCGAGTGATAAGAACTAC Air a Fwd 113 62
JKA14 GGCTATTGCTAAGTGGCTACTAC Air a Rev
JKA15 ACTTTGACAGAACAATCGGCTCAG Air b Fwd 145 62
JKA16 GAACATTTGCAAAGGACAGTCGAG Air b Rev
JKA17 GACCAGTTCCGCCCGTTT Air ¢ Fwd 79 62
JKA18 GCAAGACCACAAAATATTGAAAAGAC  |Air c Rev
JKA19 TTGGATTACTTCGGTGGGCT kcnqlOtl Fwd | 119 60
JKA20 ACACGGATGAAAACCACGCT kcng10tl Rev
JKA21 CATCCAGCCTTCTTGAACACC H19 Fwd 82 62
JKA22 GGGAAAAGTGAAAGAACAGACGG H19 Rev
JKA23 CATGGCCTTCCGTGTTCCTA Gap DH Fwd 82
JKA24 TGTCATCATACTTGGCAGGTTT Gap DH Rev
JKA25 TGCCTGGATTTAGAGGAGTGAAG Xist Fwd 74 60
JKA26 TCCTTGAGTCTCACATAGGGATTG Xist Rev
JKA27 TGGTGGTGGAATGGCTTACACCTTCCTG|Pgk-2 Fwd 85 68
JKA28 TCGTGGCTCCCTCTTCATCAAACAAGG |Pgk-2 Rev
JKA31 TCGCAGCAGAATGGCACATA H19 fwd 149 62
JKA32 GGCAACCCTGCACCTCTTCT H19 REV
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Figure 4.1 Expression of Imprinted ncRNAs in Spermatocytes and Spermatids. A)
NcRNA’s expressed from the paternal allele in the offspring are not expressed in
spermatocytes or spermatids. Relative expression of ncRNA transcripts in
spermatocytes and spermatids by RT-Q-PCR compared to an exclusively sperm
expressed transcript pgk-2. B) imprinted ncRNA H19, which is expressed from the
maternal allele in the offspring, is expressed in both spermatocytes and spermatids. RT-
PCR products from H19. B(blank, no template added), - (no reverse transcriptase), +
(reverse transcribed), sc(spermatocytes), st(spermatids). The first four samples were
reverse transcribed with oligodT primers. The last four samples were reverse transcribed

with random primers.
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Chapter 5

Future Directions
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In this work we have put forth a model for imprint establishment in C. elegans,
where transcription in the parental germline establishes a chromatin environment that is
inherited by the early embryo and presented evidence that inheritance of these marks may
influence gene expression in the offspring. This imprint, or templated chromatin
assembly, is not limited to the paternally inherited X chromosome, or even one sex or
another, but appears to be the result in differences in germline transcription alone.
Although we were unable to extend this model to mammals, this work nevertheless adds
insight to the strongly implied, but still unproven mechanisms behind epigenetic
inheritance of histone modifications across cell cycle divisions, as well as across
generations.

Model

We have described the dynamics of histone modifications and histone variants
during gametogenesis and the differences in these dynamics between the X during
spermatogenesis compared to the X during oogenesis or the autosomes in either sex.
Futher we have presented evidence that these modification patterns established in the
parents’ germlines are packaged into mature gametes and inherited by the zygote. Our
results suggest the following model of events. In the mitotic region of the germline in
both sexes, canonical histone variant H3.1 is incorporated on all chromosomes. In the
pachytene region of the gonad, transcription on the autosomes leads to replacement of
H3.1 with H3.3 and accumulation of H3K4me2/3, while the transcriptionally inactive X
chromosome retains H3.1 and remains unmodified in both sexes. As oogenesis proceeds
transcription of oogenesis specific genes from the X chromosome leads to displacement

of H3.1 by H3.3 and accumulation of H3K4me2/3. During spermatogenesis however, the
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X chromosomes remains transcriptionally inactive and retains H3.1 and H3K4 remains
unmodified (Figure 5.1 A). These patterns, enrichment of H3.3/H3K4me2/3 on the Xm
and autosomes and persistence of H3.1/H3K4me0 on the Xp, are packaged into mature
gametes and inherited by the zygote. Upon fertilization H3.3 is incooporated into the
paternal genome (Figure 5.1 B). However in spite of this influx of new H3.3 the patterns
of H3K4me2/3 enrichment on the autosomes and not the Xp persists, and is maintained,
perhaps by an unknown histone methyl transferase (Figure 5.1 C). This model of
establishment of chromatin patterns established in the parents germline, and inherited by
and maintained in the offspring could be generally applied to other systems as well.

