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ABSTRACT

Histone lysine methylation has emerged as an important post-translational modification 

with the potential to index epigenetic information required for mammalian development.

To investigate this potential, I examined the genome-wide dynamics of histone lysine 

methylation in mid-gestation mouse embryos. Using a panel of histone methyl-lysine 

antibodies, I determined the subnuclear distribution of 14 methyl-lysine derivatives of 

histones H3 and H4 in situ. This analysis revealed strikingly distinct genome wide 

distributions for some methyl-lysine derivatives, suggesting different functional properties. 

For instance, H3 K9 trimethylation (tMeK9-H3) exhibited dramatic cell cycle differences 

and appeared highly enriched in proliferative cells of the embryo. Likewise, H4 K20 

monomethylation (mMeK20-H4) was also elevated in mitotic cells, but was more broadly 

distributed than tMeK9-H3. In contrast, the histone H4 K20 trimethyl derivative (tMeK20- 

H4) was progressively lost from dividing cells and became enriched in differentiating cells 

of the neural, and cardiac and skeletal muscle lineages, together with a concomitant loss of 

mMeK20-H4. These findings were corroborated in mouse primary cultures and C2C12 

cells, which also revealed changes in histone H3 K36 and H3 K79 methylation during 

muscle differentiation. To further evaluate K20-H4 methylation changes during 

development, a mammalian retinogenesis model was used, enabling analysis of discrete 

neural cell lineages that arise from a single retinal progenitor cell population. Remarkably, 

progressive elevation of tMeK20-H4 was restricted to the ganglion cell layer and did not 

include other differentiated cell types, suggesting a lineage specific function.

To understand the mechanistic basis of histone H4-K20 methylation changes during 

myogenesis, published expression data and in silico gene expression analysis were used to
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identify histone lysine methyltransferases that were enriched or restricted to the muscle cell 

lineage. Two of these enzymes, Prdml2 and Smydl, were further examined by 

overexpression analysis in C2C12 differentiation and mouse primary limb bud cultures. 

Significantly, this revealed that Prdml2 appears to promote differentiation in addition to 

influencing the level of dMeK20-H4. Together, these results establish an unforeseen level 

of spatial and temporal differences in histone lysine methylation during development, and 

suggest that histone H4-K20 methylation is a key regulator of myogenic differentiation.
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Introduction

Eukaryotic gene regulation occurs within an extremely complex and plastic nuclear 

environment. For instance, DNA is compacted by proteins in a chromatin fiber that can 

undergo large scale rearrangements to alter the expression of genes. In addition, chromatin 

interacts with several subnuclear domains that may serve to spatially coordinate enzymatic 

reactions and consequently enhance their efficiency. As the structure and function of the 

nucleus continues to be elucidated, a more physiological understanding of gene regulation 

is emerging.

It is well appreciated that epigenetic information, which is not encoded in genomic 

DNA sequence, plays a significant role in gene regulation. Epigenomic information is 

embedded within chromatin, and includes DNA methylation, RNA, and a gamut of histone 

post-translational modifications. Because the epigenome has powerful control over gene 

expression, enormous efforts have been directed toward understanding its various 

mechanisms of regulation. In recent years, histone lysine methylation in particular has 

become a major focus of study with these modifications having been shown to play 

fundamental roles in development and cancer. This thesis examines the role of various 

histone methylation states in mammalian development.

The dissection of the epigenome is providing novel insight into mechanisms of 

development and disease. Importantly, the epigenome offers an accessible protein platform 

for chemotherapeutic agents that may serve to inhibit or enhance deregulated genes.

Further characterization of epigenetic mechanisms will undoubtedly advance modem 

medicine.

2
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Gene regulation in a dynamic and compartmentalized nuclear 

environment

Over one meter of DNA is packaged as chromatin within a nuclear diameter of ~ 10 

microns (Horn and Peterson 2002). Chromatin fibers ranging from 30-300 nm in diameter 

fill the majority of the nuclear volume. Thicker chromatin fibers that generally do not 

undergo transcription are commonly found at the nuclear and nucleolar periphery, whereas 

transcriptionally active chromatin is dispersed throughout the nuclear interior (Carmo- 

Fonseca 2002). Interphase chromosomes are also organized within distinct ‘chromosome 

territories’ (Cremer and Cremer 2001). Within this steady-state organization, chromatin is 

highly dynamic and can undergo rapid changes in compaction. In addition, gene loci have 

been shown to travel between nuclear microenvironments that have distinct gene regulatory 

properties (Lamond and Eamshaw 1998; Belmont 2003).

The interchromatin space is populated by well-defined subnuclear compartments that 

orchestrate various functions (Spector 2001). For instance, nucleoli are sites of ribosome 

biogenesis and are intimately associated with chromatin through ribosomal gene loci 

(Carmo-Fonseca 2002). Splicing speckles are large domains with an elevated 

concentration of pre-mRNA splicing factors (Lamond and Spector 2003). The splicing 

speckle periphery is enriched in active chromatin, an organization that conceivably 

provides more efficient co-transcriptional splicing of multi-exon genes. PML domains 

have been implicated in regulating various activities ranging from transcription to DNA 

repair, and it appears that chromatin contacts are also made by these domains (Ching et al.

2005). Live cell imaging studies that have traced the movements of PML proteins have
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illustrated that nuclear domains may have distinct mobility according to their position 

within the nucleus, and may also be responsive to toxic metabolic states (Eskiw et al. 2004; 

Gorisch et al. 2004). Such nuclear domain dynamics are regulated in part by chromatin, 

which can act locally to constrain nuclear proteins through direct protein-chromatin 

attachments or by forming local enclosures that restrict the diffusion of proteins. Taken 

together, these examples demonstrate that chromatin-dependent processes occur within a 

highly regulated and dynamic nuclear environment.

Of particular importance to this thesis, it should be noted that nuclear organization 

varies between different cell types and as such only basic principles can be applied to 

mammalian cells with respect to nuclear structure. By electron microscopy, significant 

differences can be seen in the organization of chromatin between terminally differentiated 

nuclei of different cell types (Francastel et al. 1999). In addition to these differences, 

chromosome territories occupy non-random positions that are cell-type specific. Though it 

is still debated how these large-scale chromatin differences are established (Taddei et al.

2004), further characterization of chromatin-dependent processes will contribute to our 

understanding of mammalian development.

The nucleosome

The nucleosomal model of chromatin structure originated approximately 30 years ago, after 

much opposition from supporters of the super-coil model, whereby the DNA helix is 

constrained to form a superhelical fiber (Pardon and Wilkins 1972). In 1973, an 

anonymous review of a manuscript by D.F.L. Woodcock stated the following:
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A eukaryotic chromosome made out of self-assembling 70A units, which could perhaps 

be made to crystallize, would necessitate rewriting our basic textbooks on cytology and 

genetics! I have never read such a naive paper purporting to be of such fundamental 

significance. Definitely it should not be published anywhere! (Van Holde 1989)

The nucleosome is now known to form the base unit for chromatin assembly, 

comprised of an H3:H4 tetramer and two H2A:H2B dimers in an octameric complex that is 

encircled almost twice by approximately 146 base pairs of DNA (Luger et al. 1997). The 

amino and carboxyl-termini of histones are often shown as free-floating tails emanating 

from the nucleosome, as portrayed by the crystal structure model of Luger et al. It should 

be noted, however, that this structure does not include linker DNA and is derived from 

histones lacking post-translational modifications. Nevertheless, the nucleosomal structure 

appears to be highly conserved and is repeated every 200 +/- 40 bp in all eukaryotic 

genomes (Luger et al. 1997). In addition, histone proteins appear to be conserved as far as 

archaebacteria, which have histone proteins that form nucleosome-like structures (Pereira 

et al. 1997; Pereira and Reeve 1998).

Nucleosomes assemble into higher order chromatin structures that are stabilized by the 

binding of histone HI - the so-called ‘linker’ histone - where DNA enters and exits the 

nucleosome. The recent crystallization of a tetranucleosome suggests that nucleosomes are 

compacted according to the crossed-linker model, whereby “linker DNA zigzags back and 

forth between two stacks of nucleosome cores” (Schalch et al. 2005). In the interphase 

nucleus, the majority of chromatin fibers appear to be greater than 30 nm in diameter - a 

level of compaction that is believed to make DNA inherently inaccessible to regulatory
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proteins (Horn and Peterson 2002). The mechanisms by which gene regulatory factors 

contend with such a repressive chromatin environment remain a complex biological 

problem that is beginning to be unraveled. Because gene promoter elements in vivo are not 

generally found in an accessible, linear ‘beads-on-a-string” conformation, chromatin fibers 

would need to be locally unraveled in order to be recognized by transcription factor DNA- 

binding domains. One solution to this problem is for transcription factors to act in 

partnership with chromatin regulatory proteins that may act to either decompress or 

compress chromatin to either activate or repress genes, respectively. Alternatively, some 

DNA-binding transcription factors could access specific promoter elements by carrying 

intrinsic chromatin remodeling domains.

The histone code within multiple layers of regulation

In recent years, the nucleosome has emerged as an active participant in gene regulation by 

providing epigenetic information through a range of post-translational modifications found 

within histone globular domains and their tails (Cosgrove and Wolberger 2005). These 

include acetylation, methylation, phosphorylation, ubiquitination, and ADP-ribosylation, 

which are classified under a recently adopted nomenclature (Berger 2002; Yamane et al.

2006). Occurring most commonly on amino-terminal histone tails, these modifications are 

thought to provide a combinatorial ‘histone code’ that can be read by nuclear proteins to 

influence activities such as transcription, replication and cell cycle regulation (Strahl and 

Allis 2000; Turner 2000Strahl, 2000 #5; Jenuwein and Allis 2001; Turner 2002). Based on 

the range of modifications and the number of amino acid residues in the four core histones 

that are now known to be substrates, the potential exists to convey an enormous volume of
6
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epigenetic information (Fischle et al. 2003). When also taking into account the effect of 

neighboring nucleosomes, histone variants and histone tail proteolysis, the hypothesis that 

histones provide a combinatorial readout for biological processes becomes extremely 

complex. In addition, acetylation does not appear to provide a combinatorial readout, but 

functions cumulatively to influence chromatin structure (Henikoff 2005). Thus, although 

chromatin modifications are important effectors of distinct biological processes, they 

should perhaps not always be viewed as a bar code that can be read in a combinatorial 

fashion. Nevertheless, histone post-translational modifications can serve as docking sites 

for regulatory proteins though modification-specific domains, as will be described below.

Histone post-translational modification effector domains

Evidence for the existence of a histone code comes from several examples demonstrating 

that histone post-translational modifications can be read by specific binding modules, 

exemplified by the bromodomain and chromodomain (Yang 2005). Bromodomain 

proteins can specifically recognize acetyl-lysine containing motifs found in both histone 

and non-histone proteins, and can mediate several chromatin-dependent processes (Yang

2004). Some histone acetyltransferases (HATs), namely CBP, p300, PCAF, and GCN5 

catalyze the addition of single acetyl groups onto histone lysines, and also dock onto 

histone acetylated residues. Brd proteins contain double bromodomains that can 

simultaneously recognize two acetyl-lysines, which serve to remodel distinct chromatin 

domains (Yang 2004). ATP-dependent chromatin remodeling and nucleosome assembly 

proteins also direct specific functions via bromodomain recognition of distinct histone 

acetylations. In addition, bromodomains can be found in histone lysine methyltransferase
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(HKMTase) enzymes such as Ashl, PR-domain members, and the MLL subfamily (de la 

Cruz et al. 2005). Chromodomain and Chromo-related domains can recognize specific 

histone lysine methylation residues and also appear to interact with RNA and DNA (Brehm 

et al. 2004). Heterochromatin Protein 1 (HP1) is the prototypical chromodomain protein, 

which specifically recognizes K9-H3 methylations to induce and stabilize the formation of 

higher-order chromatin structures that are transcriptionally silent. The extensive 

characterization of HP 1 has lead to the identification of chromodomain residues that are of 

predictive value with respect to methyl-lysine binding, but the structural basis of DNA and 

RNA binding motifs remains to be characterized (Brehm et al. 2004). Although 

chromodomain and chromo-related domains appear more restrictive than bromodomains in 

their biological functions, they can also be found in HKMTases, HATs, and chromatin- 

remodeling proteins (de la Cruz et al. 2005). The examples above provide mechanistic 

support for the histone code hypothesis, but some aspects of histone biology are 

inconsistent with the originally proposed hypothesis and are outlined in the next section.

Acetylation without a code

Histone acetylation is currently the best characterized histone modification, and has been 

shown to influence various chromatin-templated processes including transcription, DNA 

replication and DNA repair. Several conserved sites of acetylation can be found on the 

tails of histones H3 (K9, K14, K18, K23 and K27) and H4 (K5, K8, K12 and K16) along 

with less conserved residues on histones H2A and H2B (Kurdistani et al. 2004). Histone 

acetylation-dependent processes can be thought of categorically as functioning on two 

levels. The first occurs by influencing the folding properties of the chromatin fiber, and the
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second by providing recruitment platforms for chromatin regulatory proteins as discussed 

above. In general, hyperacetylation of chromatin is thought to generate open structures that 

are conducive to transcriptional activity whereas hypoacetylation is associated with 

heterochromatic and transcriptionally inactive loci. Various his tone acetylation patterns are 

established by the actions of histone acetyltransferases (HATs) and histone deacetylases 

(HDACs), which generally operate as transcriptional activators and repressors, 

respectively. Both HATs and HDACs comprise large protein families that work in 

combination with other regulatory proteins that influence a broad spectrum of activities, 

which have been extensively characterized (Verdone et al. 2005) but are beyond the scope 

of this review.

Histone acetylation does not appear to have properties that are consistent with being 

part of a ‘histone code’ (Henikoff 2005). The histone code hypothesis predicts that 

“multiple histone modifications, acting in a combinatorial or sequential fashion on one or 

multiple histone tails, specify unique downstream functions” (Strahl and Allis 2000). To 

date, the influence of histone acetylation sites on transcription has neither been 

combinatorial nor has it been consistent in different gene contexts (Kurdistani et al. 2004). 

As recently demonstrated by Dion et al., histone acetylation appears to act cumulatively 

(Dion et al. 2005). By mutating acetylation sites on H4, this study found that the position 

of the mutation was not as important as the number of mutations for determining gene 

activity. However, acetylation of K16-H4 appeared to behave somewhat autonomously, 

consistent with previous studies demonstrating a specific role for this acetylation site such 

as X-chromosome dosage compensation in Drosophila, and the generation of specific
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binding sites for Sir3 or Bdfl transcription factors in yeast (Kurdistani et al. 2004; Dion et 

al. 2005; Henikoff 2005). Taken as a whole, it is evident that a ‘histone code’ cannot be 

generalized to all histone modifications, although certain modifications may show a 

consistent association with a particular function.

Histone variants

Canonical core histones H3 and H2A have variant isoforms that are associated with distinct 

chromatin states (Henikoff et al. 2004). Histone H3.3 differs from H3 by only four amino 

acids within its globular domain and is present in transcriptionally active chromatin 

domains (Henikoff et al. 2004; Mito et al. 2005; Sarma and Reinberg 2005). This H3 

variant is deposited during transcription in a replication-independent manner with a protein 

complex involving the HIR histone cell cycle regulation defective homolog A (HIRA) 

(Tagami et al. 2004). CENP-A is a centromeric H3 (CenH3) variant that is required for 

kinetochore assembly, and it is consistently associated with centromeres throughout 

eukaryotes, making it a defining feature of this structure (Henikoff et al. 2004; Sarma and 

Reinberg 2005). The amino terminus of CENP-A differs considerably from that of H3 and 

this variant also contains a unique centromeric recognition domain (Sarma and Reinberg 

2005). Interestingly, the S. pombe CenH3 variant Chromosome Segregation 4 (Cse4) is 

restricted to the centromere through a mechanism that involves ubiquitin-mediated 

degradation of mislocalized CenH3 (Collins et al. 2004). In terms of histone H2, the H2AZ 

variant is elevated in euchromatin, where it is thought to destabilize the nucleosome to 

make it more amenable to transcriptional activation (Henikoff et al. 2004). The inactive X 

chromosome is characterized by an elevation of the H2A variant macro H2A and a

10

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



depletion of H2A Barr body-deficient (H2A Bbd), an H2A variant that is widely dispersed 

with a potential role in transcriptional activation (Henikoff et al. 2004; Sarma and Reinberg 

2005). Together, these histone variants add an additional layer of complexity to gene 

regulation. It should be noted that an H4 variant has not been identified and the study of 

epigenetic processes involving this histone may therefore be more straightforward.

Enzymatic reactions and the machinery of histone methylation

In terms of conveying long-term epigenetic information, histone post-translational 

modifications can be limited by a relatively short half-life. For instance, histone acetylation 

generally has a turnover rate in the order of minutes (Waterborg 2002). In relation to other 

histone post-translational modifications, histone methylation is thought to be extremely 

stable with the potential to convey long-term epigenetic information. The recent discovery 

of methyltransferase enzymes that specifically catalyze the addition of methylations onto 

histone residues has provided a way to mechanistically understand histone methylation and 

its biological significance. These histone methyltransferases (HMTases) covalently add 

methyl-groups onto histone arginine and lysine residues in a pathway that is dependent on 

S-adenosylmethionine (SAM), which is ultimately derived from dietary methyl-donors 

(Huang 2002). Specific examples of these enzymes and their functional roles are provided 

in the following sections.

Histone arginine methylation

Histone arginines are methylated by protein arginine methyltransferases (PRMTs) that can 

catalyze the formation of monomethyl or dimethyl arginines in either symmetric or
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asymmetric conformations (Cheng et al. 2005). In mammals, at least seven PRMT genes 

have been identified, some of which appear to methylate non-histone substrates. For 

instance, in addition to histones H4 and H2B, PRMT1 can methylate RNA-processing 

proteins and various other transcription factors (Cheng et al. 2005).

From a functional standpoint, histone arginine methylation has been shown to be 

involved primarily in transcriptional activation. For example, PRMT1 and 

PRMT4/CARM1 can methylate arginines of H4 and H3, respectively and cooperate with 

histone acetyltransferases to transcriptionally activate hormone-responsive promoters 

(Cuthbert et al. 2004; Cheng et al. 2005). This effect was recently shown to be antagonized 

by human peptidylarginine deiminase 4 (PAD4) (Cuthbert et al. 2004; Wang et al. 2004). 

PAD4 can convert either unmodified or monomethyl (but not dimethyl) arginine to 

citrulline, thereby inhibiting transcriptional activation. In this fashion, monomethyl 

arginine could represent a transcriptionally poised state which could be prevented from 

initiation by PAD4 deimination or become resistant to PAD4 by dimethylation (Denman

2005). Although this mechanism does not represent the action of a true demethylase, the 

final outcome results in the loss of arginine and the gain of a new histone modification. It 

therefore remains possible that citrulline conveys a specific function that remains to be 

identified, adding to the ever expanding complexity of histone biology.

Histone lysine methylation

Histone lysine methylation has important functions in chromatin-dependent processes such 

as transcription, DNA replication, and DNA repair. Histone N-terminal tails can be 

methylated on H3 at K4, K9, K27 and K36 and at a single site on H4 at K20. In addition,
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H3 can be methylated in its core at K79. Methylation of one other histone lysine residues 

has been reported, but its significance is not known (Gocklin and Wang 2003). Each lysine 

residue can occur in mono-, di- or trimethylated states and appears to associate with distinct 

chromatin subsets. These methylations are added by histone lysine methyltransferases 

(HKMTases) that may have specificity for single or multiple lysines and/or methylation 

states (Table 1-1). As will be discussed, the dogma of histone methyl-lysine biology was 

revised following the identification of a histone lysine demethylases (Shi et al. 2005; 

Yamane et al. 2006).

With the exception of Dot 1, all HKMTases contain a conserved PR or SET domain, 

which share ~ 20-30% amino acid identity (Huang 2002). The SET domain was originally 

identified as 120-150 amino acids of sequence homology shared between three Drosophila 

proteins involved in chromatin regulation, namely Su(var)3-9, Enhancer of Zeste and 

Trithorax (Cheng et al. 2005). The PR domain was identified by homology shared between 

the PRDI-BF1 and RIZ1 proteins, and was later shown to be similar to the SET domain 

(Huang et al. 1998). Interestingly, the SET domain is present in genomes from yeast to 

humans, and also in some prokaryotes, whereas the PR domain is not found in lower 

organisms. This suggests the PR domain may have evolved from the SET domain and may 

serve more specialized functions that are relevant to metazoans (Huang 2002).

Structural characterization of SET domain proteins has provided some insight of their 

function. Four conserved motifs in the SET domain appear to be responsible for the three 

steps in histone methyl-lysine catalysis, namely SAM binding, target lysine binding and 

methyl transfer (Cheng et al. 2005). The SET domain active site forms a knot-like
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structure and a ‘tyrosine/phenylalanine switch’ appears to control the product specificity 

for the number of methyl groups added (mono-, di or tri) (Cheng et al. 2005; Yamane et al.

2006). It is interesting to note that most PR domain proteins have a valine at the phe/tyr 

switch position which may be of functional significance. Although structural information 

is not available for PR domain proteins, an analysis of PR domain-containing 2 

(PRDM2/RIZ1) unstructured segments suggests PR and SET domains have some structural 

homology (Derunes et al. 2005).

Until recently, it was unclear whether the enzymatic removal of histone methyl-lysines 

could occur because a histone lysine demethylase had not been identified. Although the 

presence of histone demethylases had been speculated for ~ 40 years, a true histone 

demethylase remained elusive until Shi et al. revealed the function of LSD1 (Shi et al.

2005). LSD1, transcriptional corepressor that is conserved from yeast to humans, was first 

found to specifically demethylate m/dMeK4-H3, but not tMeK4-H3, via an oxidation 

reaction. Three recent papers, by Shi et al., Lee et al. and Metzger et al. have now 

expanded the understanding of LSD1 function (Wysocka et al. 2005). Shi et al. have 

addressed the m/dMeK4-H3 demethylase activity of LSD1, revealing that its function is 

dependent on several other regulatory proteins such as HD AC 1/2 histone deacetylases, the 

CoREST co-repressor and the BHC80 PHD-domain protein (Shi et al. 2005). In addition, 

this study showed that CoREST/LSDl mediated demethylation is enhanced by 

hypoacetylation, suggesting synergy between histone deactylation and demethylation. Lee 

et al. further support the important role of regulatory proteins such as CoREST in directing 

the activity of LSD1 and its demethylase functions (Lee et al. 2005). Importantly, Metzger
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et al. extend the function of LSD 1 by demonstrating that it can function to demethylate 

m/dMeK9-H3 to de-repress androgen receptor target genes (Metzger et al. 2005). More 

recently, a separate histone demethylase termed JmjC domain-containing histone 

demethylase 1 (JHDM1) has been identified, which uses a different demethylation 

mechanism to remove m/dMeK36-H3 (Yamane et al. 2006). In addition, a related protein 

named Jmjd2b appears to mediate the removal of tMeK9-H3 (Fodor et al. 2006). Thus, 

both active and repressive histone lysine methylation marks can be removed by 

demethylase activity, and these recent findings will likely propel the rapidly advancing 

field of histone methyl-lysine biology.

In addition to histone demethylases, histone lysine methylation can also be lost by other 

mechanisms. One possibility is that histone H3 may undergo proteolytic cleavage, as 

shown in Tetrahymena H3 N-terminal tails and in the regulation of yeast centromeric H3 

(Allis et al. 1980; Collins et al. 2004). Replacement of histones with histone variants could 

also be an effective mechanism to remove stable methylation marks (Henikoff et al. 2004). 

Such a mechanism is thought to operate in transcriptionally active chromatin whereby 

histone H3.1 is actively replaced by H3.3. It should be noted that to date, no histone variant 

has been identified for histone H4 and therefore modifications on this histone tail may not 

be subject to variant replacement.

Another important finding in our understanding of histone methyl-lysine biology was 

the discovery that, similar to PRMTases, many HKMTases have non-histone substrates.