Future Directions

CHIP-Seq of Histone Modifications at Gene-by-Gene Resolution

Our conclusions are somewhat limited by the resolution of our assay. We used
immunofluorescence to examine accumulation or absence of histone modifications and
variants at a global chromosome wide level in the early embryo. One can imagine that on
a gene-by-gene basis, a more distinct pattern would develop. We observed H3K4me2/3
evenly across entire autosomes in the germline and early embryo, but of course every loci
on the autosomes is not expressed during gamogenesis. In order to observe where in the
genome H3K4me2/3 accumulates, and whether there are any genes on the paternally
inherited Xp that escape the imprint and accumulate H3K4me2/3, a chromatin
immunoprecipitation (CHIP) approach is necessary. In these studies we chose to
examine chromatin modifications by immunofluorescence, as we had no way to purify
large numbers of early 1-2 cell embryos that would be necessary to biochemically

distinguish the difference between H3K4me2/3 levels between the Xp and the autosomes
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at the stage at which those differences are most distinct. However, in order to answer
questions about accumulation and inheritance of histone modifications on a gene-by-gene
bases purification of 1-2 cell embryos as well as adult germ cells and gametes is
necessary. New techniques for sorting early C. elegans embryos have recently been
described, and optimization of this technique is underway in our lab (Stoeckius et al.,
2009). Once a pure population of 1-2 cell embryos can be collected, we can do
chromatin-immunoprecipitation followed by DNA sequencing (Chip-Seq) to determine
more precisely where H3K4me2/3 is inherited on a genome wide basis.

By comparing H3K4me2/3 levels genome wide by Chip-Seq in the germline and
early embryos we can begin to answer questions about establishment, erasure, and
inheritance of histone modifications across generations. Essential house keeping genes
that are expressed in both germline and soma may have high, or consistent H3K4me2/3
levels across generations, allowing for robust early zygotic expression of these genes.
The status of germline-expressed loci would be highly interesting. These genes would be
predicted to acquire high levels of H3K4me2/3 in the germline. However, unlike the
essential housekeeping genes just mentioned, inheritance of H3K4me2/3 at germline-
specific genes in the embryo could potentiate inappropriate expression there.
Examination of germlines and early embryos may reveal erasure of germline-gene
specific H3K4me2/3. Indeed, our lab has previously characterized the KDM1
homologue spr-5 in C. elegans and saw increased expression and accumulation of
H3K4me2 on sperm specific loci in mutant animals, suggesting that spr-5 is normaly
responsible for erasure of H3K4me2 at these loci (Katz et al., 2009). This accumulation

led to a germline-mortality defect gradauly leading to sterility over many generations.
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Evidence of erasure at meiosis or oogenesis genes could point to the possibility of distinct
demethylases acting at these loci.

Alternatively, the histone modification patterns at germline silent somatic loci
could be addressed. There are a plethora of autosomal linked genes that are not
expressed in the germline; neuronal, or muscle cell specific transcription factors for
example. Small regions lacking H3K4me2/3 across the autosomes have not been
detected by immunofluorescence due perhaps to the abundance of or high transcriptional
levels of housekeeping and germline specific genes on these chromosomes. Although it
is likely that germline silent genes dispersed across the genome lack H3K4me2/3, it is
also possible that they may have H3K4me2/3. If this proved to be true, such loci should
be examined for the presence of repressive histone modifications.