The Set7/9 HKMTase was recently shown to methylate lysines in p53 and TAF10, in 

addition to K4 on histone H3 (Chuikov et al. 2004; Kouskouti et al. 2004). In fact, Set7/9
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can methylate p53 with higher affinity than H3-K4, which increases p53 stability (Chuikov 

et al. 2004). Similarly, monomethylation of TAF10 by Set7/9 increases the affinity of 

TAF10 for RNA polymerase II (Kouskouti et al. 2004). In addition, HKMTases may have 

non-histone cytoplasmic targets, as demonstrated by the Enhancer of zeste homolog 2 

(Ezh2) protein. In T-lymphocytes, Ezh2 functions in a cytoplasmic HKMTase complex 

that acts on Vavl, a Rho GDP-GTP exchange factor that acts downstream of the T-cell 

receptor and promotes actin reorganization (Nolz et al. 2005; Su et al. 2005). In 

fibroblasts, Ezh2 also has an HKMTase-dependent cytoplasmic signal transduction 

function that acts on Vav2/3, which regulates actin. Taken together, it should be 

emphasized that histone lysine methylation can act beyond histone-dependent processes, 

and is likely to have several unidentified nuclear and cytoplasmic functions.

Histone lysine methylation in the DNA damage response

An accumulating body of evidence suggests histone lysine methylation has an important 

role in the DNA damage response by recruiting proteins to double-stranded DNA breaks 

(DSBs). Upon the induction of DSBs, different protein classes are recruited to the 

breakage site and can initiate damage checkpoint signaling (Vidanes et al. 2005). One such 

class is a set of adaptor proteins represented by the S. cerevisiae Rad9, S. pombe Crb2 and 

human 53BP1 checkpoint kinases, which share similar functions but are not highly 

homologous (Vidanes et al. 2005). In mammals, 53BP1 directly binds to dMeK79-H3 at 

DSB foci, an association that is lost in cells deficient for the K79-H3 HKMTase Dotl 

(Huyen et al. 2004). The 53BP1 protein contains two Tudor domains, which are similar to 

chromodomains found on other methyl-binding proteins such as HP1. These Tudor
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domains could therefore serve to target 53BP1 to MeK79-H3 (Charier et al. 2004; Sanders 

et al. 2004). Similarly, MeK79-H3 appears to serve as a binding site for Rad9 in S. 

cerevisiae (Vidanes et al. 2005). In S. pombe, recruitment of Crb2 to DSBs is dependent 

on MeK20-H4, which is regulated by the HKMTase Set9 (Sanders et al. 2004). Fission 

yeast Set9 mutants have a depletion of MeK20-H4 and a loss of cell-cycle checkpoint 

control. Unexpectedly, S. pombe H4-K20 methylation does not appear to participate in 

centromere structure or gene repression as it does in metazoans. With regards to MeK20- 

H4 function, this finding is intriguing because fission yeast and metazoans share several 

other molecular features of centromere structure and gene silencing. This could suggest 

that MeK20-H4 in metazoans serves a more specialized function that is beyond its role in 

heterochromatin, independent of MeK9-H3.

Transcriptional initiation, elongation and termination

Gene transcription is positively correlated with histone methylations involving K4, K36 

and K79 on histone H3. Of these methylations, the role of MeK4-H3 in transcriptional 

activation has been more clearly established and widely appreciated. Chromatin 

immunoprecipitation (ChIP) studies have demonstrated that tMeK4-H3 is associated 

exclusively with transcriptionally active loci in both yeast and mammalian cells, and its 

levels peak at the promoters and early coding regions of active genes (Santos-Rosa et al. 

2002; Schneider et al. 2004; Bannister et al. 2005). In contrast, mMeK4-H3 can be found 

in more downstream regions throughout the open reading frame (Kouskouti and Talianidis 

2005; Morillon et al. 2005). Enzymatically, d/tMeK4-H3 is formed by Setl, which is 

recruited to newly initiated RNA polymerase II (RNAPII) transcription complex. The
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degree of Setl methylation is regulated by its association with an octameric protein 

complex known as Complex Proteins Associated with Setl (COMPASS) (Krogan et al. 

2003; Morillon et al. 2005; Yamane et al. 2006). In addition, COMPASS-mediated Setl 

methylation is dependent on ubK123-H2B, which could either act as a ‘wedge’ in 

chromatin to promote Setl access or as a ‘bridge’ that functions as a docking site for the 

enzyme (Henry and Berger 2002). The presence of Setl-directed histone modifications 

also facilitates binding of the chromatin remodeling ATPase Iswlp, leading to changes in 

chromatin structure that are required for transcription and recruitment of the cleavage and 

polyadenylation factor Rnal5p (Santos-Rosa et al. 2003). In this regard, there is evidence 

for the association of both RNA 3’ processing proteins and active chromatin with the 

splicing speckle periphery in mammalian cells (Schul et al. 1998). Moreover, an 

association of active chromatin with the splicing speckle periphery has also been 

demonstrated. Hyperacetylated histone H3, transcriptionally active RNA polymerase II 

and nascent transcripts are enriched adjacent to the splicing speckle, with splicing- 

associated proteins cycling between the speckle and sites of transcription (Hendzel et al. 

1998; Szentirmay and Sawadogo 2000; Lamond and Spector 2003). Consistently, we have 

observed a specific enrichment of tMeK4-H3 at the splicing speckle periphery, suggesting 

a functional association between this methylation and the RNA splicing machinery (see 

appendix).

In yeast, the K36-H3 methyltransferase Set2 has been shown to associate with 

elongating RNAPII, suggesting that MeK36-H3 is important for elongation (Kizer et al. 

2005). Set2 can also associate with COMPASS to coordinate early post-initiation events
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with Setl through d/tMeK36-H3 and tMeK4-H3 marks (Morillon et al. 2005). In 

metazoans, however, d/tMeK36-H3 levels are highest at the 3’end of genes, suggesting a 

role for this modification in transcriptional termination and/or early RNA processing 

(Bannister et al. 2005). Consistent with this hypothesis, Set2 contains a WW motif shared 

among other pre-mRNA splicing proteins (Lin et al. 2004). Because Set2 is also known to 

interact with RNAPII (Bird et al. 2004), it is tempting to speculate that this HKMTase 

could function to coordinate co-transcriptional splicing via MeK36-H3.

Lysine 79 is positioned within the histone H3 globular domain and is methylated by the 

non-SET/PR domain HKMTase Dotl (Feng et al. 2002; van Leeuwen et al. 2002; Yamane 

et al. 2006). K79-H3 is hypomethylated in yeast telomeric and silent mating-type loci, and 

is depleted from heterochromatin in mammals (Yamane et al. 2006). Moreover, K79-H3 

hypomethylated yeast chromatin recruits Sir proteins, which appear to stabilize this 

heterochromatic profile by preventing the deposition of MeK79-H3 (Yamane et al. 2006).

In contrast to tMeK4-H3, the highest levels of dMeK79-H3 are found in 3’ regions of 

mammalian genes and Dotl-directed deposition of this mark is also dependent on ubK123- 

H2B (Shilatifard 2004; Kouskouti and Talianidis 2005).

Histone methyl-lysines associated with transcription may provide a memory of active 

chromatin domains. In yeast, tMeK4-H3 has been shown to persist for several hours at 

gene promoters but is lost over a longer time scale, and has therefore been suggested to 

provide a form of short-term memory for transcription (Yamane et al. 2006). Distinct H3 

K4, K36 and K79 methylation profiles have also been speculated to provide RNAPII with a 

transcriptional memory that could provide regulation of its activity (Shilatifard 2004). In
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mammalian cells, tMeK4-H3 and dMeK79-H3 modifications have been shown to persist 

over the course of mitosis following transcriptional inhibition (Kouskouti and Talianidis 

2005). Importantly, the stability of these modifications appears to be significantly longer 

than in yeast and is on a time scale that could permit the transmission of these methylations 

to daughter cells in developing organisms.

Heterochromatinization

The functional significance of heterochromatin in epigenetic regulation is often exemplified 

by position effect variegation (PEV) (Wakimoto 1998). This phenomenon was first 

described in studies of the Drosophila white eyes gene (w+), which appeared to be 

repressed when it was translocated from its normal euchromatic environment to within the 

close proximity of heterochromatin. The result of this translocation was phenotypically 

manifested as a transition from white eyes to a variegated white and red eye color 

phenotype in cells that had repressed w+ due to the heterochromatic position effect.

Heterochromatin is generally classified as either constitutive or facultative, both of 

which can repress gene activity. Constitutive heterochromatin is a highly ordered structure 

that is associated with distinct chromosomal domains, namely centromeres, their 

neighboring pericentromeric regions, and telomeres (Craig 2005). Centromeres form 

transcriptionally silent compartments in the nucleus, and can repress active genes that are 

relocated either within them or their vicinity (Grewal and Elgin 2002; Elgin and Grewal 

2003). Nevertheless, constitutive heterochromatin domains are not static and do not always 

lead to permanent repression of genes (Dillon 2004). In contrast, facultative 

heterochromatin does not appear to have a highly regular structure, is more accessible than
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constitutive heterochromatin and is developmentally regulated to silence the inactive X 

chromosome (Xi). Hallmarks of both constitutive and facultative heterochromatin are 

hypermethylation of DNA, hypoacetylation of histones, and hypermethylation of histone 

residues at K27-H3, K9-H3 and K20-H4, albeit of distinct modification states (mono-, di-, 

or tri-Me) for both heterochromatin subtypes. Importantly, histone methyl-lysine marks in 

heterochromatin are thought to be quite stable and therefore have the potential to mediate 

long-term repression throughout development.

Pericentromeric heterochromatin

Pericentromeric heterochromatin forms prominent domains in the nucleus that can be 

visualized using dyes such as DAPI or Hoechst that bind AT-rich DNA, which is enriched 

in satellite repeats (Nielsen et al. 2001; Schotta et al. 2004). The formation of these 

domains is one of the best characterized processes in histone methyl-lysine biology and 

appears to involve an enrichment in mMeK27-H3, tMeK9-H3 and tMeK20-H4 (Peters et 

al. 2003; Rice et al. 2003; Schotta et al. 2004). tMeK9-H3 is catalyzed by Suv39hl/2 

HKMTases and generates a high affinity binding site for HP1, which further stabilizes and 

propagates heterochromatin formation (Schotta et al. 2003). Furthermore, the rate at which 

pericentromeric heterochromatin is generated appears to be dependent on the levels of 

Suv39hl/2 (Ebert et al. 2004). tMeK9-H3 is thought to precede tMeK20-H4, which is 

catalyzed by Suv4-20h HKMTases (Schotta et al. 2004). The mechanism of mMeK27-H3 

deposition in pericentromeric heterochromatin is not known although d/tMeK27-H3 can be 

catalyzed by Ezh2 (Ebert et al. 2004). Although tMeK9-H3 is required for downstream 

formation of tMeK20-H4 in pericentromeric heterochromatin and these modifications have
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a striking overlap, the functional relationship between them is not clear. Finer mapping of 

both of these modifications indicate they are enriched at distinct repetitive elements 

(Martens et al. 2005). This suggests that tMeK9-H3 and tMeK20-H4 could be spatially 

distinct, despite their apparent overlap seen by immunofluorescence in pericentromeric 

heterochromatin. Because Suv4-20hl/2-deficient mice have not yet been reported it is 

difficult to address the potential differences in physiological functions of tMeK9-H3 and 

tMeK20-H4. This knowledge would be particularly important in view of our findings 

described in chapter 3, showing distinct distributions of these modifications during 

embryogenesis.

Telomeres

Telomeres appear to be structurally similar to pericentromeric heterochromatin in that they 

are also enriched in tMeK9-H3 by the action of Suv39h HKMTases and are bound by 

chromobox proteins that are homologous to HP1 (Garcia-Cao et al. 2004). Significant 

insight into the role of histone methylation in telomeres has come from mouse loss of 

function studies. In Suv39h double null (dn) cells, telomeres are elongated and are depleted 

in d/tMeK9-H3 and chromobox protein binding, but have an increase in mMeK9-H3. 

Mouse triple knockout cells (TKO) of the Retinoblastoma 1 (RBI) family, deficient in 

RBI, RBL1 and RBL2, have a similar phenotype to Suv39h dn cells with respect to 

chromosome segregation defects and abnormal telomere length but have normal levels of 

tMeK9-H3 in pericentromeric and telomeric heterochromatin (Gonzalo and Blasco 2005; 

Gonzalo et al. 2005). This result is surprising given the previously reported association 

between Suv39h and RBI proteins (Ait-Si-Ali et al. 2004). Nevertheless, TKO cells have
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depleted levels of tMeK20-H4 in constitutive heterochromatin but their levels of mMeK20- 

H4 are comparable to wild type (Gonzalo et al. 2005). It is therefore noteworthy that RB1 

proteins can also interact with Suv4-20h HKMTases to regulate the formation of 

constitutive heterochromatin (Gonzalo et al. 2005). These findings are important in 

establishing that RBI-dependent tMeK20-H4 deficiency can manifest a similar phenotype 

to Suv39h dn cells without affecting the integrity of tMeK9-H3. This would suggest that 

while tMeK9-H3 and tMeK20-H4 may have similar functions in constitutive 

heterochromatin formation, these modifications could be involved in distinct molecular 

pathways.

Facultative heterochromatin

Facultative heterochromatin found on the Xi is enriched in mMeK20-H4, dMeK9-H3 and 

tMeK27-H3, and the mechanistic basis underlying this methylation profile is now 

beginning to be understood (Plath et al. 2003; Silva et al. 2003; Kohlmaier et al. 2004; 

Okamoto et al. 2004). The Embryonic ectoderm development (Eed)-Ezh2 complex is 

responsible for catalyzing tMeK27-H3 at the Xj in vivo (Plath et al. 2003; Silva et al. 2003). 

dMeK9-H3 has also been reported to be catalyzed by Eed-Ezh2 in vitro (Czermin et al. 

2002; Kuzmichev et al. 2002), but whether this occurs in vivo remains controversial (Cao 

and Zhang 2004). The depostition of mMeK20-H4 on the X; remains unclear, but could be 

catalyzed by Pr-Set7, as this HKMTase has been shown to catalyze this modification (Xiao 

et al. 2005). It is interesting to note that Pr-Set7 has been shown to influence K20-H4 

methylation over the course of the cell cycle because Ezh2 is known to regulate tMeK27- 

H3 of the Xi in a cell-cycle dependent fashion (Rice et al. 2002; Caretti et al. 2004;
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Karachentsev et al. 2005). Although it remains to be shown whether Pr-Set7 has a direct 

effect on the Xi, the possibility it modifies the X; in a cell-cycle dependent manner remains 

intringuing and is consistent with our observations of mMeK20-H4 dynamics discussed in 

chapters 3 and 4 of this thesis.

Initiation o f heterochromatinization by RNAi

RNA interference (RNAi) is a mechanism of gene repression induced by double-stranded 

RNA, which can be heritable and may mediate its effects though heterochromatin 

formation pathways (Grishok 2005; Kavi et al. 2005b). A mechanistic understanding of 

RNAi-directed heterochromatin formation is largely derived from studies in fission yeast 

(Kavi et al. 2005a). In S. pombe, small RNAs that are associated with centromeric repeats 

have been found and are termed heterochromatic siRNAs (Reinhart and Bartel 2002). 

Double-stranded RNAs originating from these repeats are cleaved by the RNase Ill-type 

endonuclease Dicer (Dcrl). This in turn generates short interfering RNAs (siRNAs) ~ 21 

nucleotides in length that are incorporated into a nucleoprotein complex termed RNA- 

induced initiator of transcriptional gene silencing (RITS), which targets cognate mRNAs 

for degradation (Bayne and Allshire 2005). The RITS complex is comprised of the 

chromodomain protein Chpl, Agol and Tas3 (Verdel et al. 2004). In a transcription- 

dependent manner, the RITS complex associates with centromeric repeats and initiates the 

methylation of histone H3-K9 and further spreading of heterochromatin through Swi6 

(Switching deficient transcription factor) (Volpe et al. 2002; Verdel et al. 2004; Schramke 

et al. 2005). Furthermore, fission yeast mutants with perturbed RNAi machinery have 

defects in chromosome segregation and heterochromatin formation (Bayne and Allshire
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2005). Similar heterochromatin defects are also seen by dismpting RNAi pathway 

components in Drosophila, mice, and chicken cells (Pal-Bhadra et al. 2004; Bayne and 

Allshire 2005). This would suggest that there is some conservation in the RNAi-mediated 

heterochromatin pathway, perhaps indicating a RITS-like complex is present in mammals.

RNAi is a conserved process, and there is increasing evidence that it nucleates 

heterochromatin formation in mammals as shown in S. pombe (Bayne and Allshire 2005; 

Filipowicz et al. 2005). It appears that in mammals and plants, but not in yeast, RNAi 

directs de novo DNA methylation as a prerequisite to heterochromatinization (Wassenegger 

2005). Dicer-deficient mouse ES cells have depleted levels of centromeric histone H3-K9 

methylation, and have de novo DNA methylation defects. The mouse de novo DNA 

methyltransferase DNMT3b is similar to the plant de novo methylase DRM2, which is an 

essential player in RNAi mediated heterochromatin formation (Wassenegger 2005). Chick 

Dicer mutants have a deficiency in pericentromeric heterochromatin formation and 

chromosome segregation (Bayne and Allshire 2005). In human cells, it has been shown 

that MeK9-H3-mediated repression of the E-cadherin promoter is dependent on RNAi. 

Notably, histone methyl-lysines are deposited onto the inactive X following Xist RNA 

coating suggesting that RNA may be a common precursor to heterochromatinization in 

mammals. The above studies provide strong support for the role of RNAi in initiating 

heterochromatin formation in mammals although the details of the molecular pathways 

involved remain to be elucidated.
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Interrelationships o f DNA methylation and histone methylation

Crosstalk between DNA methylation and histone methylation is quite complex involving 

various aspects of gene regulation that are sometimes taxa-specific. With respect to 

heterochromatin formation, however, there are general features that should be noted. The 

most recognized of these involves transcriptional inhibition of CpG dinucleotides in gene 

promoters. This effect can be mediated through either the transcription machinery itself or 

through histone modifications (i.e. hypoacetylation and MeK9-H3), which ultimately 

influences chromatin structure (Lande-Diner and Cedar 2005). It appears that histone 

methylation and DNA methylation may reinforce each other to generate stable 

heterochromatin structures (Stancheva 2005). In mouse pericentromeric heterochromatin, 

catalysis of tMeK9-H3 by Suv39h HKMTases is required for DNA hypermethylation and 

may involve recruitment of DNA methyltransferases by HP1 (Lehnertz et al. 2003; Freitag 

and Selker 2005). Conversely, ES cells deficient for DNA methyltransferases 

(Dnmt3a/Dnm3b) do not have perturbed tMeK9-H3 in pericentromeric heterochromatin 

(Lehnertz et al. 2003). In addition, a Suv39h-independent pathway appears to be involved 

for recruiting DNA methyltransferases to repressive chromatin in minor satellite repeats 

(Lehnertz et al. 2003). Similarly, during X-innactivation, dMeK9-H3 is established prior to 

DNA methylation (Stancheva 2005). Thus, it appears that at least in mammals, MeK9-H3- 

mediated heterochromatin formation is required for DNA methylation. Despite this 

hierarchy, various lines of evidence suggest that both modifications can act in a feedback 

loop to reinforce each other (Freitag and Selker 2005).
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The interrelationship between DNA and histone methylation may help to explain how 

repressive histone methylation marks are propagated though cell generations (Stancheva 

2005). Following DNA replication, hemimethylated DNA can be reestablished by 

maintenance methyltransferases such as DNMT1, generating a platform for the recruitment 

of HKMTases that could modify newly deposited nucleosomes. A semi-conservative 

mechanism for the replication of nucleosomes has been proposed, whereby H3:H4 dimers 

would remain on the parental strand and would enable the recruitment of HKMTases to 

reestablish the histone methylation pattern (Tagami et al. 2004). However, this model is 

difficult to reconcile with earlier studies suggesting that semi-conservative nucleosome 

deposition does not occur (Weintraub et al. 1978; Jackson 1988). An alternative model 

has been suggested by Henikoff et al., whereby modified nucleosomes are randomly 

distributed to both strands following DNA replication. In this manner, an approximate 

modification pattern sets the stage for a more refined distribution that is established by 

replication-independent mechanisms (Henikoff et al. 2004). It is important to address the 

mechanisms by which histone modifications patterns are maintained following DNA 

replication, as this is essential for the inheritance of epigenetic information during 

development.

Interplay between histone modifications

On a given histone tail, there appears to be the potential for complex interplay between 

various histone modifications due to the coexistence of adjacent modifications or 

competition for individual amino acids (Fischle et al. 2003) (Figure 1-2). Given the 

number, type and combination of modifications possible, only salient features of this
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interplay will be mentioned here for simplicity. The histone H3-K9 residue represents a 

classic example of a site that may be modified by nearby residues, which could have 

antagonistic action. When acetylated, histone H3-K9 is associated with transcriptionally 

competent chromatin states and prevents heterochromatic methylation from occurring at 

this site and, vice versa. Trimethylation of histone H3-K4 appears to promote acetylation 

of adjacent lysines on the H3 tail - such as acK9-H3 and acK14-H3 -  and the converse is 

true. When considering the interplay of several covalent modifications occurring between 

several residues on a given histone tail, this subject is clearly complex.

Lessons from HKMTase-deficient mice

Mouse HKMTase knockouts suggest that histone methylation is crucial for developmental 

regulation occurring from peri-implantation to post-natal life. These HKMTase-deficient 

mice have revealed distinct developmental roles for HKMTases that have appeared to have 

similar molecular functions in vitro. Although these studies demonstrate the importance of 

histone lysine methylation during embryogenesis, the substrate specificities of numerous 

HKMTases remain unknown. In addition, the spatial and temporal distributions of histone 

methyl-lysine derivatives have not been examined in either normal or HKMTase-deficient 

mice. Nevertheless, mouse HMTase knockouts have been informative in demonstrating 

the importance of these genes in mammalian development. Findings from mouse 

HKMTase knockouts generated to date will be discussed in this section.

Enhancer ofZeste 2 (Ezh2) is broadly expressed during embryogeesis as early as E6.5,

its expression decreases by E l l .5 and at E15.5 appears to be restricted to the thymus

(O'Carroll et al. 2001; Caretti et al. 2004). Ezh2 null mice have impaired outgrowth at the
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blastocyst stage and cease to develop following post-implantation resulting in embryonic 

lethality as early as E5.5 (O'Carroll et al. 2001). A subset of £V/i2-deficient mice die later 

in development with defects resembling those of Embryonic ectodermal development (Eed) 

mutants; these embryos do not complete gastmlation as a result of widespread failure in 

morphogenesis (Faust et al. 1998). The parallel phenotypes between Ezh2 and Eed nulls 

suggests a common function and, not surprisingly, Ezh2 and Eed form a complex that 

regulates tMeK27-H3 of imprinted genes and random X-inactivation following Xist 

coating (Plath et al. 2003; Silva et al. 2003). A cell cycle defect is also apparent in Ezh2 

nulls, characterized by very short cycles, which supports a more global role for Ezh2 in cell 

proliferation (O'Carroll et al. 2001). However, the early lethality of Ezh2 nulls has impaired 

characterization of its role in later development, a limitation that has been overcome 

through the generation of conditional knockouts. An Ezh2 conditional knockout was 

designed to understand its elevated expression in lymphopoeisis and suggested a role in B 

cell development possibly through immunoglobulin heavy chain rearrangement, an 

essential process for the generation of specific antibodies (Yamane et al. 2006). 

Interestingly, histone H3-K27 methylation by Ezh2 is required for this process to occur.

Recent studies examing the role of Ezh2-mediated histone H3-K27 in the context of 

Polycomb Repressive Complexes (PRC) has lead to exciting findings regarding their 

function in developmental regulation of embryonic stem (ES) cells (Bernstein et al. 2006; 

Boyer et al. 2006; Bracken et al. 2006; Lee et al. 2006). Genome-wide analysis of PRC 

binding sites suggests these complexes may repress numerous developmental regulatory 

genes in ES cells through tMeK27-H3 in order to maintain pluripotentcy. In this model,
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PRCs would withdraw from their repressive binding actions on developmental regulator 

genes. These new findings will likely lead to interesting insights into the epigenetic 

mechanisms of ES cell development.

Similar to Ezh2, Nsdl has a crucial role in early post-implantation development and it 

appears to regulate cell proliferation. N sdl-deficient embryos have severe growth 

retardation defects and display elevated apoptosis as early as E6.5 (Rayasam et al. 2003). 

Nsdl nulls fail to undergo normal gastrulation and by E10.5 Nsdl -/- embryos are resorbed. 

The broad expression profile of Nsdl suggests it has a more ubiquitous role in early 

development, although its expression is restricted to highly proliferative cells types by 

E14.5 (Rayasam et al. 2003). Importantly, this later tissue-restricted expression is 

consistent with the overgrowth syndrome observed in humans with NSD1 deficiency 

(detailed in next section). Given the specificity of NSD1 for histone H3-K36 and H4-K20, 

it would be interesting to determine whether the presence of both modifications on a 

nucleosome has a discrete function in development, or whether the modifications are 

deposited independently by NSD1 in order to mediate distinct functions.

Suv39hl and Suv39h2 appear to be globally co-expressed during mouse development, 

shown by their diffuse in situ localization in E8.5-9.5 mouse embryos (O'Carroll et al.

2000). Both HKMTases seem to have indistinguishable roles in catalyzing the formation 

of pericentric heterochromatin, while Suv39h2 may have an additional function in male 

meiosis (O'Carroll et al. 2000). Loss of either Suv39hl or Suv39h2 does not influence 

viability or fertility, but mice lacking both genes display growth defects ranging in severity 

from lethality at E12.5 to reduced size in postnatal development, infertility and lymphoma
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(Peters et al. 2001). Cells derived from Suv39h dn embryos were shown to have genomic 

instability, which suggested that pericentromeric heterochromatin is necessary for normal 

chromosome segregation. Importantly, the phenotype of Suv39h dn mice could also 

suggest that the integrity of pericentromeric heterochromatin does not have a significant 

effect on embryogenesis until mid-gestation development. Alternatively, other HKMTases 

may be compensating for Suv39h deficiency in early development, but other known 

histone H3-K9 HKMTases are not tMeK9-H3-specific and do not function in 

heterochromatin establishment.

Studies comparing the targeted loss of G9a and Suv39h dns were essential to 

demonstrate that although both HKMTases catalyze histone H3-K9 methylation, they have 

distinct functions due to their ability to generate different K9-H3 methyl states. This was 

first suggested by their disparate subnuclear targeting: Suv39hl/2 is enriched in 

pericentromeric heterochromatin (Bannister et al. 2001; Lachner et al. 2001), while G9a 

associates with euchromatic regions (Tachibana et al. 2001). In contrast to Suv39h dns,

G9a deficient mice have severe growth retardation defects that results in embryonic 

lethality during gastmlation (Tachibana et al. 2002). It appears that while G9a is not 

necessary for the survival and proliferation of undifferentiated cells, it is important for 

somatic differentiation processes. Consistent with a role for G9a in euchromatic histone 

H3-K9 dependent repression, G9a -/- cells have a loss of dMeK9-H3 and a corresponding 

increase in MeK4-H3 and acK9-H3 (Tachibana et al. 2002). Further analysis of Suv39h dn 

and G9a deficient cells solidified their distinct functions by showing that G9a catalyzes 

mono- and dimethylation whereas Suv39hl/2 are required for trimethylation (Rice et al.

31

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



2003). It would be valuable to generate Suv39h dn/G9a triple knockout embryos to 

determine which cellular processes may be independent of these HKMTases in early 

development.

ESET is similar to G9a in that it is a euchromatic K9-H3 methylase and is also required 

for early mouse development (Dodge et al. 2004). Eset appears to be ubiquitously 

expressed throughout mouse embryogenesis and, null mice die during peri-implantation 

between E3.5 and E5.5, just slightly earlier than G9a mutants. In addition, Eset mutants do 

not appear to have altered tMeK9-H3 levels supporting the role of ESET as a euchromatic 

K9-H3 methylase. Further analysis of Eset in comparison to G9a mutants using 

conditional knockout strategies would be interesting in order to determine their functional 

differences in vivo.

Several Mil loss-of-function mouse models have been examined to understand its role. 

Mil is broadly expressed during embryogenesis from E7.0 onward and its targeted 

disruption results in gross morphogenetic defects that begin to appear in mid-gestation 

development (Yu et al. 1995). By E9, Mil -/- mice have a loss of Hox gene expression and 

by E10, gross malformations of cranial and spinal ganglia, and loss of somite boundaries 

are observed. Importantly, Yu et al. suggested that E8.5-E9 is a critical period in 

embryogenesis dependent on MU and hypothesized that this interval in development may 

be “a dynamic period of chromatin reorganization, which leads to either silencing or 

persistent expression of developmentally regulated loci”. With respect to histone lysine 

methylation, this developmental window could be marked by genome-wide changes in 

histone modifications, a concept that is pursued in this thesis.
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Given the widespread involvement of Mil in leukemia (detailed in next section), its 

effect on hematopoiesis was examined by generating M//-deficient ES cells, which can be 

cultured under certain conditions to induce differentiation towards hematopoietic lineages 

(Fidanza et al. 1996). This study indicated that Mil is required for hematopoietic 

maturation and, using a similar loss-of-function assay, Ersnt et al. showed that Mil-targeted 

Hox genes are essential for hematopoiesis, solidifying the role of Mil in Hox gene 

regulation (Ernst et al. 2004b). Using Mil mutant chimeras, it was shown that Mil deficient 

cells have a severe block in definitive hematopoiesis, and demonstrated an essential role for 

Mil in hematopoietic stem cell generation (Ernst et al. 2004a). These findings provide an 

important example of the role of histone methylation in differentiation.

Ectopic viral integration site 1 (Evil or Prdm3) is expressed at high levels as early as 

E8.5 in primary headfolds and by E9.5-10.5 extends to several other tissues including the 

forebrain, nasal placode, first and second branchial arches, mesonephros, limb buds and 

dorsal root ganglia (Hoyt et al. 1997). Evil deficient mice die at E10.5 from a complex 

phenotype affecting multiple organs with the main cause of lethality attributed to 

compromised circulation from an underdeveloped heart. By E10.5, gross 

underdevelopment of the nervous system is apparent with a lack of spinal neurons. In the 

somites of E10.5 knockout embryos, the dermatome appeared normal whereas the 

myotome and sclerotome were grossly acellular and, consistent with this defect, limb buds 

were underdeveloped. Moreover, subtle malformations were seen in the developing liver, 

mesonephros and branchial arches. The widespread hypocellularity in Evil mutants would 

suggest a general role for Evil in proliferation, perhaps related to its involvement in
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leukemia (Nucifora 1997). In addition, the specific organ defects seen in these mutants and 

the elevated Evil expression in distinct tissues would indicate a greater requirement for 

Evil in certain developmental lineages. In this regard, it would be valuable to determine 

histone modification specificity of Evil, and whether this modification plays a cell lineage- 

specific function.

Deregulation of histone methyltransferases in human disease

Carcinogenesis

In normal cells, a precise balance between euchromatin and heterochromatin needs to be 

stably maintained, which is achieved by the combinatorial action of histone modifications 

and DNA methylation (Jones and Baylin 2002). Several examples have demonstrated that 

deregulation of this balance results in malignancy. DNA methylation was historically the 

first epigenetic modification found to have an involvement in cell transformation and it is 

now known to have a pivotal role in the predisposition and progression of human cancers 

(Frigola et al. 2005; Scarano et al. 2005). Both hypomethylation and hypermethylation of 

CpGs can be tumorigenic, by aberrantly activating or repressing key regulatory genes, 

respectively. For instance, promoter hypermethylation of the DNA mismatch repair gene 

MLH1 can result in colorectal, endometrial and gastric cancers (Esteller 2005), whereas 

hypomethylation of HRAS and cMYC enables expression of these transforming oncogenes 

(Scarano et al. 2005). Hypomethylation of DNA can also result in genome instability by 

predisposing repetitive regions of the genome to chromosomal rearrangements. Several 

examples of deregulated DNA methylation events described above have been shown and in
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many instances this epigenetic mark has diagnostic and prognostic value (Scarano et al. 

2005). Despite the incredible progress that has been made in characterizing the role of 

DNA methylation in carcinogenesis, it is important to note its interdependence with other 

epigenetic marks, such as histone post-translational modifications. Recently, histone lysine 

methylation has been shown to have a particularly important role in carcinogenesis, which 

is demonstrated by the fact that to date approximately 1/3 of HKMTases are implicated in 

human malignancy (Schneider et al. 2002). This is not surprising, as many HKMTases 

have been shown to play an important role in cell growth control. Although the 

mechanisms by which HKMTases give rise to cancer remain elusive in several instances, 

the carcinogenic role of some HKMTases have been studied in detail and will be reviewed 

here.

PR domain containing proteins are tumor suppressors

To date, all PR domain containing genes that have been characterized have tumor 

suppressive properties and several members are disrupted in cancer (Deng and Huang

2004). PRDM genes also have remarkably similar regulatory mechanisms that are 

disrupted in cancerous cells. For instance, RIZ1 (Prdm2), Prdml, and Evil (Prdm3) have 

alternative promoter usage that generates 2 functional mRNAs that differ only by the 

presence of the PR domain (Derunes et al. 2005). The PR domain containing products are 

anti-tumorigenic, whereas the PR-deficient forms are generally overexpressed in tumors 

and behave as oncogenes (Nitta et al. 2005).

RIZ1 was the first HKMTase shown to function as a tumor suppressor (discussed 

further in next section) and is the best characterized PR domain gene (Huang et al. 1998;
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Huang 2002). RIZ1 is located at lp36, a site that is commonly translocated in cancer, 

resulting in production of the PR-domain protein RIZ2 (Huang 2002). Aberrant silencing 

of RIZ1 can give rise to neuroblastoma, melanoma, osteosarcoma and cancers of the lung, 

breast, colon, and liver (Huang 2002). Missense mutations near or within the RIZ1 PR 

domain also result in cancer, some of which dismpt residues that correspond to those 

required in Suv39hl/2 for its catalytic activity (Schneider et al. 2002). Interestingly, RIZ1 

appears to share similar functional features with Suv39hl/2. RIZ1 knockout mice develop 

tumors that are reminiscent of Suv39h dns and, like Suv39h proteins, RIZ1 interacts with 

Rb and is a histone H3-K9 HKMTase (Huang et al. 1998; Huang 2002; Kim et al. 2003). 

Importantly, administration of RIZ1 to colon cancer xenografts has anti-tumorigenic effects 

that may hold promise for future gene therapy (Canote et al. 2002).

Evil has two protein products, the PR-deficient form (Evila) and the full-length 

product Evilc (MDS 1-Evil). Overexpression of Evil a can occur by viral translocation or 

chromosomal rearrangement and results in acute myeloid leukemia with unfavorable 

prognosis (Valk et al. 2004). Evil a can also repress the growth inhibitory effects of 

transforming growth factor-P (TGF-P) and inhibit differentiation of various cell types (Nitta 

et al. 2005). In addition, Evil a can interact with a corepressor protein CtBP to further 

repress TGF- P signaling. In contrast, Evilc cannot repress the TGF-P pathway unless it is 

is fused to the Acute Myeloid Leukemia 1 gene (AML 1-Evil) where it is pathogenic and 

confers similar properties to Evila (Izutsu et al. 2002). Both AMLl-Evil and Evila, but 

not Evilc, can homo-oligomerize, a property that is thought to be important for Evil- 

mediated leukemogenesis (Nitta et al. 2005).
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MLL

Mixed lineage leukemia (MLL) has been extensively studied since it was first isolated as a 

prevalent target of chromosomal translocation in human leukemia. To date, MLL has been 

associated with greater than 60 chromosomal rearrangements and 33 MLL fusion proteins 

have been characterized (Daser and Rabbitts 2004; Fomeris et al. 2005). Given the 

requirement of MLL for definitive lymphopoeisis, it is not surprising that its deregulation 

can give rise to leukemia. MLL rearrangements manifest various leukemogenic subtypes 

through different mechanisms (Fomeris et al. 2005). Perhaps the most common oncogenic 

pathway involves fusions to transcriptional activator proteins. The result is aberrant 

transactivation that varies in degree depending on the heterologous activation domain 

attached to MLL. MLL fusions also occur with cytoplasmic proteins that have self­

association motifs, thereby generating oligomerized chimeras that behave as aberrant 

transcription effectors. In addition, MLL fusions can occur with SH3 domain proteins 

resulting in deregulated signaling pathways that are leukemogenic. Deregulated gene 

expression caused by MLL fusions is likely to be largely attributed to MLL-mediated 

chromatin changes. Because MLL is a histone H3-K4 HKMTase, its mistargeting could 

lead to aberrant gene expression, which could happen through protein interactions mediated 

by the MLL fusion partner. Consistent with such a scenario, MLL fusion proteins have 

been shown to interact with SWI/SNF chromatin remodeling proteins (Hess 2004).

Deregulation o f NSD gene family members

Nuclear SET Domain (NSD) HKMTases NSD1, NSD2 and NSD3 form a small gene 

subfamily with highly similar gene stmcture comprising a PHD (plant homedomain),
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PWWP (proline-tryptophan-tryptophan-proline), and SET domain, and all three members 

have been implicated in human carcinogenesis. In some cases of childhood acute myeoloid 

leukemia (AML), NSD1 is involved in a translocation that generates a fusion protein with 

Nup98, a component of the nuclear pore complex (Cerveira et al. 2003). In other 

hematological malignancies, Nup98 is known to be fused to at least 11 other genes, but 

oncogenic mechanisms involving Nup98 fusions are not clear (Panagopoulos et al. 2003). 

Happloinsufficiency of NSD] is associated with Sotos syndrome (SS) (detailed in next 

section), a disorder that appears to have a predisposition to malignancy. To date, 22 SS 

patients (-2-3%) have developed malignant tumors, which typically manifest during 

childhood (Al-Mulla et al. 2004; Deardorff et al. 2004; Lapunzina 2005). NSD2 (also 

known as MMSET or WHSC1) is implicated in myelomagenesis where it is overexpressed 

in t(4;14)pos translocation patients (Keats et al. 2005). NSD2 is transcribed to generate three 

alternatively spliced species (MMSET I-III) in addition to a second product that originates 

within NSD2, termed REIIBP. Interestingly, breakpoint variants localize to disparate 

regions of the nucleus and exhibit different kinetic properties when measure by 

fluorescence recovery after photobleaching (FRAP), possibly reflecting their interaction 

with distinct chromatin compartments. Future studies aimed at dissecting the complexities 

of NSD2 function will likely contribute to a better understanding of myelomagenesis. It 

appears that NSD3 may also be deregulated in cancer as it is located within a region that is 

amplified in breast carcinoma (Angrand et al. 2001). Similar to NSD1, a NSD3 

translocation event that generates a fusion protein with Nup98 has been identified in a 

patient with AML (Rosati et al. 2002).
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H4K16 acetylation and K20-H4 methylation

A recent study examining the influence of histone H4 modification in human cancer 

deserves special attention, as it is particularly relevant to this thesis. Fraga et al. 

demonstrated that acK16-H4 and tMeK20-H4 are significantly depleted in repetitive 

elements in leukemia cells and several other tumor types, including breast, colon and lung 

cancer (Fraga et al. 2005). The authors propose that the loss of these modifications may be 

a common feature of malignant transformation, akin to global DNA hypomethylation and 

CpG island hypermethylation. Given the association tMeK20-H4 with gene repression, it 

is speculated that its loss in cancer cells results in a gain-of-function of cell-cycle 

associated genes and, as such this modification would be required for cellular 

differentiation events. As will be demonstrated in the following chapters, tMeK20-H4 is in 

fact associated with specific differentiation events in various cell types.

Developmental disorders

NSD1 in childhood overgrowth syndromes

Sotos syndrome (SS) is one of several childhood overgrowth syndromes, which is 

clinically delineated by distinctive facial features, accelerated growth, developmental delay 

and a variable spectmm of associated abnormalities (Baujat et al. 2005). The majority of 

SS cases are caused by mutations in NSD1, which have been identified in more than 150 

patients to date (Faravelli 2005). In SS patients, NSD1 is most often disrupted by intronic 

mutations that dismpt transcription or missense mutations in conserved domains, in 

addition to less frequent microdeletions at 5q35 (Douglas et al. 2005; Tatton-Brown et al.
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2005a; Tatton-Brown et al. 2005b). A variable number of SS patients do not have NSD1 

mutations and this may be due to allelic or locus heterogeneity (Faravelli 2005). In an 

attempt to identify other SS loci, Douglas et al. screened several patients with overgrowth 

phenotypes similar to SS for mutations in NSD2 and NSD3, both of which share 

considerable similarity with NSD1 (Douglas et al. 2005). This screen did not reveal any 

pathogenic mutations in either gene, suggesting they operate in molecular pathways that are 

distinct from NSD1. Although downstream targets of NSD I have not yet been identified, 

they may be responsible for SS cases not involving NSD1 mutations.

NSD1 mutations have been less frequently identified in other overgrowth syndromes 

that have phenotypic overlap with SS, namely Weaver syndrome (WS) and Beckwith- 

Wiedemann syndrome (BWS) (Baujat et al. 2005). Clinically distinctive features segregate 

WS and SS, but the presence of NSD1 mutations in both syndromes indicates the 

conditions are allelic. BWS is caused by deregulation of imprinting at 1 lp l5 , resulting in 

overexpression of IGF2. Interestingly, NSD1 mutations have been identified in 2 patients 

with BWS and 1 lp l5  uniparental disomy has been found in 2 cases of atypical SS (Baujat 

et al. 2004). In this regard, one could determine whether NSD1 may regulate genes at 

1 lp l5  or vice versa. At the molecular level, there is currently limited knowledge about the 

function of NSD1, making it difficult to assess how it could contribute to the 

pathophysiology of overgrowth syndromes. NSD1 appears to have dual specificity for 

MeK36-H3 and MeK20-H4, which are generally marks of active and repressive chromatin, 

respectively. It would be interesting to determine how alterations in these modifications 

could lead to overgrowth syndromes.
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Wolf-Hirschhom Syndrome

Wolf-Hirschhom syndrome (WHS) is characterized by distinct craniofacial anomalies, 

epilepsy and growth delay in addition to a variable spectrum of secondary defects. The 

NSD2 gene is invariably deleted in this syndrome due to microdeletions at 4p that vary in 

size (Bergemann et al. 2005). It is thought that the pleiotropic secondary phenotypes seen 

in WHS could be a result of deregulated expression of NSD2 target genes. In addition, 

other candidate genes that span WHS 4p deletions may have a role in manifesting 

secondary defects. Further studies are required in order to get a molecular understanding of 

WHS.

9q34 subtelomeric deletion syndrome

Euchromatin Histone Methyltransferasel (Eu-HMTasel) is a K9-H3 HKMTase similar to 

G9 (Ogawa et al. 2002) and has recently been implicated in 9q34 subtelomeric deletion 

syndrome (9q34 SDS) (Kleefstra et al. 2005). Patients with this newly designated 

syndrome have subtelomeric deletions at 9q and present with mental retardation, a range of 

craniofacial malformations and heart defects (Kleefstra et al. 2005). Eu-HMTasel is 

disrupted by translocation in a patient with a clinical profile matching 9q34 SDS and 

therefore appears to be causative in this syndrome. In addition, the expression of Eu- 

HMTase in silico and in developing mice is consistent with 9q34 SDS. Eu-HMTasel 

knockout mice have not yet been generated, but would be informative in understanding its 

developmental function and pathogenesis in 9q34 SDS.
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Cardiac disease

Elevated plasma homocysteine is a significant risk factor in cardiovascular disease, 

however the basis of this is not clear (Moat et al. 2004a; Moat et al. 2004b). Dietary 

supplementation with folic acid in conjunction with vitamins B6 and B12s has been shown 

to ameliorate endothelial dysfunction and hypercholesterolemia (Verhaar et al. 1999; van 

Etten et al. 2002). Interestingly, elevated homocysteine is associated with a decrease in 

SAM, the methyl donor for HKMTase reactions (Huang 2002). It may therefore be 

possible that homocysteinuria impedes HKMTase reactions. Recently, the HKMTase 

Smydl (m-Bop) has been shown to have a specific role in cardiac development (Gottlieb et 

al. 2002; Phan et al. 2005) and is implicated in end stage heart disease (Borlak and Thum 

2003). It is also interesting to note that Smydl is regulated by MEF2C, which in turn is 

regulated by Ca2+-dependent signal transduction involving calreticulin and calcineurin 

(Lynch et al. 2005; Phan et al. 2005). Because both calreticulin and calcineurin have been 

implicated in cardiac hypertrophy (Wolk 2003; Lynch et al. 2005), it is possible that 

Smydl may have a role in this cardiac pathology as an epigenetic effector in the 

calreticulin/calcineurin pathway. In addition to histone methylation, histone acetylation has 

been shown to play a role in cardiac disease, perhaps as a result of the interdependence of 

these modifications. HDACs 4, 5, 7 and 9 expression is elevated in heart and these 

enzymes cooperate with cardiac-specific transcription factors such as MEF2 and 

Calmodulin. HDACs 5 and 9 have been implicated in cardiac hypertrophy, a condition that 

can be repressed by HD AC inhibitors (McKinsey and Olson 2004). Further dissection of 

the roles of histone modifications in the heart will likely contribute to a better
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understanding of such insidious cardiac diseases and could provide additional therapeutic 

targets.

Objectives and Rationale

An understanding of the role of histone lysine methylation in development is in its infancy. 

The in situ distributions of several histone methyl-lysines are unknown and their dynamics 

in developmental processes remain to be examined throughout embryogenesis. In addition, 

the developmental and cancer predisposing roles of HKMTases remain largely elusive. 

These areas of histone methyl-lysine biology leave interesting and important questions to 

be explored.

To begin to address the distributions of histone methylation during development, we 

examined several methyl-lysine derivatives at the cellular and tissue level during mid­

gestation in mammalian embryos. At the time we began this project, these distributions 

had not been described, leaving a gap in knowledge between involvement of HKMTases in 

development and potential changes in histone lysine methylation profiles occurring during 

these processes. We reasoned that if broad changes in chromatin domains occur during 

development, a mechanism for the stable epigenetic propagation of these changes should 

involve histone lysine methylation. Indeed, we found that m/tMeK20-H4 underwent 

marked changes over the course of neuronal and myogenic development (Chapter 3).

We aimed to further characterize histone methyl-lysine profiles during skeletal muscle 

differentiation, which offers a well-charaterized and tractable model system. This 

investigation uncovered other histone methyl-lysine residues that have dynamic properties

during differentiation, namely mMeK36-H3, m/tMeK79-H3 and m/d/tMeK20-H4 (Chapter
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4). We then sought to identify the HKMTases responsible for the histone methyl-lysine 

dynamics observed in myogenesis (Chapter 5). To this end, we have begun to characterize 

the functions of Prdml2 and Smydl in muscle differentiation. Together, our analysis has 

provided fundamental knowledge about the role of histone lysine methylation during 

development.
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Figure 1-1: Subnuclear compartments

The mammalian nucleus is organized into distinct domains. Nucleoli are the largest 

nuclear domains and are involved in ribosome biogenesis. Sam68 bodies and the 

perinucleolar compartment are found at the periphery of nucleoli. Heterochromatin is 

highly ordered and is generally distributed at the nuclear and nucleolar periphery, whereas 

euchromatin is less compact and found within the nucleoplasmic interior. Highly active 

chromatin is enriched at the periphery of splicing speckle compartments, which contain 

pre-mRNA splicing factors. Paraspeckle proteins are also associated with the splicing 

speckle periphery. PML, OPT and PcG domains vary in number and location throughout 

the nucleoplasm. Cleavage bodies, Cajal bodies and Gems are often found in association 

with one another, and are also commonly associated with the nucleolar periphery.
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Figure 1- 2: Histone acetylation, phosphorylation and methylation.