In addition to examining H3K4me2/3 alone, additional histone modifications,
both active and repressive could be examined in the germline and early embryo. Unique
patterns of chromatin modifications comprised of both active (H3K4me2/3) and
repressive (H3K27me3) modifications, termed ‘bivalent domains’, characterize
developmental genes in both sperm and ES cells in mammals (Bernstein et al., 2006;
Brykczynska et al., 2010; Hammoud et al., 2009). Resolution of bivalent domains into
either active or repressed chromatin drives to cell fate decisions and lineage restriction.
If germline silent somatic loci are decorated by H3K4me2/3, this may be balanced by
H3K27me3 as well. Another modification that would be interesting to examine is
H3K36 methylation. H3K36 methylation has been generally correlated with active
chromatin, however recent reports have shown that this modification can negatively

affect transcription when ectopically recruited to promoters, or cryptic promoters
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(Kouzarides, 2007). A recent study for our lab has shown that H3K36me3 is maintained
independent of transcription in primordial germ cells and may maintain germline
promoters in a “poised” state (Furuhashi et al., 2010). Examining H3K36me3 at the
germ cell to zygote transition may reveal a similar bivalent domain as above with H3K36
methylation along with another mark that resolves as H3K36me3 positive loci in the
germline lineage, and resolves as repressed chromatin in the somatic lineages.
Resolution of inherited chromatin modifications upon fertilization could control the
transition between gamete and progeny, while maintenance of bivalent chromatin could
allow for perpetuation of the immortal state of the germline in the germ cell progenitors.
Additionally a distinct combination of chromatin modifications could differentially mark
germline versus housekeeping/cell-cycle/essential loci providing a basis for determining
which inherited marks should be maintained and which should be erased across
generations.

Candidate RNAi screen for Modifiers of the Imprint

A question that remains to be answered is whether there are any consequences of
inheriting histone modifications across generations. Preliminary data presented in
Chapter 3 suggest that offspring who inherit active histone modifications may have
higher or more robust expression of those genes post-embryonically. In order to test the
consequences of inheriting modification patterns established in the parent, it would be
necessary to use inducible gene expression to establish these marks at specific loci or
disruption of the X-imprint. In our studies two transgenes showing expression late in
gametogenesis (HIS-73::GFP and TJ375) did not accumulate H3K4me2/3 in the germline

or in the embryo. These results suggest that timing or level of expression in the germline
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may restrict the establishment of H3K4me2/3, or mark it for erasure. As robust inducible
transgenes escaping germline silencing have not been described, finding mutants that
disrupt the imprint may be a more viable route. An RNA. screen for candidate genes
involved in chromatin regulation could be carried out, where candidates could be
screened for a loss of the imprint (accumulation of H3K4me2/3) on the Xp by
immunoflourecence. If our model of germline transcription establishing the imprint were
correct, mutants of this class could fall in to at least two categories. If H3K4me2/3
accumulates on the X in pachytene, mutants of this class could potentially mis-express
oogenesis genes from the X chromosome during spermatogenesis, perhaps resulting in
totally or partially sexually transformed individuals, which would likely be sterile.
Additionally if animals accumulating H3K4me2/3 on the Xp in the germline are fertile,
embryos inheriting an Xp decorated with H3K4me2/3 may be defective in dosage
compensation early in the embryo before the zygotic dosage compensation occurs.
Alternatively, if the imprint is not essential for development, there may be no phenotypic
consequence of disrupting the imprint. However, aberrant H3K4me2/3 accumulated
during spermatogenesis on the Xp could be erased by an unknown mechanism, resulting
in embryos with normal imprints despite accumulation of H3K4me2/3 on the X during
spermatogenesis.

My work suggests that the X chromosome imprint in C. elegans is a result of a
paucity of transcription from that chromosome during spermatogenesis. In C. elegans a
number of examples have been reported in which X/autosomal paralog pairs exhibit germ
cell-specific defects when only the autosomal copy is defective, suggesting that only the