Histone tails, shown protruding from the nucleosome, are subject to numerous post- 

translational modifications including acetylation (Ac), phosphorylation (P) and methylation 

(Me). Lysines can be mono-, di- or tri-methylated, whereas arginines can be mono- or di- 

methylated in symmetric or assymetric conformations. Additional histone modifications 

not shown here include ADP ribosylation, ubiquitination and citrullination, which are also 

thought to contribute to chromatin function, but are not as well characterized.
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Figure 1- 3: Histone modification chemistry.

The amino group of histone lysines can be acetylated, which neutralizes the positive charge 

and results in repulsive electrostatic interactions with negatively charged DNA. Histone 

lysines can also be or mono-, di- or tri-methylated, conserving most electrostatic 

interactions, but adding Van der Waals forces. Arginines can be mono- or di-methylated, 

or citrullinated and di-methyl arginines may occur in symetric or assymetric conformations. 

By removal of the amino group, methyl arginines can be citrullinated. Serine residues can 

be phosphorylated as shown.
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Experiments involving animals were approved by the Health Science Animal Policy 

Welfare and Committee (HSAPWC) at the University of Alberta.

Immunofluorescence

Mouse embryo immunofluorescence

Pregnant CD1 mice obtained from Charles River Laboratories were sacrificed by cervical 

dislocation and E8.5, E9.5, E10.5, and El 1.5 embryos were collected by cesarean.

Embryos were washed in PBS and fixed in 4% paraformaldehyde (PF) at 4°C for 18 hrs, 

cryoprotected in 30% sucrose-PBS, mounted in O.C.T. (Tissue-Tek) and sectioned at 14 

|im using a Leica CM 1900 cryostat. Sections were immediately fixed in 4% PF for 7 min, 

washed 2 x 10 min in PBS, permeabilized for 30 min in PBS/0.1% Triton X-100 (P/T), 

blocked in P/T/5% heat inactivated sheep serum (P/T/S) for 30 min, and incubated 

overnight at 4°C with primary antibody (rabbit-a-mono-methylK4-H3, 1/500; rabbit-a-tri- 

methylK4-H3,1/800; rabbit-a-tri-methylK20-H4,1/1500; rabbit-a-mono-methylK20-H4, 

1/1500; rabbit-a-tri-methylK9-H3,1/750; rabbit-a-mono-methylK9-H3, rabbit-a- 

phosphoS10+tri-methylK9-H3 1/1000 [AbCam]; mouse-oc-MF20, 1/10 supernatant 

[Developmental Studies Hybridoma Bank]; mouse-a-phosphoSlO, 1/50 [Upstate 

Biotech]). Methylation antibodies were competed effectively by the immunogen but not by 

peptides containing different methyl modifications of the same lysine or an equivalent 

degree of methylation at a distinct position [AbCam], Embryo sections were washed 3 x 

10 min in P/T, blocked for 30 min in P/T/S, incubated with secondary antibody (Alexa594-
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goat-a-rabbit, 1/300 [Molecular Probes]) for 2 hrs at room temperature, washed 3 x 5min 

in P/T and mounted with 90% glycerol-PBS-DAPI (lpg/ml).

Chick embryo immunofluorescence

O.C.T. (Tissue Tek) embedded sections from D5, D7 and D16 chick embryos were 

obtained from Dr. Roseline Godbout and Sachin Katyal (University of Alberta). Sections 

were fixed in 4 % paraformaldehyde for 2 minutes, washed in PBS ( 3x5  minutes), 

permeabilized in 1% IGEPAL CA630 (Sigma) in PBS for 5 minutes and washed in PBS (5 

x 2 minutes). Slides prepared for PCNA staining were treated with 4M HC1 for 10 minutes 

and washed in PBS ( 3x2  min) prior to blocking. Sections were blocked for 1 hour with 10 

% milk and incubated overnight at 4°C with primary antibody diluted in 10% milk ( 

rabbit-a-tri-methylK20-H4,1/500; rabbit-a-mono-methylK20-H4, 1/500 [Abeam]; mouse- 

a-PCNA 1/100 [Sigma].) Slides were then washed in PBS (3x5  min) and incubated with 

secondary antibody for 2 hours at room temperature (mouse-a-Alexa 488,1/200; rabbit-a- 

Alexa 594, 1/200), washed in PBS ( 3x5  minutes) and mounted with 90% glycerol:PBS 

containing Hoechst 33325 (1/1500).

Immunofluorescence with immortalized cultures

Mouse embryo fibroblast cells (C3H 10T1/2) were cultured in a-MEM + 10% FBS in a 

37°C incubator with 5% CO2 and were plated onto sterilized glass coverslips so that they 

were 50 to 80%-confluent the following day. The cells were permeabilized with PBS 

containing 0.5% Triton X-100 for 10 min and washed twice with PBS prior to serial 

incubations with 30 pi aliquots of an appropriate primary antibody (30 min at room
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temperature) followed by a 30 min incubation with a Cyanin-3 conjugated anti-mouse 

secondary antibody (1:200 [Jackson ImmunoResearch Laboratories, Inc.]). Cells were 

rinsed with PBS containing 0.1% Triton X-100 and washed twice with PBS. Coverslips 

were mounted onto slides containing approximately 10 pi of a 90% glycerol-PBS-based 

medium containing lmg/ml paraphenylenediamine and DAPI (0.5 pg/ml).

C2C12 cells were cultured in DMEM supplemented with 4 mM L-glutamine and 20% 

FBS in a 37°C incubator with 5% CO2 and were plated onto sterilized glass coverslips so 

that they were 50 to 80%-confluent the following day. The cells were permeabilized with 

PBS containing 0.5% Triton X-100 for 10 min and washed twice with PBS prior to 

incubations with a 50 |ll aliquot of an appropriate primary antibody (mouse-oc-Prdml2 

[Abeam], mouse-a-Pax3 supernatant, 1/10; mouse-a-Pax7 supernatant, 1/10; mouse-a- 

myogenin concentrate, 1/100 [DSHB]; mouse-a-Myod, 1/100 [DAKO]; mouse-a-BrdU, 

1/50; rabbit-a-Flag M3, 1/100 [Sigma]; mouse-a-Myf5,1/100 [Santa Cruz]; rabbit-a- 

mono-methylK4-H3,1/500 [Abeam]; rabbit-a-di-methylK4-H3,1/200 [Abeam]; rabbit-a- 

tri-methylK4-H3,1/800 [Abeam]; rabbit-a-tri-methylK20-H4, 1/800 [Abeam]; rabbit-a-di- 

methylK20-H4,1/800 [Abeam]; rabbit-a-di-methylK20-H4, 1/800 [Abeam]; rabbit-a-tri- 

methylK79-H3, 1/600 [Abeam]; rabbit-a-di-methylK79-H3, 1/600 [Abeam]; rabbit-a- 

mono-methylK79-H3,1/600 [Abeam]; rabbit-a-tri-methylK9-H3 [Abeam], 1/750; rabbit- 

a-mono-methylK9-H3,1/500 [Abeam]; rabbit-a-phosphoS10+tri-methylK9-H3,1/1000 

[AbCam]; rabbit-a-monomethylK36-H3, 1/500 [AbCam]; rabbit-a-trimethylK36-H3,

1/500 [AbCam]) for 45 min at room temperature followed by a 45 min incubation with a 

secondary antibody (a-mouse Alexa 594,1/500; a-mouse Alexa488,1/400; a-rabbit
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Alexa594,1/400 [Molecular Probes]). Cells were rinsed with PBS containing 0.1% 

TritonX-100 and washed twice with PBS. Coverslips were mounted onto slides containing 

approximately 10 pi of a 90% glycerol-PBS-based medium containing DAPI (0.5 pg/ml).

Immunofluorescence with primary cultures

Embryonic limb buds were dissected from E10.5 CD1 mice and prepared for tissue culture

as previously described (Cash et al. 1997; Weston et al. 2000). Dissection instruments

were washed with 70% ethanol and dried with Kimwipes prior to cesarian of sacrificed

CD1 mice. Dissected embryos were placed in Puck’s saline A (PSA) and whole limbs

were removed with tweezers, minced into 2-4 tissue blocks/limb and transferred to 15 ml

conical tubes, which were centrifuged at 1000 x g for 5 min. PSA was removed and

replaced with 2.7 ml of PSA (Puck's saline A) containing 10% fetal bovine serum along

with 0.3 ml of Dispase [Gibco](10 Units/ml). Limb bud tissue was incubated for ~1 hr at

37°C with slight shaking (-70 rpm) and gently vortexed every -1 5  mins. Following

incubation, 3 ml of culture media was added (40% DMEM/60% F12/ 10% FBS

supplemented with penicillin, streptomycin and glutamine), and triturated. Cells were

centrifuged at 1000 x g for 5 min, followed by removal of supernatant and the resuspension

of cells in 5 ml of fresh media, which was strained though a pre-wetted 40pm cell strainer

(Falcon 2340, cell strainer) to remove ectoderm and cell debris. An additional 3 ml of

media was passed through the filter and the filtered cells were transferred to a 15 ml conical

tube. Cell concentration was calculated using a Coulter counter and cells were then

centrifuged at 1000 x g for 5 min. Supernatant was removed and cells were resuspended to

a concentration of 1-2 X 107 cells/ml. Cells were then dispensed in 20 pi aliquots onto glass
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coverslips in 6-well plates and incubated in a tissue culture incubator (37°C, 5% CO2) for 

1-2 hrs. Following this, 1 ml of media was added and replenished daily. Cells were fixed 

with 4% PF after 1, 5 or 7 days of culture and processed for immunofluorescence with the 

antibodies described above.

Bromodeoxyuridine labeling of primary cultures

Primary cultures were incubated for 2 hrs in primary culture media, as previously described 

(Cash et al. 1997; Weston et al. 2000), containing 5 mM bromodeoxyuridine (Sigma).

Cells were fixed in 4 % paraformaldehyde for 10 min, washed in distilled water ( 2x1 

min), permeabilized with acetone (-20 °C) for 2 min at room temperature and rinsed in 

water (5 x 30 s). DNA was denatured by adding 2N HC1 for 15 min at room temperature 

and neutralized by washing 2 x 2  min with 0.1M sodium borate (pH 8.5). Cells were then 

washed in PBS for 5 min, blocked in 5 % BSA for 30 min, incubated with primary 

antibodies (mouse-a-BrdU, 1/50 [Sigma]; H4-monoMeK20, l/500[Abeam]; H4-triMeK20, 

1/500 [Abeam]), washed in PBS ( 3x5  min) and incubated with secondary antibodies 

(mouse-a-Alexa 488,1/200; rabbit-a-Alexa 594, 1/200). Coverslips were mounted on 

slides as described above.

Analysis using Knockout mice

Calreticulin (Crt) null E10.5 embryos were obtained from Dr. Marek Michalak (University 

of Alberta) and were identified by PCR genotyping analysis of yolk sac DNA.
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Yolk sac DNA extraction and genotyping

Yolk sac tissue was incubated in 40 |il of 25 mM sodium hydroxide/0.2mM EDTA (pH 12) 

at 95 °C for 20 minutes, 40 jll of 40 mM Tris HC1 (pH 5) was added and samples were 

briefly vortexed and spun for 6 minutes at 12,000 x g. Supernatant was transferred to a 

new tube and 1 pi of this DNA was used for PCR (20 pi reaction). Embryos from Crt 

heterozygote crosses were genotyped using two different primer sets to discriminate 

between wild type, heterozygous and Crt nulls. The Crt Neo3’(5’- 

TCGTGCTTTACGGTATCGCCGCTCCCGATT-3’) and GL31 (5’-

CGCGGATCCACCTCCCATGACAGCCATTTA-3’) primer set detects a 600 base pair 

band in heterozygous embryos, and does not amplify wild type embryos, whereas the T8 

(5’CTCCAGGTCCCCGTAAAATTTGCC3’) and T19

(5 ’ AGGTCTAAACCAGTCAAAAGGACC3 ’) primer set amplifies a 715 base pair band 

in Crt WT homozygotes. The PCR conditions included initial denaturation for one cycle of 

15 min at 95°C followed by 34 cycles of 30 s at 95°C, 30 s at 57°C and 30 s at 72°C.

Image collection and analysis

Mouse embryo sections and primary cultures were visualized using a Leica DMRE 

fluorescence microscope with 20x, 40x, and lOOx objective lenses (PL Fluorotar) and 

Chroma filter cubes (set 31000 for DAPI, set 31002 for TRITC). Images were captured 

with a monochrome 10-bit CCD camera (Qimaging) and collected with Northern Eclipse 

v6.0 [Empix Imaging Inc.], Images from 10T1/2 nuclei were collected using a Zeiss 

Axioplan 2 digital imaging microscope equipped with a lOOx (1.4NA) plan-apochromat
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lens and a Coolsnap HQ cooled-CCD camera (Photometrics/Roper Scientific). Images 

were deconvolved with Northern Eclipse v6.0 and some images were adjusted using 

baseline subtraction, linear stretch and brightness/contrast using Imaris 4.0 (Bitplane). 

Image thresholding, ratios, and linescans were performed on merged images using ImageJ 

and further analyzed using Microsoft Excel. In cases where linescan measurements were 

carried out, multiple nuclei were analyzed to establish the consistency of 

immunofluorescence signals with respect to DAPI. Select images were deconvolved using 

Huygens Essential (Scientific Volume Imaging).

Images of C2C12, RH-30, primary culture, and chick embryo nuclei were collected 

using a Zeiss Axioplan 2 digital imaging microscope equipped with a lOOx (1.4NA) plan- 

apochromat lens and a Coolsnap HQ cooled-CCD camera (Photometrics/Roper Scientific). 

Three dimensional images for C2C12 nuclei were collected from serial images in the Z 

plane 0.3 fim apart. Images were deconvolved in Autoquant by blind deconvolution, 

Gold’s algorithm for 10 iterations. For morphometic analysis, images were segmented and 

values from 1-255 were quantified. Volume measurements of methylation antibodies, 

DAPI-rich heterochromatin and total nuclear volume were collected and processed in 

Excel. Three dimensional images were collected from serial images in the Z plane 0.3 pm 

apart. Images from RH-30, primary cells, and chick embryos were analyzed in two 

dimensions and were deconvolved using Huygens Essential (Scientific Volume Imaging).
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Histone Acid Extraction and Immunoblot Analysis

C2C12 cells were cultured in DMEM supplemented with 4 mM L-glutamine and 10% FBS 

to 80% confluency, induced to differentiate in reduced serum (2% sheep serum), and 

harvested immediately (day 1) or following 3 or 7 days of differentiation using 0.5 mM 

EDTA. Cells were pelleted by centrifugation at 2,000 rpm for 5 min and washed three 

times with 500 (0,1 of PBS. Cells were then lysed with buffer containing 250 mM sucrose, 

200 mM NaCl, 10 mM Tris-HCl (pH 8.0), 2 mM MgCl2, 1 mM CaCl2, 1% triton X-100, 

and 1 mM phenylmethanesulfonyl fluoride (PMSF). Nuclei were recovered by 

centrifugation at 2,000 rpm for 10 min, resuspended in 0.5 mL H2SC>4 and left on ice for 30 

min. Insoluble debris was cleared by centrifugation at 14,000 rpm for 10 min and 0.4 mL 

of supernatant was collected and added to 60 pL of 1M Tris (pH 8.0) and 40 pL of 10N 

NaOH. Equivalent quantities of protein extracts from each time point (as determined by 

coomassie staining and Bradford assay) were electrophoresed on 15% SDS-polyacrylamide 

gels and transferred to PYDF membranes. Membranes were blocked for 1 hr at RT in PBS 

with 5 % BSA and incubated with one of the following primary antibodies for 1 hr: rabbit- 

mMeK20-H4 (l/500)[AbCam], rabbit-diMeK20-H4 (1/200), rabbit-tMeK20-H4 

(l/750)[AbCam], rabbit-mMeK36-H3 (l/200)[Abcam], rabbit-tMeK36-H3 (1/500) 

[Abeam], rabbit-mMeK79-H3 (1/500) [Abeam], rabbit-tMe79-H3 (1/500) [Abeam], and 

mouse-phosphoS10-H3 (1/500) [Upstate]. Immunoblots were washed 3 x 5  min in TBST 

and incubated with secondary antibody (anti-rabbit HRP (1/5000) or anti-mouse HRP 

(1/3000)) for 1 hr. Chemiluminescence was performed according to the manufacturer’s
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inst.mct.ions (Amersham Biociences) and blots were developed on Kodak BioMax MR Film 

(Cat. 870-1302).

In silico analysis of histone methyltransferase gene expression

Mouse and/or Human expression data was collected for 44 SET/PR domain proteins in 

addition to Dotl. Using Unigene’s EST profile viewer, transcripts per million for 43 

HKMTases were collected in Excel [Microsoft] for 31 human tissues and assigned cutoff 

values relative to the mean expression of all tissues. Expression data for 43 HKMTases 

was obtained from SymAtlas (http://svmatlas.gnf.org) and screened for elevated expression 

relative to the mean expression of all tissues as determined by SymAtlas. The expression 

of HKMTases over the course of C2C12 differentiation was obtained from a publicly 

available database http://www.chb-genomics.org/beggslab.

First strand cDNA synthesis and RT PCR

Total RNA was isolated from C2C12 cells using Trizol reagent (Invitrogen, as detailed by 

manufacturer) following 1 day of growth with 10% FBS (day 0) or 1, 3, 5 or 7 days of 

differentiation in 2% FBS. Contaminating DNA was eliminated by incubating samples 

with 1 U DNase/pg total RNA (Promega) for 15 minutes at 25 °C. The RNA was reverse 

transcribed using a Protoscript First Strand cDNA Synthesis Kit (New England Biolabs, as 

detailed by manufacturer). Primers were designed to amplify mouse Prdml2 (forward:

5 ' -GAGATGATCCCTCCAGACCA-3% reverse: 5 ' - 

GCACACCTGGCACTTGTAGG-3’), skm-Bop (forward: 5’-

CAAAGGC AGAGGTCTGAAGG-3 ’, reverse: 5 ’ -T A AGT C ATCC ACGG AC ACC A-3 ’).
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The PCR conditions included initial denaturation for one cycle of 15 min at 95°C, followed 

by 39 cycles of 30 s at 95°C, 30 s at 60°C, and 60 s at 72°C. PCR products were analyzed 

by electrophoresis on a 0.5% TBE agarose gel.

DNA constructs and transfections

Constructs

Full length human Smydl was subcloned into pEYFPN.l (Clontech) from a pReceiver 

M03 expression construct obtained from Genecopoeia, which contained point mutations. 

These mutations were repaired with a Quickchange Site-Directed Mutagenesis kit as 

described by the manufacturer [Stratagene] and sequence verified to generate a Smydl- 

pEYFPN.l construct with wild type sequence used in our overexpression experiments. An 

N-terminal flag-tagged human Prdml2-pCMVTag2A construct was obtained from S. 

Huang (Burnham Institute), which was truncated at the last 65 amino acids (Figure 5-4). 

HA-Prdml2 containing full length Prdml2 sequence was generated using PCR primers to 

amplify a carboxyl terminal segment of Prdml2 (350 bp) from human genomic DNA and 

ligated to the N-terminal sequence from the Prdml2-pCMVTag2A vector, which was 

cloned into a pCI-HA vector. Primers used for amplifying the Prdml2 from human 

genomic DNA were PRDM12F_BglII (5’-

AACCTGAGATCTCACATGCGCATCCACACGCT-3’) and PRDM12R_TGA Kpnl (5’- 

CGTGGTACCTCACAGCACCATGGCCGGCA-3 ’), using PCR conditions described 

above with the exception of using a 65 °C annealing temperature and an extension time of 

90 seconds. Primers used to amplify sequence from Prdml2-pCMVTag2A were
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PRDM12F_PCI_HA EcoRI (5’-

CAGAATTCGGCTCCGTGCTCCCGGCTGAGGCCCTGGTGCTCA-3 ’) and

PRDM 12R_Bgill (5 ’ -CATGTGAGATCTCAGGTTGCTGCGCGAGTTG-3 ’) using 65 °C

for annealing temperature and an extension time of 30 seconds.

Transfections

C2C12 cells were cultured in DMEM supplemented with 4mM L-glutamine and 20% FBS 

to 80% confluency. RH-30 cells were cultured in RPMI media supplemented with 2mM L- 

glutamine and 10% FBS. Prior to transfection, both C2C12 and RH-30 cells were seeded 

on glass cover slips in 6-well plates at a density of -1.0 x 106 cells/ml. After 18 hours of 

growth, cells were transfected with constructs at a 6:1 Fugene (Roche) to DNA ratio and 

induced to differentiate by serum withdrawal (2% FBS) 24 hrs post-transfection. Primary 

limb bud cultures were prepared from E10.5 embryonic limbs and cultured as previously 

described (Cash et al. 1997; Weston et al. 2000). Transfections in these cultures were 

performed by mixing 40 ul of -2.0 x 106 primary cells/ml with 100 ul DMEM containing a 

6:1 Fugene (Roche) to DNA and 20 ul of this mixture was placed directly on glass 

coveslips and incubated for 2 hrs at 37 °C + 5 % CO2 for adherence. Primary culture media 

was then added to wells and replaced with fresh media every 24 hrs until cells were fixed 

for immunofluorescence as described above.

62

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Chapter 3 ♦ Distinct distribution and dynamics of histone 
methyl-lysine derivatives in mouse development

* Image panels A and D in Figures 3-1, 3-2 and 3-3 were provided by Kirk J. McManus. 

Versions of this chapter are published in:

1. Vincent L. Biron, Kirk J.McManus, Ninghe Hu, Michael J. Hendzel and D. Alan 

Underhill. (2004) Distinct dynamics and distribution of histone methyl-lysine derivatives in 

mouse development. Dev Biol 276 (2), 336-50

2. Kirk J. McManus, Vincent L. Biron, Ryan Heit, D. Alan Underhill and Michael J. 

Hendzel (2006) Dynamic Changes in Histone H3 Lysine 9 Methylations: Identification of 

a Mitosis-specific Function for Dynamic Methylation in Chromosome Congression and 

Segregation. JBC 281 (13), 8888-97.
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Introduction

Histone lysine methylation is known to occur on histones H3 (K4, K9, K36, K79) and H4 

(K20), as mono-, di-, or trimethylated states. These modifications are catalyzed by histone 

lysine methyltransferases (HKMTases), which contain a conserved SET (Su-var, Enhancer 

of Zeste, Trithorax) domain, with the exception of Dot 1. With the recent discovery of two 

lysine demethylases (HKDTase), specific histone demethylation reactions are now known
%

to occur on histone H3 lysines 4, 9 and 36 (Fomeris et al. 2005; Shi et al. 2005; Yamane et 

al. 2006). Nevertheless, lysine methylation-directed silencing of genes is thought to have 

the potential to convey long term epigenetic information over several cell generations 

during development (Margueron et al. 2005).

Several HKMTases have been shown to play essential roles in development. For 

instance, severe defects in embryogenesis are observed upon targeted loss of the Ezh2,

G9a, NSD1, Suv39hl/Suv39h2 or Mil HKMTases (Yu et al. 1995; Peters et al. 2001; 

Tachibana et al. 2002; Erhardt et al. 2003; Rayasam et al. 2003). Moreover, the differences 

in phenotype associated with each HKMTase suggest they regulate distinct developmental 

events. Consistent with such an idea, studies of mono-, di-, and tri-methyl lysine 9 

derivatives of histone H3 in Suv39Hl/2 and G9a knockout cells reveal these HKMTases 

can contribute to spatially unique methylation events (Lehnertz et al. 2003). There is 

currently limited knowledge of how histone methyl-lysine derivatives are distributed 

during development and how this influences the organization of chromatin. To gain insight 

into this process, we have used an immunofluorescence approach to define the overall 

distribution of histone H3 and H4 methyl-lysine derivatives during mouse embryogenesis.
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We have examined a panel of histone lysine methylations (Table 3-1) where we observed 

significant differences in subnuclear localization of the mono- and tri-methyl versions of 

histone H3 modified at K4 and K9, and of K20 on histone H4. Moreover, this differential 

subnuclear localization extends to distinct changes in histone H4-K20 methylation levels 

associated with neural and striated muscle differentiation and marked changes in tMeK9- 

H3 during the cell cycle (Biron et al. 2004; McManus et al. 2006). Together, these results 

provide novel insight into the organization of chromatin domains during embryogenesis 

and also suggest potential contributions of specific methyl-histone modifications to 

developmental processes.

Results

Immunofluorescence analysis o f histone lysine methylation in mouse embryogenesis

A panel of 16 antibodies (13 methylation sites) was used to characterize histone lysine 

methylation during embryonic development (Table 3-1). Immunofluorescence was 

performed with mouse E9.5 embryos as this stage of development is marked by early 

stages of differentiation in many cell lineages along with a proliferative expansion of many 

tissues. For instance, the medial edge of the neuroepithelium undergoes rapid proliferation, 

whereas more lateral cells are post-mitotic and are in the early stages of differentiation 

(Tanabe and Jessell 1996).

Low magnification (lOx) microscopic examination revealed 5 antibodies with a broad 

range of immunofluorescence intensity that correlated with distinct embryonic cells and/or 

tissues. As expected, serine 10 phosphorylated histone H3 (pS10-H3) was elevated in
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proliferative regions of the embryo, supporting its previously reported association with 

mitotic chromosomes. Surprisingly, mMeK20-H4 and tMeK20-H4, tMeK9-H3 and 

tMeK9pS10-H3 were shown to have broad differences in their levels across embryonic 

sections. Further analysis of K20-H4 and K9-H3 methylations was undertaken to examine 

their spatial distributions during embryogenesis. For comparison, we also performed a 

detailed analysis of K4-H3 methylations as they appeared static.

Histone H3 lysine-4 methylation

Trimethylation of histone H3 on K4 (tMeK4-H3) has been shown to be associated with 

transcriptionally active chromatin in (Santos-Rosa et al. 2002). In contrast, dMeK4-H3 is 

associated with active and inactive euchromatin when examined by chromatin 

immunoprecipitation (ChIP) at discrete genetic loci in S. cerevisiae (Santos-Rosa et al. 

2002). Nevertheless, how these functional associations manifest at the level of global 

chromatin organization is not known. Using antibodies that discriminate between the 

mono- and trimethyl states of K4 on histone H3, we have used immunofluorescence to 

characterize their localization at high resolution in 10T1/2 monolayer cells in comparison 

to multilayered mouse primary mesenchyme cultures and mid-gestation embryo sections.

In these analyses, mMeK4-H3 was distributed in a focal pattern that was generally enriched 

in perinucleolar regions (surrounding perinucleolar chromatin) in 10T1/2 nuclei, as well as 

in mouse embryo primary cultures and sections (Figure 3-1 A-C). This association with the 

periphery of DAPI-rich regions was evident in linescans where the immunofluorescence 

peak intensities were highest immediately adjacent to those associated with the DAPI 

signal (right hand panels, Figure 3-1 A-C). In contrast, tMeK4-H3 had a qualitatively
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distinct focal distribution that was distanced from the immediate edges of DAPI-dense 

regions in the three cell models analyzed (Figure 3-1 E-G), as apparent in linescans where 

the corresponding peak intensities are well separated (right hand panels). The tMeK4-H3 

signal also encircled non-nucleolar DAPI-depleted regions and is consistent with other 

studies that show an accumulation of this modification in euchromatic domains adjacent to 

splicing speckles (Appendix, Figure A-l). Importantly, the concordance in 

immunofluorescence signals indicates that the global distribution of MeK4-H3 derivatives 

is conserved in non-immortalized cell-types (primary cultures) and within the 3D-tissue 

architecture of the embryo when compared with 10T1/2 nuclei. The differences in the 

global partitioning of mMeK4 and tMeK4-H3 indicate that even though these 

modifications involve the same residue, their steady-state distribution involves distinct 

subnuclear chromatin domains.

Histone H3 lysine-9 methylation

In contrast to the association of MeK4-H3 with euchromatin noted above, methylation of 

lysine 9 on the same histone has been associated with the establishment and maintenance of 

heterochromatin (Rea et al. 2000; Lachner et al. 2001; Peters et al. 2001). Although this 

relationship may be true of tMeK9-H3 (see below), mMeK9-H3 was localized to multiple 

foci throughout the nucleoplasmic interior that were excluded from DAPI-rich 

heterochromatin (Figure 3-2 A-C). Nevertheless, these foci typically abutted DAPI-rich 

heterochromatic regions and are therefore qualitatively similar to the foci described for 

mMeK4-H3 (Figure 3-1 A-C), and the two modifications produce similar linescan profiles 

(right hand panels). Consistent with the association between lysine-9 methylation and
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heterochromatin formation, tMeK9-H3 co-localized extensively with DAPI-dense regions 

(Figure 3-2 D-F) and produced nearly identical peak intensities in linescans (right hand 

panels). In addition, tMeK9-H3 was also present in smaller foci distributed in non- 

heterochromatic regions of 10T1/2 nuclei (Figure 3-2 D) and to a lesser extent in nuclei 

from primary cultures and embryo sections (Figure 3-2 E, F). We also observed that 

tMeK9-H3 levels were significantly elevated in mitotic chromosomes when compared with 

interphase nuclei in primary cultures and embryo sections (Figure 3-2 E, F). Together with 

a more detailed analysis of tMeK9-H3 levels in 10T1/2 cells (McManus et al. 2006) these 

results suggest a relationship between this epigenetic mark and the cell cycle. Finally, as 

noted above for MeK4-H3, different lysine-9 methyl marks accumulate in distinct 

subnuclear domains and are further distinguished by differences suggestive of cell cycle 

influenced dynamics.

Histone H4 lysine-20 methylation

Histone H4 contains a single methyl-lysine target site at position 20, which is modified 

by the Pr-Set7 (Set8), NSD1 (Fang et al. 2002; Nishioka et al. 2002), Ashl (Beisel et al. 

2002) and Suv4-20hl/h2 HKMTases (Schotta et al. 2004). Pr-Set7 has been shown to be 

a K20-H4 monomethylase, whereas the Suv4-20h HKMTases appear to preferentially 

catalyze tMeK20-H4 (Schotta et al. 2004; Xiao et al. 2005), but their roles in 

development are not known. In 10T1/2 cells, mMeK20-H4 was distributed in a focal 

pattern in nucleoplasmic regions excluded from nucleoli and DAPI-dense 

heterochromatin (Figure 3-3 A). Further analysis using linescans show that high intensity 

DAPI and mMeK20-H4 peaks do not coincide, but are juxtaposed, indicating that
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mMeK20-H4 is enriched at the periphery of heterochromatic regions. In addition, a 

small percentage of cells (-10-15%) displayed large non-heterochromatic subnuclear 

accumulations of mMeK20-H4 which were more prominent in muscle cell cultures 

(->95%) (detailed in Chapter 4). Although the focal distribution was conserved in 

interphase nuclei, including embryonic primary cells and sections (Figure 3-3 A, B), we 

observed significant variations in signal intensity between nuclei that suggested cell cycle 

associated changes. Quantitative measurements in 10T1/2 nuclei (McManus et al. 2006) 

demonstrate significant variation in global mMeK20-H4 levels that are cell cycle 

associated. These results suggest that mMeK20-H4 is found in chromatin regions that are 

non-repressive in nature and that global mMeK20-H4 levels are regulated during 

interphase and mitosis. Characterization of tMeK20-H4 distribution revealed its 

accumulation primarily in DAPI-dense regions of 10T1/2 nuclei, which are characteristic 

of pericentromeric heterochromatin, and in additional small foci dispersed throughout 

intermediate DAPI staining regions (Figure 3-3 D). This distribution is consistent with 

recent studies reporting the subnuclear distribution of tMeK20-H4 in mammalian cells, 

using independently generated antibodies (Kourmouli et al. 2004; Schotta et al. 2004). In 

limb mesenchyme cultures and embryo sections, however, tMeK20-H4 was exclusively 

co-localized with DAPI-dense regions (Figure 3-3 E, F) and was therefore more restricted 

than in 10T1/2 cells. Accordingly, linescans detected essentially no signal intensity 

outside of these centromeric domains (compare right hand panels in Figure 3-3 E, F to 

D). These results for lysine 20 again illustrate that the two methylation states partition to
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different regions of the nucleus, and reveal potential cell cycle-associated changes in the 

mono-methyl modification of this residue.

Regional differences in methyl histone derivatives

The above analyses reveal several important trends in the distribution of methyl-lysine 

modifications on histones H3 and H4. First, in each case, the mono- and tri-methyl 

derivatives accumulate in distinct nuclear regions, which strongly suggest they are 

associated with distinct chromatin environments. Second, the mMeK9-H3 and mMeK20- 

H4 modifications appear to exhibit cell cycle dependent differences. Adding to these 

observations, we also detected significant regional differences for histone lysine 

methylation in the developing embryo and during the course of cellular differentiation. As 

an example, the distribution in the neural tube at E9.5 is described because it contains 

spatially distinct populations of proliferating and differentiating neural cells. For these 

analyses, merged images of DAPI and either the mono- or tri-methyl modifications were 

examined after controlling for regional increases in cellularity by calculating a ratio image 

of TRITC/DAPI. Furthermore, the intensity distributions of mono- and tri-methyl 

derivatives were displayed as high and low intensity values using separate indexed colors 

to expose any intensity gradients throughout the neural tube. For mMeK4-H3, tMeK4-H3 

and mMeK9-H3, the local increases observed in the neural tube are due to elevated 

cellularity, and high intensity values are randomly distributed (Figure 3-4 A-C), providing 

an important control for the remaining epigenetic marks. Furthermore, these modifications 

appeared randomly distributed throughout all other developing tissues in mid-gestation 

embryos (data not shown). In contrast, tMeK9-H3 was characterized by discrete
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fluorescent signals in a portion of the cells at the medial edges of neural tube. Notably, 

mitotic nuclei lining the lumen of the neural tube (Figure 3-4 D) and the periphery of 

somites (not shown) in E9.5 embryo sections were significantly elevated above other nuclei 

that were in interphase. Similar tissue distributions were observed for pS10-H3 and 

pS10tMeK9-H3 (data not shown). In this regard, the specific elevation of tMeK9-H3 

levels in mitotic nuclei found in the embryo provides a useful and novel marker to define 

regions of the embryo that are rapidly proliferating.

We also observed significant disparity in the distribution of mMeK20-H4 and tMeK20- 

H4 in mid-gestation mouse embryos. At E9.5, mMeK20-H4 formed a medial to lateral 

gradient where the luminal cells displayed the highest signal intensity (Figure 3-4 E), a 

region that is populated by rapidly dividing neuroblasts that migrate laterally and 

subsequently undergo neuronal differentiation (Jessell 2000; Marquardt and Pfaff 2001). 

This is somewhat different from the elevated pattern noted for tMeK9-H3 in the medial 

neural tube, which was restricted to mitotic cells along the neural tube lumen. In contrast 

to mMeK20-H4 and tMeK9-H3, tMeK20-H4 levels were reduced in this portion of the 

neural tube and elevated in lateral regions at E9.5 (Figure 3-4 F). Taken together, these 

results demonstrate that the degree of histone lysine methylation spatially and temporally 

correlates with distinct cellular events during development.

Spatiotemporal distributions of histone H4 lysine-20 methyl derivatives

Neurogenesis

We examined the neuroepithelial distributions of histone H4-K20 methylation in further

detail. Although mMeK20-H4 retained its association with the medial portion of the neural
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tube at all axial levels and developmental stages examined (Figure 3-4 E, Figure 3-5 A-D), 

tMeK20-H4 became increasingly restricted to the ventrolateral aspects by E9.5 (Figure 3-4 

F, Figure 3-5 E-H) and later developmental stages (El 1.5, E12.5 data not shown) after 

displaying a uniform distribution throughout the neuroepithelium at E8.5 (Figure 3-5 E). In 

fact, tMeK20-H4 immunofluorescence was virtually undetectable within nuclei in medial 

regions of the neural tube by E9.5 (Figure 3-5 F). Notably, this distribution of tMeK20-H4 

in the neuroepithelium coincides with the development of post-mitotic spinal motor 

neurons, which begin to populate the ventrolateral neuroepithelium at E9-9.5 and mature to 

completion by E10.5-E11, and with the emergence of dorsal root ganglia (DRG) at E9.5 

(Arber et al. 1999). Using chick embryos, we examined the co-localization between 

tMeK20-H4 and ventrolateral neuronal markers Isll and MNR2. We observed partial 

overlap (data not shown), indicating that tMeK20-H4 enrichment is associated with more 

than one neural subtype in the ventrolateral neuroepithelium. Taken together our results 

indicate that during neurulation, mMeK20-H4 is elevated in proliferating neural cells, 

whereas the tMeK20-H4 modification dramatically declines in these cells and increases in 

differentiating neurons.

To investigate the general behavior of MeK20-H4 during neural cell differentiation in 

further detail, we examined its distributions during retinogenesis. The chick retina is 

morphologically and molecularly well defined, and offers an excellent model for neuronal 

cell differentiation (Witte and Godbout 2002). Chick retinal neurogenesis commences at 

embryonic day 2 and is complete by day 13, generating six neuronal and one glial cell type. 

Retinogenesis is initiated by differentiation of retinal ganglion and horizontal cells,
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followed by cone-photoreceptors, amacrine cells, rod-photoreceptors, bipolar cells, and 

miiller glia (Marquardt and Gruss 2002). The subnuclear distributions of mMeK20-H4 and 

tMeK20-H4 in chick eye sections recapitulated the pattern observed in mouse embryo 

sections and C2C12 skeletal muscle cells (Figures 3-6 A, 3-7A). In addition, striking 

dynamics were observed in their overall levels during the course of chick retinogenesis. As 

expected, elevated mMeK20-H4 levels were associated with proliferative zones of the 

retina, as shown by association with the S-phase marker PCNA (Figure 3-6). In later stages 

of retinal development when proliferation levels have decreased, elevated levels of 

mMeK20-H4 are found in very few nuclei, consistent with a significant decrease in overall 

PCNA staining. Significant changes in the distribution of tMeK20-H4 were observed over 

the course of retinogenesis (Figure 3-7). In the retina of day 5 embryos, which contain 

numerous proliferative cells, an enrichment of tMeK20-H4 was found in a broad 

population of nuclei. In day 7 retina, however, elevation of tMeK20-H4 was restricted to 

cells near the nerve fiber layer, in addition to a few cells within the neural retina. By day 

16, elevated of tMeK20-H4 were restricted to the ganglion cell layer. Because cells 

adjacent to the ganglion cell layer are also in later stages of neural differentiation, this result 

suggests that elevation of tMeK20-H4 is not solely dependent upon general differentiation, 

and appears to have a more cell type specific role in neurogenesis.

Striated muscle

Elevations of tMeK20-H4 were also apparent in non-neural tissues of the embryo at E9.5 

and E10.5, notably in the heart and medial portion of somites. We therefore investigated 

the possibility that histone H4-K20 methylation levels may be differentially regulated in
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developing striated muscle, a cell type common to both tissues. To address this, we carried 

out co-immunofluorescence analyses with either mMeK20-H4 or tMeK20-H4 and an 

antibody that detects myosin heavy chain (MF20) in skeletal and cardiac muscle. At E10.5, 

MF20-positive cells of the myotome were depleted in mMeK20-H4 (Figure 3-8 E) and 

enriched in tMeK20-H4 (Figure 3-8 F). The distribution of tMeK20-H4 was initially broad 

(E 8.5) and became progressively restricted to differentiated cells, whereas the depletion in 

mMeK20-H4 was seen from E8.5 onward but became more pronounced with an increase in 

differentiated cells (Figure 3-8). This inverse relationship was also found in cardiac 

musculature where mMeK20-H4 levels were relatively low or absent in MF20-positive 

cardiomyocytes (Figure 3-9 A,C,E), while tMeK20-H4 levels were progressively elevated 

in MF20 positive differentiating cardiomyocytes (Figure 3-9 B,D,F). These results 

indicate that histone H4-K20 methylation undergoes significant changes during the 

differentiation of striated muscle.

K20-H4 methylation in caltreticulin deficient embryos

We investigated whether tMeK20-H4 enrichment in cardiac muscle would persist in 

embryos with perturbed development of this tissue. For this analysis we used Calreticulin 

deficient mice, which have cardiac malformations that are embryonic lethal (Michalak et 

al. 2004). In comparison to wild type littermates, E10.5 calreticulin mutant embryos had 

an underdeveloped heart and limbs on gross appearance. We observed a loss of tMeK20- 

H4 enrichment in the cardiac cells in Calreticulin deficient embryos, where its levels were 

comparatively higher outside of the cardiac field (Figure 3-10). This evidence argues 

against a non-specific temporal accumulation of tMeK20-H4, as the loss of tMeK20-H4
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was not observed in a time-matched littermate. This result also suggests an important role

of tMeK20-H4 enrichment in cardiac development.

Antibody ______ Genome wide enrichment  Enrichments in embryos?
H3 acetylated K4+K9 euchromatin   no

H3 monoMeK4 euchromatin no
H3 diMeK4 euchromatin no
H3 triMeK4 euchromatin no

H3 monoMeK9 euchromatin _  no
H3 triMeK9 constitutive heterochromatin yes

H3 pS10+triMeK9 constitutive heterochromatin yes
H 3pS10 constitutive heterochromatin yes

H3 diMeK23 euchromatin no
H3 monoMeK36 euchromatin no

H3 triMeK36 euchromatin no
H3 monoMeK79 euchromatin no

H3 diMeK79 euchromatin no
H3 triMeK79 euchromatin no

H4 monoMeK20 euchromatin and facultative heterochromatin yes
H4 diMeK20 euchromatin no
H4 triMeK20 constitutive heterochromatin yes

Table 3-1: Summary of histone post-translational modifications examined in mouse 

mid-gestation embryo sections.
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Figure 3-1: Subnuclear distribution of histone H3 mono- and tri-methyl lysine 4 in

mouse immortalized, primary and embryo cells.

Immunofluorescence of (A-C) mMeK4-H3 and (D-F) tMeK4-H3 (TRITC column) in (A, 

C) 10T1/2 cells, (B, E) day 1 mouse primary cultures from E 10.5 limb buds, and (C, F) 

E8.5 CD1 embryo transverse sections (~mid-axial level) with respect to DAPI. Merged 

images were pseudo-colored (DAPI: green, TRITC: red) and analyzed for co-localization 

by linescan measurements through merged images (red line: TRITC, green line: DAPI). 

Scale bar, 3 pm. The linescan measurements are representative and were consistent over 

the analysis of multiple nuclei.
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Figure 3- 2: Subnuclear distribution of histone H3 mono- and tri-methyl lysine 9 in

mouse immortalized, primary and embryo cells.

Immunofluorescence of (A-C) mMeK9-H3 and (D-F) tMeK9-H3 (TRITC column) in (A, 

C) 10T1/2 cells, (B, E) day 1 mouse primary cultures from E 10.5 limb buds, and (C, F) 

E8.5 CD1 embryo transverse sections (~ mid-axial level) with respect to DAPI. Merged 

images were pseudo-colored (DAPI: green, TRITC: red) and analyzed for co-localization 

by linescan measurements through merged images (red line: TRITC, green line: DAPI). 

Scale bar, 3 pm. The linescan measurements are representative and were consistent over 

the analysis of multiple nuclei.
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Figure 3- 3: Subnuclear distribution of histone H4 mono- and tri-methyl lysine 20 in

mouse immortalized, primary and embryo cells.

Immunofluorescence of (A-C) mMeK20-H4 and (D-F) tMeK20-H4 (TRITC column) in 

(A, C) 10T1/2 cells, (B, E) day 1 mouse primary cultures from E 10.5 limb buds, and (C, F) 

E8.5 CD1 embryo transverse sections (~mid-axial level) with respect to DAPI. Merged 

images were pseudo-colored (DAPI: green, TRITC: red) and analyzed for co-localization 

by linescan measurements through merged images (red line: TRITC, green line: DAPI). 

Scale bar, 3 pm. The linescan measurements are representative and were consistent over 

the analysis of multiple nuclei.
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Figure 3- 4: Histone methyl lysine distribution in mouse neuroepithelium.

Neural tube distribution of (A) mMeK9-H3, (B) H4K9me3, (C) mMeK20-H4, and (D) 

tMeK20-H4 in transverse sections (~ mid-axial level) of E 9.5 mouse embryo. Left column 

panels show histone antibodies (red) and with respect to DAPI as merged images (center 

column, DAPI:green, TRITC:red). DAPI stain in these panels is added to demonstrate the 

distribution of nuclei throughout the neuroepithelium, and the ratio of DAPI to antibody is 

shown in center panels. The right hand panels display intensity distributions of each 

methylation for cells that produce immunofluorescence signals below (blue; lower 90th 

percentile) and above (red; upper 10th percentile) a threshold defined by intensity 

distribution graphs. M and L indicate medial and lateral aspects of the neuroepithelium 

respectively.
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Figure 3- 5: Spatiotemporal dynamics of H4 mono- and tri-methyl lysine 20 in mouse

neural development.

Immunofluorescence of mMeK20-H4 in developing neural tube of mouse embryo 

transverse sections at (A) E8.5, (B) E9.5, (C, D) E10.5 and of tMeK20-H4 at (E) E8.5, (F) 

E9.5 and (G, H) E10.5. D and H are sections through the hindbrain to illustrate the 

conserved distribution of these antibodies in the cranial neural tube and other sections are at 

mid-axial levels. The antibody distribution is shown with respect to nuclei by DAPI 

staining for both mMeK20-H4 (A’-D \ DAPI=green, mMeK20=red) and tMeK20-H4 (E’- 

H’, DAPI=green, tMeK20=red). DRG, dorsal root ganglion.
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Figure 3- 6: Dynamics of mMeK20-H4 in developing chick retina.

A) Distribution of mMeK20-H4 in chick retinal cell nuclei with respect to DAPI. (B-D) 

Immunolocalization of mMeK20-H4 (red) with respect to PCNA (green) in eye sections of

B) D5, C) D7 and D) D16 chick embryos (merged in rightmost panels). DAPI is shown in 

grayscale in leftmost panels for identification of retinal cell layers. RPE, retinal pigment 

epithelium; NR, neural retina; NFL, nerve fiber layer; ONL, outer nuclear layer; INL, inner 

nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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Figure 3- 7: Dynamics of tMeK20-H4 in developing chick retina.

(A) Distribution of tMeK20-H4 in chick retinal cell nuclei with respect to DAPI. (B-D) 

Immunolocalization of tMeK20-H4 (red) in eye sections of B) D5, C) D7 and D) D16 

chick embryos, merged with respect to DAPI (blue). DAPI is shown in grayscale in 

leftmost panels for identification of retinal cell layers. RPE, retinal pigment epithelium; 

NR, neural retina; NFL, nerve fiber layer; ONL, outer nuclear layer; OPL, outer plexiform 

layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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Figure 3- 8: Differential distributions of mMeK20-H4 and tMeK20-H4 in mouse 

myotome development.

Immunofluorescence of mMeK20-H4 at (A) E8.5, (C) E9.5 and (E) E10.5 and (B) 

tMeK20-H4 at E8.5, (D) E9.5 and (F) E10.5 in transverse sections of developing somites 

(center panels). H4-K20 antibodies are shown with respect to DAPI to stain for nuclei (A, 

B; left panels), and MF-20 to detect myosin heavy chain in the myotome (C-F, left panels). 