autosomal copy is active in germ cells (L'Hernault and Arduengo, 1992; Maciejowski et
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al., 2005). It is interesting to speculate what the effect on the imprint would be if
expression from the X-linked paralogue occurred during spermatogenesis. We observed
H3K4me2 accumulating on a transgene expressing a GFP tagged version of the linker
histone HIS-24 integrated on the X chromosome during gametogenesis in both sexes.
his-24 itself is located on the X chromosome and the native gene could potentially be an
escaper of X chromosome silencing, possibly owning to the transgenes ability to escape
germline silencing as well as the repressive chromatin environment of the X chromosome
during gametogenesis. However, like other X-linked housekeeping genes described,
there are autosomal paralogues of his-24 (hil-1, hil-2, hil-4, hil-5, hil-6), which may
fulfill its function in the germline while it is silent during gametogenesis. To examine the
consequences of expression of X linked loci during spermatogenesis, a candidate RNAI
screen looking for accumulation of H3K4me2/3 on the Xp in the early embryo at these
particular loci could be preformed. This approach could be strengthened if it were
performed in animals carrying mutations in one of the X-linked genes with an autosomal
paralogue. For many of the X-linked genes with autosomal homologues that have been
described, deletion of the autosomal homologue leads to viable, but sterile animals
suggesting that the X-linked copied is silenced in the germline and cannot rescues.
Mutations in X-linked paralogues, on the other hand, have a range of defects specific to
each gene, which are not rescued by the autosomal homologue in the soma (Maciejowski
et al., 2005). Reactivation of the X-linked homologues could be used to screen for loss of
the imprint at least at that loci in those animals.

An alternative screen that could be done would be one for mutants where H3K4

methylation is either not established in the germline or not maintained on the autosomes
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in the embryo. If establishment and inheritance of these marks plays an important
functional role, we would expect to see consequences for not maintaining this mark.
Also, mutants that have a loss of H3K4me2/3 in the germline, even in the presence of
transcription, could reveal enzymes responsible for reading histone modification and
determining which ones are to be maintained and which one are to be erased.
Alternatively, if H3K4me2/3 is simply inherited as a consequence of transcription in the
parents’ germline, and plays no functional role, then there should be no consequence of
loss of this mark. Indeed our lab has recently shown that wdr-5.1 mediated H3K4
methylation is maintained in adult germline stem cells as well as early embryos
independent of transcription, while a separate wdr-5.1 independent mode of H3K4
methylation correlates more directly with transcription in adult germ cells and embryos
(Li and Kelly PloS Genetics 2011, in Press). The fact that some of these marks do seem
to be actively maintained in the absence of transcription suggests that a reading and
writing machinery is in place to preserve them. While these maintenance enzymes could
have no essential role in the embryo, but rather only be available for a future time point
when maintenance of other marks is necessary, it seems energetically wasteful to express
them so early in development without a function or purpose. A screen for mutants where
H3K4me2/3 is inherited but not maintianed would address the importance of
maintenance of these marks in the early embryo.
Conclusions

Highly specialized, terminally differentiated gametes give rise to the totipotent
zygote. My data and that of others demonstrate that epigenetic information is passed

between parents and offspring. This inheritance suggests that there must be a) readers of
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this information if it is important and b) erasers of this information where it is irrelevant,
unwanted or unimportant. The zygote gives rise to the embryo, with further and further
restricted lineages, whereupon there is known to be another epigenetic erasure events in
the primordial germ cells in mouse, Drosophila and C. elegans (Schaner et al., 2003; Seki
et al., 2005; Seki et al., 2007). Clearly inheritance of active epigenetic modifications on
germline expressed genes will not be necessary or even wanted in most embryonic
lineages, unless they are house keeping genes. How these marks are are read and acted
upon, maintained, or erased are essential questions still needing to be addressed. This
work creates a foundational model from which these questions can be approached and
answered. Once the mechanisms involved in establishing and properly maintaining
epigenetic chromatin modifications across cell divisions and generations have been
addressed, methods for repairing these processes when they go awry in diseases such as

cancer can begin to be addressed.
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Figure 5.1 Chromatin Dynamics in the C. elegans Germline and Early Embryo.

(A) Transcription during pachytene on the autosome in both sexes and the X during
oogenesiss (Xm) leads to replacement of H3.1 with H3.3 and accumulation of acitive
histone modifications such as H3K4me2/3. In spermatogenesis the X (Xp) remains
transcriptionally inactive and retains H3.1 unmodified on H3K4. The patterns of histone
variants and histone modifications are packaged into mature gametes. (B) Upon
fertilization H3.3 is integrated on all chromosomes, displacing H3.1 on the Xp. (C)
Despite the influx of new H3.3, histone modification patters of H3K4me2/3 on the Xm
and autosome and the absence of H3K4me2/3 on the Xp persists, and are maintained,
perhaps by an unknown histone methyl transferase. H3.1 (red), H3.3 (pink) H3K4me2/3
(green me flags), RNA polymerase Il (blue), unknown histone methyl transferase (HMT,

green).
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