MF-20 signal was not seen until E9.5. Merged images from left and center panels are 

shown in right panels (DAPI=blue, m/tMeK20=red, MF-20=green). NT, neural tube; My, 

myotome.
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Figure 3- 9: Differential distributions of H4 mono- and trimethyl lysine 20 in mouse

cardiac muscle development.

Immunofluorescence of mMeK20-H4 at (A) E8.5, (C) E9.5 and (E) E10.5 and tMeK20-H4 

at (B) E8.5, (D) E9.5 and (F) E10.5, mouse sections showing the developing heart (left 

panels). Cardiac muscle is shown by myosin heavy chain immunofluorescence using an 

MF-20 antibody (center panels). Left and center panels are merged with DAPI to illustrate 

cellularity (right panels; m/tMeK20=red, MF20=green, DAPI=blue). N, nuclear staining of 

tMeK20; C, cytoplasmic background staining.
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Figure 3-10: Disrupted levels of histone H4 trimethyl lysine 20 in cardiac muscle of

calreticulin null mice.

Immunofluorescence of tMeK20-H4 (left panels) in cardiac muscle, detected by myosin 

heavy chain (MF-20, center panels), of a Crt null embryo at E10.5, with respect to DAPI 

(merged right panels) (DAPI=blue, tMeK20-H4=red and MF-20=green). Note the 

dismpted morphology of Crt -/- hearts in compassion to a wild type (WT), which is 

sectioned transversely approximately mid way through the heart. It should also be noted 

that the Crt -/- heart is much smaller and comparable to that of an E 8-9 embryo.
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Figure 3-11: Summary for histone methylation in mouse embryonic development

During mouse mid-gestation, mMeK20-H4 (blue) levels are elevated in proliferative cells 

found in higher concentration in regions such as the medial neural tube and the somite 

periphery. These elevated levels are present in both interphase and mitotic nuclei, in 

contrast to tMeK9-H3 (orange, inset), which is highly elevated in mitotic nuclei, found 

within mMeK20-H4 elevated cell populations. In contrast, tMeK20-H4 levels are 

progressively enriched in differentiating neurons found in lateral aspects of the neural tube 

and skeletal muscle cells concentrated in the myotome. These marked differences in 

mMeK20-H4 and tMeK20-H4 dynamics may be epigenetic determinants of cellular 

proliferation and differentiation required for mouse development. NT, neural tube; NC, 

notochord; Dm, dermomyotome; Sc, sclerotome; MPs, myogenic precursors; LB, limb bud.
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Discussion

Histone lysine methylation is known to occur on the amino-terminal tails of histone H3 at 

lysines 4, 9, 27 and 36, and of lysine 20 in histone H4 (Lachner et al. 2003), in addition to 

new modifications identified by mass spectrometry (Cocklin and Wang 2003). Moreover, 

the ability of lysine residues to acquire mono-, di-, and tri-methyl moieties has the potential 

to generate extensive functional diversity through the recruitment of distinct regulatory 

proteins or complexes (Fischle et al. 2003). Despite recent findings, the biological 

relevance of a histone methyl-lysine hierarchy remains poorly understood and the spatial 

distribution has not been defined for the majority of methyl states. To address this issue, 

we have used a developmental model system to examine specific methyl-histone 

derivatives in the context of cellular proliferation, specification, and terminal 

differentiation. Based on the results of this analysis, we suggest that the degree of lysine 

methylation, as well as the residue modified, demarcates distinct and dynamic chromatin 

environments at both the cellular and tissue level.

Traditionally, chromatin has been categorized as highly condensed heterochromatin

or less compact euchromatin, where the latter is considered the template for gene

expression (Weintraub and Groudine 1976; Vermaak et al. 2003). Based on this two-state

model, particular histone modifications should segregate to either of these chromatin

domains. The results presented here, which describe multiple, distinct steady-state

distributions for histone methyl-lysine derivatives (Figures 3-1 -  3-3), suggest additional

levels of organization exist. Within this scheme, the mono-methyl modifications displayed

a similar distribution to punctate foci adjacent to regions of heterochromatin, while the tri-
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methyl versions occupied chromatin domains with clear functional significance. For 

tMeK9-H3 and tMeK20-H4, this involves pericentric heterochromatin, while tMeK4-H3 

localizes to the euchromatin compartment and has recently been shown to be a specific 

epigenetic mark for active chromatin in S. cerevisiae (Santos-Rosa et al. 2002) and higher 

eukaryotes (Schneider et al. 2004). In a separate study, we have established that tMeK4- 

H3 associate with the periphery of splicing speckle (see Appendix Figure A-l), 

complementing the previous definition of speckle-associated chromatin domain that 

accumulates hyperacetylated forms of histone H3 (Hendzel et al. 1998). Taken together, 

the tri-methyl modified forms therefore appear to confer a greater influence on chromatin 

stmcture and function -  or ‘a more robust epigenetic imprint’ as suggested by Peters et al. 

(Lehnertz et al. 2003) -  than the mono-methyl lysine modified histones.

The markedly distinct locations of the mono- and tri-methyl forms can be 

accommodated in two ways. The first scenario involves a ‘static’ model where the 

conversion of mono-methyl to tri-methyl modified lysine residues occurs within a spatially 

fixed chromatin domain that is separate from the mono-methyl domains. An expectation of 

this model is that the activity of underlying HKMTase(s) is confined, which is observed for 

the Suv39hl and Suv39h2 HKMTases and their placement of the tMeK9-H3 mark on 

pericentric heterochromatin (Lehnertz et al. 2003). Notably, in the absence of both 

Suv39hl and Suv39h2, the loss of tMeK9-H3 is confined to pericentromeric 

heterochromatin where there is also a concomitant increase in mMeK9-H3 (Lehnertz et al. 

2003). Although this ‘static’ model can account for some aspects of the steady state 

distributions observed for methyl-modified histones, chromatin also exhibits both
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constrained motion and long-range movement that may also influence these patterns 

(Marshall et al. 1997; Belmont 2001; Tumbar and Belmont 2001; Vazquez et al. 2001; 

Marshall 2002; Belmont 2003; Janicki and Spector 2003). For instance, the a  and (3-globin 

genes relocate within the nucleus in response to their activation or repression status (Brown 

et al. 2001), and recombinant transgenes integrated into the same locus relocate to 

centromeric heterochromatin when silenced (Francastel et al. 1999). Similarly, recruitment 

of HP l a  to an active euchromatic locus has been shown to cause histone K9-H3 

methylation and moreover, relocation of the locus to heterochromatic regions that together 

create a repressed chromatin state (Ayyanathan et al. 2003). In this ‘dynamic’ model, the 

initial localization of the mono-methyl derivatives may constitute a staging area where the 

conversion to the tri-methyl form is accompanied by changes in chromatin localization 

within the nucleus. Importantly, this could account for the marked changes in mMeK20- 

H4 and tMeK20-H4 observed in embryogenesis where global changes in gene activity 

during cell differentiation would be expected to cause changes in the levels and 

distributions of methyl-lysine derivatives. Thus, the differences in distribution of methyl- 

modified histones noted here suggest they have the potential to define regional chromatin 

specialization within the nucleus.

Dynamics of histone lysine methylation in development

A key element of the model system used here is its access to a broad range of cell-types

at various levels of commitment and differentiation. Within this paradigm, the behavior

of tMeK9-H3, mMeK20-H4, and tMeK20-H4 has provided novel insight into methyl -

histone biology and its potential roles in development. In the case of tMeK9-H3, this was
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revealed by its marked elevation in mitotic cells and its absence in interphase cells lining 

the neural tube lumen, which is underscored in comparison with the uniform labeling of 

the neuroepithelium with mMeK9-H3 (Figure 3-4 C and D). Given this distribution of 

tMeK9-H3, we suggest it constitutes a novel and specific epigenetic mark for cell 

proliferation in development. This behavior also reveals an unforeseen dynamic range 

for a methyl histone modification that is consistent with changes in tMeK9-H3 in cell 

culture (McManus et al. 2006). In such experiments, the analysis of tMeK9-H3 levels in 

synchronized populations by flow cytometry, immunoblot analysis, and quantitative 

imaging clearly indicates a loss of signal intensity as cells leave mitosis. Moreover, this 

decline is delineated from replication-associated histone deposition or transcription- 

coupled histone replacement, and suggests some other mechanism must account for 

removal of the tMeK9-H3. In this regard, the dramatic, genome-wide loss of tMeK9-H3 

raises the possibility of its removal by a histone demethylase. Recent data that was not 

available at the time this research project was undertaken, suggests the possibility of such 

an enzyme. The flavin-dependent amine oxidase LSD1 was the first discovered histone 

lysine demethylase, shown to specifically demethylate H3 mono- and diMeK4 or H3 

diMeK9 (Fomeris et al. 2005; Shi et al. 2005). As mentioned in chapter 1, a second 

demethylase was identified shortly after, namely JmjC-containing histone demethylase 1 

(JHDM1), which demethylates H3 mono- and diMeK36 through a reaction mechanism 

that is distinct from LSD1 (Yamane et al. 2006). More recently, a related protein named 

Jmjd2b has been shown to mediate the removal of tMeK9-H3 (Fodor et al. 2006), which 

could account for the tMeK9-H3 changes shown here.
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The analysis of histone K20-H4 methylation also revealed unforeseen dynamics 

in the post-translational modification of histones that suggest an epigenetic role in cell 

differentiation. In particular, this involves an inverse relationship between mMeK20-H4 

and tMeK20-H4, where the latter becomes progressively enriched in regions that 

correspond to differentiating cell populations -  notably, those undergoing neurogenesis 

and myogenesis. Importantly, tMeK20-H4 levels have been shown to increase in aged 

tissue and growth arrested cells in comparison to logarithmically growing cells when 

assessed using chromatography and that this increase was not observed for mono- or di- 

methylated species (Sarg et al. 2002). Moreover, a recent study showed that tMeK20-H4 

levels increase in serum-starved murine fibroblasts using an independently derived 

tMeK20-H4-specific antibody (Kourmouli et al. 2004). Taken together with the fact that 

histone K20-H4 methylation is not present in S. cerevisiae, but is found in higher 

eukaryotes such as Drosophila, mouse and human, this modification is likely involved in 

more complex developmental processes (Fang et al. 2002; Maison et al. 2002; Nishioka 

et al. 2002). In this regard, MeK20-H4 provides an important model system to evaluate 

the contribution of histone lysine methylation to the epigenetic control of cell 

differentiation and its influence on higher order chromatin organization during this 

process.

An examination of the distributions of K20-H4 methylation during neurogenesis has 

revealed important insight into the function of K20-H4-mediated chromatin dynamics and 

its role in development. The elevation of mMeK20-H4 in proliferating neural cells 

suggests this modification mediates a cell-cycle function that is not lineage restricted
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because this distribution pattern was apparent throughout all other proliferating cell types in 

the embryo. The preferential enrichment of tMeK20-H4 in differentiated neurons found in 

the ventrolateral neuroepithelium indicates that this modification has a cell-type specific 

role that is associated with this neuronal pool, which is largely comprised of motor neurons. 

In support of a role for tMeK20-H4 in neuronal subtypes, a specific enrichment of this 

modification was observed in the differentiated chick ganglion cell layer at embryonic day 

16. Importantly, as other retinal cell types are differentiated at this stage, this result 

demonstrates that tMeK20-H4 elevation is not a common feature of all neuronal 

differentiation events. We propose that tMeK20-H4 is involved in cell-type specific 

epigenetic regulation of differentiation and as such it will be important to identify the 

molecular players in this pathway.

Recent studies provide a connection between CRT and histone lysine methylation.

CRT resides in the endoplasmic reticulum where it regulates the cytoplasm concentration

2+  2+  of Ca , which activates Calcineurin (CaN) at elevated levels of Ca (Lynch et al. 2005).

Activated CaN then phosphorylates myocyte enhancer factor 2C (MEF2C), a transcription

factor important for specification of the primordial heart tube (Harvey 1999), inducing its

translocation to the nucleus. In turn, MEF2C directly regulates the expression of Smydl

(Phan et al. 2005), a SET domain gene specifically required for cardiac development

(Gottlieb et al. 2002). Moreover, it appears that mice deficient for either CRT, MEF2C, or

Smydl display similar cardiac pathology (Lynch et al. 2005; Phan et al. 2005), with a

failure to undergo looping morphogenesis and right heart development (Lin et al. 1997). In

this regard, it is possible that deregulated Smydl expression is responsible for the depletion
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of tMeK20-H4 in CRT-deficient cardiomyocytes. Because the methyl-lysine specificity of 

Smydl if histone H3-K4 specific, it could potentially mediate an effect on tMeK20-H4 

through indirect mechanism (Tan et al. 2006).

The majority of HKMTases are characterized by the presence of the SET/PR 

methyltransferase domain and there are potentially more than fifty of these enzymes 

encoded by the human genome (Amey et al. 2002). For the most part, however, it is not 

clear which lysine residue a given HKMTase modifies and this paucity also applies to how 

these enzymes catalyze the addition of mono-, di-, or tri-methyl moieties. For instance, 

ESET/SETDB1 has been shown to catalyze the formation of tMeK9-H3 from a di-methyl 

substrate (Fischle et al. 2003), yet it is not known which enzyme carries out the initial 

mono-methylation, and a similar scenario applies to S. cerevisiae Setl (Santos-Rosa et al. 

2002). Regardless of these gaps in mechanistic knowledge, there are clear biological 

consequences associated with HKMTase loss-of-function that support non-redundant roles 

for these enzymes during development (Yu et al. 1995; Peters et al. 2001; Tachibana et al. 

2002; Erhardt et al. 2003; Rayasam et al. 2003). Importantly, such distinct functions are 

supported by the temporal and spatial differences in histone lysine methylation noted here, 

and by studies that analyze mono-, di-, and tri-methyl K9 histone H3 in cells lines lacking 

both Suv39hl and Suv39h2 or G9a HKMTases (Lehnertz et al. 2003). Finally, our results 

highlight the need to characterize patterns of histone lysine methylation in vivo, particularly 

in the emerging number of HKMTase knockout mice, which will greatly advance our 

understanding of HKMTase substrate specificities and the functional relationships between 

mono-, di-, or tri-methylation.
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Chapter 4 ♦ Lineage specific genome-wide distributions and 
dynamics of histone lysine methylations

Portions of this chapter have been published or are being prepared for publication in:

1. Vincent L. Biron, Kirk J.McManus, Ninghe Hu, Michael J. Hendzel and D. Alan 

Underhill. (2004) Distinct dynamics and distribution of histone methyl-lysine derivatives in 

mouse development. Dev Biol 276 (2), 336-50

2. Vincent L. Biron and D. Alan Underhill. Genome-wide distributions and dynamics of 

histone methyl-lysine derivatives in skeletal muscle differentiation. In preparation
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Introduction

Lysine methylation of histones is associated with distinct chromatin domains and is 

dependent on the position and state of the modified residue. For instance, tMeK9-H3, 

mMeK27-H3 and tMeK20-H4 are associated with pericentric heterochromatin, tMeK27- 

H3 and mMeK20-H4 are associated with facultative heterochromatin, and tMeK4-H3 is 

found exclusively in active euchromatin. These modifications have been shown to 

dynamically regulate gene promoters during development and also display cell-type 

variability with respect to their association with repetitive elements (Margueron et al. 2005; 

Martens et al. 2005). The role of these modifications in vivo is not entirely understood and 

requires a comprehensive genome-wide description by imaging and chromatin 

immunoprecipitation approaches. In this chapter, the in situ distributions of histone 

methyl-lysine residues were investigated during cell differentiation using myogenic 

models.

The concept that chromatin modifying-enzymes are essential modulators of 

differentiation stems largely from studies using skeletal muscle cell lines. These cell lines 

can be grown under conditions of proliferation and induced to undergo robust 

differentiation. Importantly, the molecular mechanisms that have been uncovered using 

skeletal muscle cultures are applicable to in vivo systems (McKinsey et al. 2001; McKinsey 

et al. 2002). In this regard, much of what is known about chromatin dynamics in 

myogenesis pertains to changes in histone acetylation. For instance, the myogenic 

regulators Myod and MEF2 have been shown to interact with HATs and HDACs for the 

activation and repression of target genes respectively (McKinsey et al. 2001). By directing
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the chromatin modifying activities of HATs and HDACs, Myod and MEF2 can 

differentially regulate gene expression in a context dependent manner to regulate gene 

programs that dictate either myocyte proliferation or differentiation. In addition, the 

expression of class II HDACs 4, 5, 7 and 9 is enriched in the heart, skeletal muscle, and 

brain, while class I and III HDACs appear to be ubiquitous (McKinsey et al. 2002). This 

would suggest that these cell lineages may have unique genome deacetylation 

requirements, which may extend to other histone modifications. Consistent with this idea, 

these three lineages are characterized by visible changes in histone H4-K20 methyl 

derivatives during mouse embryogenesis (Chapter 3).

A role for histone lysine methylation in myogenesis is emerging. In early muscle 

differentiation, the myogenin promoter has been shown to be repressed through histone H3- 

K9 methylation and is later activated by acK9-H3 (McKinsey et al. 2002). MEF2 regulates 

this promoter by coordinated regulation of acetylation and methylation, a process that 

occurs through HP1-HDAC/ HPl-Suv39Hl HKMTase interactions (Yamane et al. 2006). 

The histone methyltransferase Ezh2 has also been shown to repress the myogenic program 

through methylation of histone H3-K27, with loss upon differentiation (Caretti et al. 2004). 

Therefore, there appears to be important regulatory events in myogenesis that are 

dependent on histone lysine methylation, which function in the epigenetic maintenance of 

this lineage.

Recently, we have shown that in the myotome and neuroepithelium of the mouse 

embryo, the levels of mMeK20-H4 are progressively lost with a concomitant increase in 

tMeK20-H4 over the course of differentiation (Biron et al. 2004). In this chapter, we have
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examined a broad range of histone methyl-lysine derivatives during myogenesis. Using 

mouse C2C12 cells and primary limb bud cultures, 14 histone methyl-lysine derivatives are 

examined in skeletal myogenesis. In addition to further refining changes in K20-H4 

derivatives, we found that methyl modifications involving K20-H4, K36-H3 and K79-H3 

exhibited differences as cells progressed from myoblasts to multinucleated myotubes.

Results

Histone lysine methylation dynamics during skeletal muscle differentiation

We examined the distribution of 14 methyl-lysine antibodies in C2C12 cells following 1, 3, 

or 7 days of serum withdrawal-induced differentiation. C2C12 cells are mouse skeletal 

muscle cells, which have have been widely used to study muscle differentiation. Gross 

microscopic examination of interphase nuclei over the course of differentiation revealed 

methyl derivatives of histone H3 and H4 underwent nuclear-wide changes, while other 

methyl-lysine species appeared relatively static. In each case, three-dimensional 

immunolocalization data was obtained with respect to DAPI-rich heterochromatin domains, 

over the course of differentiation. Importantly, this well established marker also provides a 

standard for nuclear staining, taking into account the amount of heterochromatin of each 

nucleus and the cell cycle stage.

Static methyl-lysine derivatives

The interphase distributions mMeK4-H3, dMeK4-H3, tMeK4-H3, dMeK23-H3, mMeK9-

H3, tMeK9-H3 and tMeK9-H3S10p antibodies displayed relatively static distributions over

the course of differentiation. All of these antibodies with the exception of tMeK9-H3 and
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tMeK9-H3S10P were enriched in domains outside of DAPI-rich pericentric 

heterochromatin. A detailed analysis of the distributions of tMeK4-H3, dMeK23-H3, 

tMeK9-H3 and K9-H3S10p antibodies is shown in Figure 4-1. Based on these 

immunofluorescence findings, we suggest these methyl-lysine derivatives are not involved 

in significant genome-wide chromatin rearrangements during muscle differentiation. It is 

possible, however, that these modifications are involved in locally dynamic processes that 

are not detectable in our analysis.

Dynamic distributions o f H4 K20 methylation

The three dimensional distributions of histone H4 mono-, di- and tri-methyl K20 displayed 

significant dynamics over the course of skeletal muscle differentiation (Figure 4-2). 

Importantly, these antibodies initially detected chromatin structures consistent with 

previous reports that used different antibodies directed against the same antigens 

(Kourmouli et al. 2004; Schotta et al. 2004). In undifferentiated C2C12 myoblasts at day 1, 

mMeK20-H4 was found in two large non-heterochromatic domains that coincided with the 

nuclear and nucleolar periphery in > 95% of interphase cells, as well as in hundreds of 

smaller foci found throughout the nucleoplasm (Figure 4-2 A). However, during the course 

of differentiation (day 3-7), there was a dramatic loss of the large mMeK20-H4 

accumulations, while smaller foci were retained. The disappearance of large mMeK20-H4 

accumulations also coincided with an overall depletion of mMeK20-H4 levels as detected 

by immunoblot analysis (Figure 4-5). As a result, the highest levels of mMeK20-H4 are 

associated with the proliferative state at day 1, which is consistent with an elevation of 

H3S10p, a modification associated with mitotic chromosomes (Figure 4-5). Although
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dMeK20-H4 levels were relatively static by immunoblot analysis (Figure 4-5), its 

subnuclear distribution was altered during C2C12 differentiation (Figure 4-2 B). In ~ 80 % 

of proliferating myoblasts at day 1, an enrichment of dMeK20-H4 was found in nucleoli 

(Figure 4-2 B, arrows), and this distribution was completely lost by day 3 of serum 

withdrawal. Interestingly, all nuclei with dMeK20-H4 nucleolar enrichment were positive 

for Myod, a central regulator of myogenesis, but not all Myod-positive nuclei had nucleolar 

dMeK20-H4 (Figure 4-2 D). This could suggest a link between MyoD levels and 

chromatin changes that result in nucleolar enrichment of dMeK20-FI4. As noted 

previously, tMeK20-H4 remained enriched in pericentric heterochromatin domains as 

defined by DAPI, which increased in size over the course of differentiation (Figure 4-2 C). 

Consistent with this observation, tMeK20-H4 levels increased during differentiation when 

analyzed by immunoblot analysis. Significantly, this analysis reveals gross changes in 

histone K20-H4 methylation status during skeletal muscle differentiation and suggests 

distinct roles for the mono-, di- and tri-methyl modifications in the epigenetic regulation of 

muscle differentiation.

Dynamic distributions ofH3 K36 methylation

The subnuclear distributions of mMeK36-H3 and tMeK36-H3 remained relatively static 

over the course of differentiation, maintaining punctate distributions excluded from DAPI- 

rich heterochromatin (Figure 4-3), and their levels did not change appreciably during 

differentiation when monitored by immunoblot analysis (Figure 4-5 A). However, in 

differentiated cells at days 3 and 7, some nuclei had an absence of mMeK36-H3. In 

addition, nuclei within the same myotube had dramatic differences in their levels of
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mMeK36-H3. Given the static levels of mMeK36-H3 in immunoblot blots, the overall 

change in global nuclear mMeK36-H3 immunodetection may represent a chromatin 

reorganization event generating a masked epitope during differentiation. However, the 

number of nuclei displaying an absence of mMeK36-H3 may not be within the detection 

range of immunoblot analysis -  1.9% depletion at day3 and 17.8% depletion at day 7. 

Nevertheless, the strikingly different levels of mMeK36-H3 within nuclei of the same 

myotube would indicate they might have different epigenetic profiles.

Dynamic distributions of H3 K79 methylation

Immunodetection of mMeK79-H3 and tMeK79-H3 was dramatically reduced in the 

nucleus of differentiated C2C12 cells, but revealed an elevated signal in the cytoplasm 

(Figure 4-4). In contrast, dMeK79-H3 levels retained a relatively static genome-wide 

distribution with no cytoplasmic signal over the course of differentiation (Figure 4-4 B). 

Nevertheless, the levels of mMeK79-H3 and tMeK79-H3 appeared to remain static when 

measured by immunoblot analysis or nuclear protein (Figure 4-5 A), indicating that 

antigens are preserved. The disparity in detection of these modifications by 

immunofluorescence and immunoblot blotting may be explained by an epitope masking 

event occurring either through a reorganization of m/dMeK79-H3-rich chromatin, or 

tenacious protein binding to these domains arising during skeletal muscle differentiation.

The cytoplasmic localization of mMeK79 and tMeK79 antibodies displayed a repetitive 

banding pattern reminiscent of the distribution of myosin heavy chain (MHC) in muscle 

sarcomeres. We therefore examined the relative localization of MHC, with respect to 

mMeK79-H3 and tMeK79-H3. Extensive cytoplasmic co-localization was observed
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between MHC and mMeK79-H3 and tMeK79-H3 in multinucleated C2C12 cells (Figure 

4-4). Immunoblot blots comparing cytoplasmic C2C12 extracts from proliferating versus 

differentiating cells indicate prominent reactivity of mMeK79-H3 and tMeK79-H3 with a 

non-histone protein in differentiated extracts that could correspond with an MHC-specific 

band (Figure 4-4 B). In contrast, tMeK4-H3, mMeK20-H4, and tMeK20-H4 antibodies 

did not detect any protein in C2C12 whole cell extracts, which do not contain concentrated 

histones detected by these antibodies (data not shown). These results nevertheless suggest 

that mMeK79-H3 and tMeK79-H3 antibodies detect a similar lysine methylation epitope 

associated with the sarcomere that is elevated upon muscle differentiation. This could 

possibly represent the signature of a histone methyltransferase with dual specificity for 

nuclear and cytoplasmic lysine methylation targets. One such HKMTase may be Ezh2, 

which methylates K27-H3 and also associates with cytoplasmic actin (Yamane et al. 2006), 

a protein that is also enriched in sarcomeres.

K20-H4 methylation analysis in mouse primary cultures

We next examined whether the K20-H4 methylation dynamics seen in skeletal myogenesis 

is a common property of all differentiating cells types (see Chapter 3). We therefore 

investigated the dynamics of histone H4-K20 methylation in a mouse primary culture 

system that contains a range of differentiating cell types. During the initial phase of these 

cultures, mitotically active myoblasts are present and eventually differentiate into 

multinucleated myotubes, which can be discerned by light microscopy as elongated cells 

with 3 or more nuclei by approximately day 3. In addition, chondrogenic precursors 

aggregate and form visible nodules as early as day 2. This system therefore enabled a more
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rigorous investigation of K20-H4 methylation levels over the course of myogenesis in 

comparison to non-muscle lineages in the same culture. For mMeK20-H4, although its 

levels were highly variable between cells, its signal intensity in multinucleated myotubes 

was consistently at the lower end of this range at both day 5 and day 7 of culture (Figure 4- 

6 A, B). In contrast, tMeK20-H4 levels were noticeably elevated in day 5 myotubes and 

increased further by day 7 (Figure 4-6 C, D). As a control, mMeK4-H3, tMeK4-H3 and 

mMeK9-H3 levels were not enriched in any particular cell lineage, while tMeK9-H3 was 

markedly elevated in mitotic chromosomes, consistent with their behavior in embryos 

(Chapter 3). Moreover, there was no connection between histone K20-H4 methylation and 

cell differentiation in chrondrocytic nodules where both the mono- and trimethylated states 

were randomly elevated from day 3-7 (Figure 4-7), further supporting a specific role for 

K20-H4 methylation in myogenesis. Slight fluctuations in chrondrocytic nodules may be 

due to cell cycle related variations that occur throughout the primary culture (Figure 4-7). 

As expected, mMeK20-H4 levels are more often elevated in bromodeoxyuridine (BrdU) 

positive nuclei, whereas tMeK20-H4 levels are lower (Figure A-2). The relationship 

between K20-H4 methylation and myogenesis was corroborated by examining mMeK20- 

H4 and tMeK20-H4 signal intensities in MF20-positive muscle cells (Figure 4-6 E, F). In 

59 randomly scored MF20-positive cells (day 3), all nuclei had mMeK20-H4 levels in the 

lowest 33% of signal intensity (Figure 4-6 G), which was in marked contrast to tMeK20- 

H4 where levels were in the upper two-thirds of intensity values in 98% (44/45) of MHC- 

positive cells. These data indicate that, while global mMeK20-H4 levels decrease in 

differentiating myotubes, tMeK20-H4 levels increase, and therefore parallels their behavior
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in developing mouse neuroepithelium and striated muscle (Chapter 3). Taken together, the 

unique behavior of histone H4-K20 methyl derivatives during myogenesis suggests that 

these modifications play a lineage specific role in differentiation.
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Figure 4-1: Immunfluorescence of select histone lysine methylations showing static 

distributions throughout C2C12 muscle differentiation.

Immunofluorescence in C2C12 cells following 1, 3, or 7 days of differentiation induced by 

serum withdrawal. Antibody stain is shown in left panels, DAPI stain in center panels and 

merged in right panels (antibody=red, DAPI=green). The three dimensional distributions 

of methylations relative to antibodies are shown in the z-y and z-x axes on the bottom and 

to the right of each image panel, respectively. A) tMeK9-H3, B) tMeK9-H3S10p, C) 

tMeK4-H3 and D) dMeK23-H3, all showing genome wide distributions not associated with 

pericentric heterochromatin. Note the distribution of tMeK9-H3 with this antibody is not 

consistent with localization reported in the literature as shown in Figure 3-2, but more 

closely resembles the distribution of dMeK9-H3.
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Figure 4- 2: Immunofluorescence analysis of MeK20-H4 over the course of skeletal 

muscle differentiation.

Immunofluorescence in C2C12 cells following 1, 3, or 7 days of differentiation induced by 

serum withdrawal. Antibody stain is shown in left panels, DAPI stain in center panels and 

merged in right panels (antibody=red, DAPI=green). The three dimensional distributions 

of methylations relative to antibodies are shown in the z-y and z-x axes on the bottom and 

to the right of each image panel, respectively. A) mMeK20-H4 levels progressively 

decrease over the course of differentiation, with large aggregates (arrows) disappearing 

during differentiation. C) In contrast, tMeK20-H4 levels progressively increase. B) An 

enrichment of dMeK20-H4 is seen in nucleoli of proliferating cells (dayl), which is not 

seen in differentiating cells. D) Immunolocalization of dMeK20-H4 (red), with respect to 

Myod (green) and DAPI (blue), merged in the rightmost panel.
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Figure 4- 3: Immunofluorescence analysis of MeK36-H3 over the course of skeletal 

muscle differentiation.

Immunofluorescence in C2C12 cells following 1, 3 or 7 days of differentiation induced by 

serum withdrawal. Antibody stain is shown in left panels, DAPI stain in center panels and 

merged in right panels (antibody=red, DAPI=green). The three dimensional distributions 

of methylations relative to antibodies are shown in the z-y and z-x axes on the bottom and 

to the right of each image panel, respectively. A) Subnuclear distribution of mMeK36-H3 

is maintained with respect to DAPI, however some nuclei are depleted of this methylation

B) following 7 days of differentiation, with significant differences in levels between nuclei 

of the same myotube. C) tMeK36-H3 remains relatively unchanged over the course of 

differentiation. D) Quantification of mMeK36-H3 depletion in C2C12 nuclei. The 

percentage of nuclei depleted for mMeK36-H3 in mononuclear and polynuclear cells was 

obtained from 265 nuclei at day 3 and 163 nuclei at day 7 of differentiation.
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Figure 4- 4: Immunofluorescence analysis of MeK79-H3 over the course of skeletal 

muscle differentiation.

Immunofluorescence in C2C12 cells following 1, 3, or 7 days of differentiation induced by 

serum withdrawal. Antibody stain is shown in left panels, DAPI stain in center panels and 

merged in right panels (antibody=red, DAPI=green). The three dimensional distributions 

of methylations relative to antibodies are shown in the z-y and z-x axes on the bottom and 

to the right of each image panel, respectively. At day 1, m/d/tMeK79-H3 are distributed in 

the nucleoplasmic interior excluded from heterochromatin (A-C). mMeK79-H3 and 

tMeK79-H3 levels are significantly depleted upon differentiation (B, C) and antibodies co- 

localize with myosin heavy chain (MF20).
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Figure 4- 5: Immunoblot analysis of select histone methyl-lysines in differentiating

C2C12 cells.

Immunoblot blot analysis of acid extracted histones from C2C12 cells over the course of 

differentiation. A coomassie stain is shown to indicate histone levels. A progressive 

increase in tMeK20-H4 and decrease in mMeK20-H4 is seen over the course of 

differentiation. Relatively static levels of mMeK79-H3, tMeK79-H3 and mMeK36-H3 in 

immunoblot blots may indicate chromatin changes in vivo that alter antibody epitope 

accessibility in immunofluorescence. H3S10p is detected as an indicator of proliferation.
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Figure 4- 6: Muscle specific changes in H4 mono- and trimethyl lysine 20 levels in

mouse primary limb bud cultures.

Mouse primary limb bud cultures derived from E10.5 embryos were analyzed at day 5 (A,

C) and day 7 (B, D) for the distribution of mMeK20-H4 (A, B) and tMeK20-H4 (C, D) 

(TRITC column) with respect to DAPI (left column). The relationship between (E) 

mMeK20-H4 and (F) tMeK20-H4 (TRITC), DAPI and MF20 (FITC) positive cells is 

shown in merged images (red: TRITC, blue: DAPI, green: FITC). (G) MF20 positive 

nuclei were analyzed in twenty-five 40x field images (as shown in E and F) for the relative 

intensity distributions of mMeK20-H4 and tMeK20-H4, which were scored as being in 

either the lower, middle, or upper third of intensity values.
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Figure 4- 7: Histone H4-K20 methylation in differentiating chondrocytes derived 

from mouse primary limb bud cultures.

Differentiating chrondocytes in primary cultures from E10.5 mouse limb buds are shown in 

nodules of DIC images. Cultures were stained by immunofluorescence with A) mMeK20- 

H4 or B) tMeK20-H4 with respect to DAPI. Merged images are shown in rightmost panels 

(antibody=red, DAPI=green). Trimethylated H4-K20 appears to be preferentially elevated 

at the periphery and mMeK20-H4 in the center of the nodule, however, this is due to the 

plane in which these images are taken in an elevated nodule.
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Discussion

Distinct histone methyl-lysine residues are dynamic in skeletal muscle differentiation

Several studies have examined global gene expression patterns over the course of C2C12 

myogenesis (Moran et al. 2002; Shen et al. 2003; Tomczak et al. 2004). Although different 

experimental approaches were taken, these studies all revealed that the transition from 

myoblast proliferation to differentiation is characterized by large-scale gene activation and 

repression events. This study provides a nuclear imaging perspective to the global gene 

regulation dynamics occurring during C2C12 myogenesis.

Euchromatic rearrangements during differentiation

Methylations of lysines 4, 36 and 79 on histone H3 are hallmarks of active chromatin and 

have non-overlapping genic distributions that are thought to coordinate distinct 

transcriptional events (Farris et al. 2005). Specifically, d/tMeK4-H3 is enriched at the 5’ 

end of genes and promotes initiation (Schneider et al. 2004), a gradient of MeK79-H3 that 

decreases 5 ’to 3’ is associated with elongation, and d/tMeK36-H3 elevation at the 3’ end is 

thought to regulate elongation-termination and possibly co-transcriptional splicing (Krogan 

et al. 2003; Bannister et al. 2005; Kizer et al. 2005). Consistent with their roles in 

transcriptional activation, the subnuclear distributions of tMeK4-H3, d/tMeK79-H3 and 

tMeK36-H3 are not associated with DAPI-rich heterochromatin (Figures 4-1 C, 4-3 and 4- 

4). While the transcriptional function of monomethylated species of these residues is not 

clear, their distributions shown here suggest that these modifications are largely excluded 

from constitutive heterochromatin domains.
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The marked difference in immunofluorescence intensity of mMeK36-H3 in nuclei of 

the same myotube in differentiated muscle could have interesting implications. This 

disparity between nuclei could suggest there are epigenetic differences between nuclei 

exposed to the same cytoplasmic environment. Heterokaryon analysis suggests that a 

critical dosage of nuclei in muscle cells may be required such that an elevation of trans­

acting factors could negatively affect the rate of gene expression (Pavlath and Blau 1986). 

The finding that mMeK36-H3 levels are depleted in a subset of terminally differentiated 

myotubes (Figure 4-3) may be a consequence of muscle cell fusion whereby cytoplasmic 

factors initially repress mMeK36-H3 methylation until the cell adjusts its levels appropriate 

to the number of nuclei present. Alternatively, these depletions may represent a cell-cycle 

mediated event of chromatin condensation/decondensation. At present, the function of 

mMeK36-H3 is speculative but our analysis suggests it has a unique epigenetic role during 

myogenesis.

We also observed depletion in nuclear staining of mMeK79-H3 and mMeK79-H3 upon 

differentiation. The decreased nuclear signal could be the result of a protein binding event 

that masks the mMeK79 and tMeK79-H3 epitopes, as our immunoblot blot analysis 

suggests these antigens remain relatively constant throughout differentiation. In yeast, Sir 

proteins bind to K79-H3 in telomeric silencing to prevent its methylation (Yamane et al. 

2006). In the DNA damage response, 53BP1 is recruited to DSBs through dMeK79-H3 via 

its Tudor domains (Huyen et al. 2004). As the levels of dMeK79-H3 remain unchanged 

following DNA damage, 53BP1 recruitment occurs by increasing the accessibility of
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dMeK79-H3, an event that is thought to be attributed to a loss in higher order chromatin 

structure (Huyen et al. 2004). In this regard, it is possible that an apparent loss in mMeK79 

and tMeK79-H3 is a result of higher order chromatin folding events that mask these 

epitopes. Consistent with such an event are our observations of accumulating 

heterochromatin-associated histone H4 methyl-lysines and changes in DAPI staining over 

the course of skeletal muscle differentiation.

The increased sarcomere-associated signal of mMeK79-H3 and tMeK79-H3 antibodies 

during muscle differentiation could represent the signature of an HKMTase with both 

nuclear and cytoplasmic targets. The only enzyme with known specificity for MeK79-H3 

is Dotl and it is not currently known whether this HKMTase has cytoplasmic targets. 

Nevertheless, it is becoming increasingly apparent that HKMTases, like PRMTases, can 

methylate non-histone targets. For instance, Set7/9 can specifically lysine methylate p53 

and TAF10 transcription factors (Chuikov et al. 2004; Kouskouti et al. 2004). Ezh2 can 

methylate histone H3-K27 in the nucleus, and can also regulate actin polymerization in the 

cytoplasm where it is dependent on functional HKMTase activity (Caretti et al. 2004; 

Yamane et al. 2006). Notably, a-actin levels are dramatically upregulated in C2C12 cells 

following 2 days of differentiation (Shen et al. 2003) and its sequence contains similarity to 

the histone H3-K79 flanking region which could present a similar epitope if it were lysine 

methylated. Interestingly, the Ezh2 HKMTase methylates tMeK27-H3 during muscle 

proliferation, and upon differentiation dissociates from its targets (Caretti et al. 2004). It is 

tempting to speculate that this dissociated complex may function in cytoplasmic actin 

polymerization during muscle differentiation. Cross-talk between the sarcomere and gene
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regulation have been suggested, but the underlying mechanisms remain elusive (Kuwahara 

et al. 2005). Taken together, it is possible that the sarcomere-associated elevation in 

mMeK79 and tMeK79 antibody signals represent sarcomere protein methylation by the 

action of a protein lysine methyltransferase that remains to be identified. Like protein 

arginine methylation, lysine methylation could be a more widespread mechanism of protein 

regulation whereby its methyltransferases may have both histone and non-histone targets.

Dynamic K20-H4 methylation during differentiation

Our analysis of histone H4-K20 methylation demonstrates that all three methylation states 

on this residue undergo marked changes during skeletal muscle differentiation. Upon 

C2C12 differentiation, we observed a loss of monomethyl-rich nuclear aggregates and 

dimethylated nucleolar enrichments, with a progressive increase in pericentromeric 

heterochromatin-associated trimethylation. The concomitant dynamics of all three 

methylation states suggest interdependence between some of these modifications, 

consistent with previous reports (Julien and Herr 2004; Karachentsev et al. 2005) and 

results in Chapter 3. Moreover, our results suggest that each methylation state of histone 

H4-K20 confers distinct chromatin states. Given the proposed ability of the H4 tail to 

participate in inter-nucleosomal interactions (Luger et al. 1997), it is possible that each 

MeK20-H4 derivative provides unique structural properties that enable distinct higher- 

order chromatin folding or protein binding events.

The increase in tMeK20-H4 observed in myotubes may facilitate the formation 

and/or maintenance of pericentromeric heterochromatin during differentiation. This is 

consistent with previous immunofluorescence and electron microcopy analyses of rat L6E9
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muscle cells where centromeric heterochromatin underwent an increase in size and 

relocated to more peripheral regions of the nucleus in the myoblast (day 1) to myotube (day 

7) transition (Chaly and Munro 1996). Likewise, previous biochemical experiments have 

shown that there are gross structural changes in chromatin during chick muscle 

differentiation (Wiid et al. 1988), and in the differentiation of various neural lineages 

(Kuenzle et al. 1983). Recently, pericentromeric heterochromatin domains have also been 

observed to undergo large-scale movements that are specific the Purkinje cells (Solovei I et 

al 2004). Our results are therefore consistent with a model whereby tMeK20-H4 

contributes to changes in chromatin stmcture that are required for -  or contribute to -  cell 

differentiation during development. In this capacity, it is interesting to note that 

components of the tMeK9-H3 pathway are required to mediate silencing of cell cycle 

control genes during C2C12 differentiation (Ait-Si-Ali et al. 2004). Taken with the 

suggestion that the tMeK9-H3 and tMeK20-H4 marks may be interdependent (Kourmouli 

et al. 2004), the localization of tMeK20-H4 to pericentromeric heterochromatin may reflect 

a role in the stable silencing of genes that are not involved in the maintenance or function 

of differentiated cell-types.

Multiple lines of evidence suggest an important role for K20-H4 monomethylation in 

cell cycle regulation. Recently, Pr-Set7 was shown have high specificity for the catalysis 

of mMeK20-H4 (Xiao et al. 2005). Independent studies have shown that Pr-Set7 regulates 

K20-H4 methylation levels throughout the cell cycle, which is required for mitosis (Rice et 

al. 2002; Karachentsev et al. 2005). Consistent with these findings, we show that 

proliferating myoblasts have elevated mMeK20-H4 that is significantly depleted upon
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mitotic exit and cell differentiation. In addition, the distribution of mMeK20-H4 in 

proliferating cells is enriched in two large domains with irregular morphology resembling 

chromosome territories, an association that is lost as cells exit the cell cycle and undergo 

differentiation. Importantly, these accumulations have been reported to represent the 

inactive X  (Xi) chromosome (Kohlmaier et al. 2004; Schotta et al. 2004). In support of the 

Xi having a function in myoblast proliferation, Ezh2-dependent trimethylation of K27-H3, 

also a mark of Xi, is lost during myoblast differentiation (Caretti et al. 2004). Moreover, 

Pr-Set7 suppressor of variegation activity has been shown to be associated with Drosophila 

chromosome 4, an autosome that has characteristics of the Xi (Larsson et al. 2001; 

Karachentsev et al. 2005). Interestingly, the persistence of histone H4-K20 

monomethylation in Pr-Set7 deficient Drosophila cells suggests this modification can be 

stable over several days and cell generations (Karachentsev et al. 2005). The loss of 

monomethylation upon differentiation observed in culture could therefore be due to either 

conversion of this modification to higher methylation states, the action of a demethylase, 

which remains to be identified for histone H4-K20, or nucleosome replacement. Taken 

together, mMeK20-H4 appears to play an epigenetic and cell-cycle regulatory role that is 

chromosome specific. This function may be manifest through heterochromatin silencing of 

cell-cycle genes, checkpoint control or regulation of chromosome segregation, as suggested 

by Karachentsev et al. (Karachentsev et al. 2005).

The nucleolar enrichment of dMeK20-H4 in Myod positive myoblasts provides 

additional clues to histone H4-K20-mediated gene regulation during differentiation. As the 

levels of dMeK20-H4 were not measurably altered during differentiation, this transient
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enrichment may underlie chromatin rearrangements involving loci coordinately regulated 

by the nucleolus. For example, ribosomal DNA loci are localized to the nucleolus where 

they are spatially regulated. A transient enrichment of dMeK20-H4 in this region could 

repress genes involved in muscle differentiation as the cells are proliferating. It is worth 

noting here that we have also observed an enrichment of histone H3.3 in the nucleolus 

(data not shown), with a distribution pattern similar to that of dMeK20-H4, however, the 

localization of this H3.3 antibody does not correspond with localization of H3.3-GFP (MJ. 

Hendzel, personal communication).

The progressive elevation of tMeK20-H4 associated with pericentromeric 

heterochromatin during muscle differentiation is consistent with several reports and has 

important implications. During skeletal muscle differentiation, pericentromeric 

heterochromatin foci coalesce in a DNA-methylation-dependent process, thereby 

increasing in size through large scale chromatin rearrangements (Brero et al. 2005). In 

Purkinje cell post-natal differentiation, large scale movements of pericentromeric 

heterochromatin have also been described (Solovei et al. 2004) Interestingly, although both 

tMeK9-H3 and tMeK20-H4 have been shown to have an association with pericentromeric 

heterochromatin, we have shown that only tMeK20-H4 levels increased over the course of 

skeletal muscle differentiation (Shown with 2 distinct tMeK9-H3 antibodies, Chapters 3/4). 

Although the enzymes that catalyse histone H4-K20 and H3-K9 trimethylation are linked 

(Schotta et al. 2004), distinct enrichments of tMeK9-H3 and tMeK20-H4 can occur in 

certain repetitive elements (e.g. IAP LTR and Charlie) (Martens et al. 2005). This would 

suggest that tMeK9-H3 and tMeK20-H4 can behave autonomously as chromatin repressive
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marks. The apparent coexistence between these two marks by immunofluorescence may be 

limited by resolution, such that both marks are found in heterochromatin of distinct 

subtypes. Our data demonstrating tMeK20-H4 changes that are independent of tMeK9-H3 

levels suggest that these modifications can mediate independent epigenetic roles in muscle 

development. It would therefore be interesting to trace repeat-associated lysine 

methylation changes over the course of skeletal muscle differentiation.

Various models of cell differentiation have been proposed to explain its apparent 

unidirectional nature, with contrasting views of progressive gene repression versus gene 

activation (Fisher and Merkenschlager 2002). Microarray data following the expression of 

thousands of genes during C2C12 differentiation demonstrate that large-scale changes in 

expression occur, which include both gene repression and activation events (Shen et al. 

2003; Tomczak et al. 2004). Our data are consistent with these studies, supporting a model 

whereby myogenesis is characterized by progressive genome-wide changes in repression 

and activation, depending on the chromatin regions examined. For instance, mMeK20-H4 

rich genes may be repressed during proliferation, but are activated upon differentiation, 

whereas some active genes in cycling myoblasts could become repressed by tMeK20-H4 

during differentiation. Importantly, various lines of evidence would suggest that histone 

H4-K20 repressive marks are highly stable (Karachentsev et al. 2005; Martens et al. 2005) 

and could therefore transmit epigenetic information throughout cell lineages. Moreover, 

neither a histone H4-K20-specific demethylase nor an H4 variant has been identified, 

making this modification potentially the most stable repressive methylation mark.
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Chapter 5 ♦ Expression and distribution of Smydl and
Prdml2 during myogenesis

* Experiments using the HA-Prdml2 construct have been performed by Ning Hu.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Introduction

Histone lysine methylation is currently one of the most widely studied chromatin 

modifications for its importance in gene regulation, development and cancer. The broad 

roles of these modifications have been largely identified by studying the enzymes that 

catalyze them, histone lysine methyltransferases (HKMTases). With the exception of 

Dotl, all HKMTases contain a SET/PR domain, which was originally identified through 

homology of Su-var39, Enhancer of Zeste and Trithorax proteins. Also common to most 

HKMTases is seemingly complex regulatory roles, catalyzing either single or multiple 

methylation states on one or more lysine residues.

A significant number of HKMTase family members have been implicated in human 

malignancy and it is therefore important to characterize their function (Huang 2002; 

Schneider et al. 2002; Kim et al. 2003; Kim and Huang 2003). RIZ1 was one of the first 

HKMTases shown to function as a tumor suppressor and several other RIZ1 related PR- 

domain containing proteins appear to have similar properties (Huang 2002). Another well 

known example of a cancer causing HKMTase is MLL, the most commonly disrupted gene 

in chromosomal rearrangements associated with leukemia (Daser and Rabbitts 2004). 

Although several other HKMTases are deregulated in cancer, their mechanisms of action 

on chromatin in many cases remain elusive. Nevertheless, the importance of understanding 

HKMTase function is highlighted by the progress that has been made from studying 

histone acetylation, which has led to the development of histone deacetylase inhibitors now 

used for chemotherapeutic purposes (Espino et al. 2005; Monneret 2005). Importantly,
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both histone lysine acetylation and methylation patterns have the potential to serve as 

predictive diagnostic tools in cancer (Seligson et al. 2005).

Cancer often arises from deregulation of genes that control the cell cycle and 

differentiation and it is therefore not surprising that several HKMTases are also important 

for mammalian development. For instance, loss of NSD2 may cause Wolf-Hirschom 

syndrome, whereas its overexpression can lead to multiple myeloma (Stec et al. 1998; 

Malgeri et al. 2000). The importance of HKMTases in embryogenesis is apparent by the 

severe developmental defects resulting from targeted disruption of Ezh2, G9a, NSD1, 

Suv39Hl/Suv39H2 or Mil (Yu et al. 1995; Peters et al. 2001; Tachibana et al. 2002;

Erhardt et al. 2003; Rayasam et al. 2003). In addition, the expression profiles of 

HKMTases in mouse and human transcriptomes suggest that many of these enzymes have 

tissue-specific functions.

Global patterns of histone lysine methylation have been described during myogenesis 

(Biron et al. 2004) and although the enzymatic basis is unknown, some HKMTases have 

been implicated in muscle development. Smydl has emerged as an important regulator of 

myogenesis, as it is highly expressed in developing cardiac and skeletal muscle and its 

targeted loss results in heart malformations that are embryonic lethal (Gottlieb et al. 2002; 

Sims et al. 2002; Phan et al. 2005). Recently, Blimp 1/Prdml was shown to be necessary 

for slow muscle development in zebrafish (Wilm and Solnica-Krezel 2005). A role for 

Ezh2 in skeletal myogenesis was also shown by its ability to regulate myogenic genes 

through MeK27-H3 (Caretti et al. 2004). The myogenic system therefore appears as an 

excellent model to examine the role of histone lysine methytion in cell differentiation. To
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this end, we sought to identify and characterize HKMTases that potentially regulate 

myogenesis. By in silico analysis of mouse and human transcriptomes, we identified 

HKMTases with enriched expression in muscle, namely Prdml2 and Smydl, and selected 

them for further molecular analysis. We obtained insight into the cellular distributions of 

Prdml2 and Smydl and their potential roles during muscle differentiation.

Results

In silico expression profiling of HKMTases

To determine the tissue distributions of HKMTases, we examined their expression profiles 

in silico using Unigene and SymAtlas transcriptome databases. Unigene contains 

expressed sequence tags (EST) from protein-coding nuclear genes from various tissues, 

whereas SymAtlas provides mRNA expression profiles from microarray analysis. Of 47 

Set domain proteins listed in Entrez, 43 HKMTases had available expression profiles in 

Unigene’s EST Profiles in 31 human tissues. We determined the mean tissue expression 

for each HKMTase and tabulated tissues that had expression 2-fold or 3-fold beyond the 

mean. For comparison, we performed a similar expression analysis using data available for 

43 HKMTases in SymAtlas and reported only tissues that were shown in Unigene, with the 

exception of cardiac muscle where we included both whole heart and cardiomyocytes 

(Table 5-1). Human transcriptome data was used for comparison of both databases as it 

included a broader range of tissues with a greater number of HKMTases than currently 

available in the mouse, with the exception of Smydl where we used mouse data.
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When comparing Unigene and SymAtlas data, there is significant disparity in the 

expression profiles of HKMTases (Table 5-1). Tissue elevations common to both 

databases are seen for only 7 HKMTases at 2-fold above mean levels and for only 2 

HKMTases (Mil and Smydl) at 3-fold above mean, and in no case is there complete 

concordance. To determine which database may be a more reliable expression prediction 

tool, we compared the expression profiles of genes with known involvement in muscle 

development, namely MyoDl, Mef2C and Myf6 (Table 5-1). Consistent with their 

documented expression patterns (Berkes and Tapscott 2005), Unigene expression profiles 

of MyoDl and Myf6 are highly specific for muscle and a significant elevation of Mef2C is 

seen in heart tissue. However, using SymAtlas, only the profile of Myf6 is consistent with 

its known expression. In addition, the known tissue-specific expression profiles of 

HKMTases are more consistent with Unigene expression profiles. For instance, Smydl 

expression is highly restricted to skeletal and cardiac muscle during embryogenesis and 

PRDM8 is known to be elevated in the eye by RNA in situ hybridization (Mouse retina 

SAGE library). This suggests that Unigene expression data is a more reliable method for 

examining HKMTase expression profiles. Differences in reliability between these 

databases may be inherent to their methods of detection: Unigene expression is derived 

from expressed sequence tags (ESTs), whereas SymAtlas expression is obtained from 

Affymetrix hybridization arrays, which may give several false positives especially for 

genes such as HKMTases, which may have low expression. In addition, microarray tags 

are shorter sequences that may not have as much gene specificity. Unigene expression 

analysis revealed that 11/43 HKMTases have tissue-restricted distributions (17 tissues or
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less) and significant tissue-specific enrichment (>3x mean), 22/43 HKMTases are broadly 

expressed with significant tissue-specific enrichment (>3x mean), and 10/43 HKMTases 

are broadly expressed without any tissue-specific enrichment (Table 5-1). This suggests 

that some HKMTases may have more general functions, whereas others have more 

specialized functions.

Prdml2 and Smydl in striated muscle development

To identify HKMTases with potential involvement in striated muscle development, we 

examined the expression profiles of 43 HKMTases for elevated expression in cardiac and 

skeletal muscle tissues in Unigene and SymAtlas transcriptomes. To this end, HKMTases 

were identified in both databases that exhibited expression levels at least >2x above mean 

in striated muscle (cardiac and skeletal). We identified 6 candidates by these criteria, 

namely, C21orfl8, EVI1 (PRDM3), PRDM4, PRDM5, PRDM12 and SMYDL PRDM12 

and SMYD1 were selected for further analyses as they have highly elevated striated muscle 

expression (>3x mean) in both databases and are tissue-restricted in Unigene (Table 5-1, 

Figure 5-1 and 5-2).

Characterization of chromatin modifying enzymes in myogenesis

Expression dynamics o f Smydl during skeletal muscle differentiation

We examined the dynamics of Smydl expression in skeletal muscle differentiation by 

mining a gene array dataset from C2C12 myoblasts undergoing a 12-day developmental 

course. Tomczak et al. collected RNA daily for 2 days prior to differentiation induction 

and 10 days following differentiation induction at 2 day intervals (Tomczak et al. 2004).
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For comparison, we displayed the expression of other HKMTases over the course of 

myogenesis (Figure 5-3 A). In proliferating myoblasts, Smydl expression is relatively low 

and is comparable to other HKMTases with no predicted involvement in myogenesis.

Upon induction of differentiation by serum withdrawal, Smydl expression is dramatically 

elevated and persists throughout the 10-day differentiation time course. Importantly, Ezh2 

expression levels decline considerably upon serum withdrawal, consistent with its 

published expression in proliferating cells, which has been shown in myoblasts (Caretti et 

al. 2004). Furthermore, the expression of Pr-Set7, an mMeK20-H4-specific methylase 

(Xiao et al. 2005), also decreases upon differentiation, consistent with our results in 

chapters 3 and 4 showing a decrease in mMeK20-H4 upon induction of muscle 

differentiation. Consistent with published expression of Smydl, the expression of this 

HKMTase would suggest it plays a role in skeletal muscle differentiation.

Overexpression analysis o f Smydl in skeletal muscle differentiation 

In some instances, the subnuclear localization of HKMTases is related to its function, as 

demonstrated by the distribution of SU(VAR)3-9 in pericentromeric heterochromatin 

domains enriched in tMeK9-H3 (Schotta et al. 2002). Even though the steady-state 

distribution of HKMTases may not reflect a carbon-copy of their chromatin substrates, 

localization may provide a good indication of their general chromatin associations. In the 

case of Smydl, its general cellular localization has been shown (Gottlieb et al. 2002; Sims 

et al. 2002), but its subnuclear distribution has not been reported in detail. We therefore 

generated a YFP fusion protein with Smydl to further examine its localization and 

dynamics (Figure 5-4 A). YFP was fused to the carboxyl terminus of Smydl as this region
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does not contain known functional domains. When expressed in C2C12 cells, the Smydl- 

YFP expression plasmid produced a fusion protein of expected size by immunoblot 

analysis (Figure 5-4 A). In proliferating C2C12 myoblasts, Smydl-YFP was distributed in 

both the nucleus and cytoplasm, consistent with the previously reported 

immunolocalization of endogenous Smydl (Gottlieb et al. 2002; Sims et al. 2002). In 

addition, an HA-tagged Smydl fusion protein displayed the same localization pattern as 

Smydl-YFP (data not shown), suggesting the YFP fusion protein was not affecting the 

distribution of Smydl.

To investigate the distribution of Smydl, the localization of Smydl-YFP was examined 

with respect to histone lysine methylation antibodies that demarcate distinct chromatin 

domains (shown in Chapters 3 and 4). The subnuclear distribution of Smydl-YFP was 

excluded from pericentromeric and facultative heterochromatin domains as shown by an 

absence of overlap with DAPI-rich regions or tMeK20-H4 and mMeK20-H4, respectively 

(Figure 5-5 A-C). By comparison with tMeK4-H3, a mark of active euchromatin (Figure 

A-l, Appendices), Smydl-YFP appeared to be enriched in euchromatic regions of the 

nucleus and this distribution persisted throughout C2C12 differentiation (Figure 5-5 D).

The proximity of Smydl with tMeK4-H3 euchromatin domains may suggest its methylase 

specificity is similar to Smyd3, a known H4K3me2 and me3 HKMTase (Hamamoto et al. 

2004). Consistent with this idea, Smydl is thought to catalyze H3-K4 methylation (Tan et 

al. 2006).

We attempted to uncover the methyl-lysine residue specificity of Smydl by examining 

a range of histone methyl-lysine derivatives in Smydl-YFP transfected C2C12 cells.
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Smydl-YFP did not significantly colocalize with or alter the global levels of tMeK4-H3, 

tMeK9-H3, dMeK23-H3, d/tMeK36-H3, m/d/tMeK79-H3 or m/d/tMeK20-H4. Therefore, 

Smydl overexpression does not have a significant influence on the above histone lysine 

methylations, but it is possible that Smydl overexpression could influence a methylation 

not examined here or that overexpression of this protein does not significantly alter its 

methylation target. An extended analysis examining a larger panel of methyl-lysine 

residues in addition to Smydl knockdown experiments may reveal its methylase specificity 

in vivo.

Overexpression analysis o f Prdml 2 in skeletal muscle differentiation

As in silico expression analysis suggests Prdml2 has a role in myogenesis, we investigated 

its function in the context of histone methylation during muscle differentiation. To 

examine the subnuclear distribution of Prdml2, we generated a HA-tagged Prdml2 (HA- 

Prdml2) construct for immunofluorescent visualization using an anti-HA antibody. When 

overexpressed in C2C12 cells, HA-Prdml2 was diffusely distributed in the nucleus, 

excluded from DAPI-rich heterochromatin (Figure 5-6 A). Interestingly, HA-Prdml2 was 

generally concentrated in foci of variable sizes after 1 day of differentiation, but was more 

diffusely distributed after 6 days of differentiation. Because histone H4-K20 methylation 

undergoes change during muscle differentiation, we further examined the distribution of 

HA-Prdml2 with respect to these methyl-lysines by co-localization analysis, but we could 

not detect any significant co-localization between HA-Prdml2 and m/d/tMeK20-H4 (data 

not shown).
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We also examined the influence of HA-Prdml2 on myotube formation and global 

levels of methylation. After 1 day of differentiation, HA-Prdml2 transfected cells did not 

appear grossly different than untransfected cells. Following 6 days of differentiation, HA- 

Prdml2 transfected cells were preferentially associated with multinucleated myotubes, 

although several untransfected cells were mononuclear in the culture (Figure 5-6 B). We 

examined the effects of HA-Prdml2 on muscle differentiation and d/tMeK20-H4, by 

determining whether HA-Prdml2 was associated with generally higher or lower levels of 

d/tMeK20 levels following differentiation. For this analysis, we separated the intensity 

profiles of d/tMeK20-H4 into low (lowest 33.3%), mid (middle 33.3%) and high (highest 

33.3%) values, and looked at the intensities associated with HA-Prdml2 transfected cells 

versus all cells in the field (Figure 5-6 C). HA-Prdml2 transfected cells contained mostly 

mid-range intensities of dMeK20-H4 and higher levels of tMeK20-H4. This is shown by 

an association of 70% (n=30) of HA-Prdml2 nuclei with high intensity tMeK20-H4, a 

marker of differentiated myotubes, compared to only 12% (n=309) of all cells.

Enrichments in d- and tMeK20-H4 in HA-Prdml2 transfected cells could be an indirect 

result of differentiation. Nevertheless, these results suggest that Prdml2 promotes muscle 

differentiation.

We also performed experiments with a flag-tagged Prdml2 expression construct (flag- 

Prdml2), which has a varied caroboxyl terminus with 65 amino acids replaced by 12 

distinct amino acids followed by the Prdml2 3’ UTR (Figure 5-4 B). This Prdml2 variant 

is generated from a canonical splicing sequence, although this sequence has not been 

validated to occur as an in vivo product. To determine its subnuclear distribution, we
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colocalized flag-Prdml2 (Figure 5-7, Table 5-2) with m/d/tMeK20-H4. flag-Prdml2 was 

distributed in ring-shaped domains in non-heterochromatic regions of the nucleus. We 

observed appreciable colocalization of flag-Prdml2 with dMeK20-H4 but not with 

mMeK20-H4 or tMeK20-H4 (Table 5-2, Figure 5-7). In addition, dMeK20-H4 was 

concentrated in Prdml2 domains and had an apparent overall enrichment in Prdml2- 

transfected nuclei (Figure 5-7 B). dMeK20-H4-Prdml2 colocalization and the global 

elevation of dMeK20-H4 was seen in C2C12 cells at day 1 to day 3 and primary limb bud 

cultures in ~ 60-80% of Prdml2-transfected cells. As dMeK20-H4 did not colocalize with 

cytoplasmic flag-Prdml2, and there is no significant sequence similarity between the 

H4K20 flanking sequence and Prdml2 or the flag epitope tag, we do not expect the 

dMeK20-H4 antibody to be cross-reacting with a methylated flag-Prdml2 protein, 

however, this possibility could be ruled out by performing a peptide competition assay. 

Prdml 2-transfected cells also had an overall decrease in mMeK20-H4 but not tMeK20-H4, 

and this depletion did not appear to be attributed to a loss of facultative heterochromatin 

aggregates. Importantly, although the flag-Prdml2 construct appears to mislocalize in the 

nucleus in comparison with the full length protein, this data could suggest that the SET 

domain of Prdml 2 mediates the catalysis of dMeK20-H4. However, further analysis 

would be needed to confirm such a function.

We further examined the influence of flag-Prdml2 overexpression on skeletal muscle 

differentiation in C2C12 cells and primary limb bud cultures. In both C2C12 and primary 

cultures, flag-Prdml2 transfected cells did not develop into multinucleated myotubes after 

7 days and therefore appeared to repress skeletal muscle differentiation. In addition, the
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levels of Myod and myogenin were either absent or below antibody detection in flag- 

Prdml2 transfected C2C12 and primary culture cells (Table 5-3, Figure 5-8). This data 

suggests that flag-Prdml2 perturbs the ability of skeletal myoblasts to differentiate, 

however it remains to be found whether Prdml2 functions to repress myogenesis or if this 

construct interferes with the endogenous activity of this protein.
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Table 5-1: Summary of in silico gene expression analysis from 45 HKMTases.

Human expression data obtained from Unigene and SymAtlas was analyzed for 45 

HKMTases (with exception of Smydl where only mouse expression was available in 

SymAtlas). For comparison, tissue expression in SymAtlas is reported for the 31 tissues 

shown in Unigene, with the exception of cardiac muscle where both cardiac myocytes and 

whole heart expression is reported from SymAtlas data. HKMTase tissue expression that is 

2x or 3x above the mean expression of all tissues is indicated. HKMTases with expression 

limited to 17/31 tissues or less are highlighted in red. HKMTase expression was found in 

all tissues in SymAtlas, but was restricted for some HKMTases in Unigene. HKMTases 

with tissue-specific expression 3x above the mean are shown in light blue and those 

without tissue-specific expression 3x above the mean are indicated in green. Note that all 

tissue-restricted HKMTases (red) were also expressed with significant elevation (>3x 

above mean) for a subset of tissues. Gray shading indicates HKMTases where no 

expression data was available. Yellow highlighting indicates HKMTases with elevated 

striated muscle expression (heart, muscle or cardiac myocytes) found in both Unigene and 

SymAtlas. SymAtlas tissues were scored as positive if the error bars surpassed 2x or 3x 

mean, ba, bladder; bl, blood; bo, bone; bom, bone marrow; ce, cervix; co, colon; ey, eye; 

he, heart; hem, cardiac myocyte; ki, kidney; la, larynx; li, liver; lu, lung; ly, lymph node; 

ma, mammary gland; mu, muscle (skeletal); ov, ovary; pa, pancreas; pe, peripheral nervous 

system (obtained from trigeminal ganglion and spinocervical ganglion in SymAtlas); pi,
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placenta; pr, prostate; sk, skin; sm, small intestine; so, soft tissue; sp, spleen; st, stomach; 

to, tongue; te, testis; th, thymus; ut, uterus; va, vascular.

Unigene__________ SymAtlas
HKMTases >2x mean >3x mean all > 2x mean >3x mean

ASH1L ma.th 29 ^ 1 1 1
BAT8 (G9a) ■■’V 29 ^ I I
C14orf154 29
C21orf18 sp, pe, lu, he, pi. co sp pe 21 te.pr.hem

DotIL ly.te,sp,lu,bl 23
EHMT1 ly,pe,bl,th 24 ^ 11■BBBb MMI

EVI1 (PRDM3) bl, mu,st,ut, ki, co bl, mu, st 26 ki,pa,va,lu,ut,hem pa, t, h e n
EZH1 sp.ey.pr.so 28 ;% ||iP ; ' '  i; /
EZH2 la sm ly.tc 28 th,te,hem th,te,hem
MLL ly.th ,bl,la 30 ly.th.ut ly.th

MLL2 ba.bl,la,th,sm ba,bl. la 28 ^ B l
MLL3 la, bl.pl 28 bl.pl,th bl.pl
MLL4 26 co.th m m m
MLL5 la.ma.to 28 pl.ut.bl
NSD1 la,bl.ut,ma 24

PRDM1 "  to ,W *: .'!■ vm li.pe.mu
PRDM2 bl.ly.sp 25 bl.br,pe
PRDM4 bo.ki.ma.pa.he I B M H I 21 va.hem
PRDM5 pe,la,to,mu pe,la,to 22
PRDM6 b b i b m ■
PRDM8 ■ H H H H
PRDM9 mu.li,pe,hem

PRDM10 th.bom th.bom 19 co.pr.hern
PRDM11
PRDM12 M p i p i pj.he.hem.li pi br hem.li
PRDM13 pe.hem SfsfcB?'
PRDM14 OV . ’■ * ’2$§g0iM
PRDM15 ly,sm,b.
PRDM16 sm,co,ki,pr 16 1 ■B B B W IM

SET7 th.ly.pe 28 va.pr iB li^ M S iii
SET8 23 hem,pr hem.pr

SETDB1 ba,so,to,sp ba.so.to 27 ■ b B B M IB I
SETDB2 B B B B B B l :■SMYD1 ■ M M B IlB j l - u j mu,he.to,bo,bom,pe mu,he,to,bo
SMYD2 26 ■ H M M M B B
SMYD3 pe.st.bo.li.bom 25 ■ i f c i
SMYD4 sm ,li,bom, he ,co.pa,to 18 1 . > " ■ m m bbbw w

SMYD5 ki.so.te.m u ki,so 21
SUV39H1 th.sm,ce,ov th,sm,ce,ov 24 co.li
SUV39H2 ce,sm,mu,ki in M M b r 21

SUV420H1 ma.la.pe ma 26 thipp
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SUV420H2 
WHSC1(NSD2) 

WHSC1L1 (NSD3) 
XM_371614.1 

Muscle 
proteins 

MyoDl 
Mef2C 

Myf6 (Mrf4)

ly,va,th,sm
bo.bl

th.te
pe.ov

th

va.lv. he
pi, bl.br, co 

mu,to,th.pe

pl.bl 
br 

mu,to
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Transfected Cells Antibody Colocalization

Association with 
increased or decreased 

levels
C2C12 (day 1) mMeK20-H4 - decreased
C2C12 (day 1) dMeK20-H4 + increased
C2C12 (day 1) tM eK20-H4 - -

C2C12 (day 1) tMeK4-H3 - -

C2C12 (day 3) m MeK20-H4 - decreased
C2C12 (day 3) dMeK20-H4 + increased
C2C12 (day 3) tM eK20-H4 '’ -

C2C12 (day 3) tMeK4-H3 - -

C2C12 (day 7) mMeK20-H4 - decreased
C2C12 (day 7) dMeK20-H4 + increased
C2C12 (day 7) tM eK20-H4 - -

C2C12 (day 7) tMeK4-H3 - -

RH-30 mMeK20-H4 - -

RH-30 dMeK20-H4 + increased
RH-30 tM eK20-H4 - -

Primary cultures (day 1) mMeK20-H4 - decreased
Primary cultures (day 1) dMeK20-H4 + increased
Primary cultures (day 1) tM eK20-H4 - -

Primary cultures (day 3) mMeK20-H4 - decreased
Primary cultures (day 3) dMeK20-H4 + increased
Primary cultures (day 3) tM eK20-H4 - -

Primary cultures (day 7) mMeK20-H4 - decreased
Primary cultures (day 7) dMeK20-H4 + increased
Primary cultures (day 7) tM eK20-H4 - -

Table 5- 2: Immunofluorescence analysis of flag-Prdml2 overexpression on histone 

lysine methylations.

Cells were transfected with a flag-Prdml2 expression construct and colocalized with anti- 

Prdml2 and histone methyl lysine antibodies. Colocalization was determined at lOOx 

magnification and overall elevations or depletions in genome-wide methylation of 

transfected cells were determined at 20x.
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Transfected Cells Antibody Colocalization
Association with increased 

or decreased levels
C2C12 (d 1) Myod - decreased
C2C12 (d 1) myogenin - decreased
C2C12 (d 3) Myod - decreased *
C2C12 (d 3) myogenin - decreased *
C2C12 (d 7) Myod - decreased
C2C12 (d 7) myogenin - decreased

Primary cultures (d 1) Pax3 - -

Primary cultures (d 1) Pax7 - -
Primary cultures (d 1) Myod - decreased (12/12)
Primary cultures (d 1) Myogenin - decreased (12/12)
Primary cultures (d 1) Myf-5 -

1/14 transfectants BrdU
Primary cultures (d 1) BrdU - positive
Primary cultures (d 3) Pax3 - -

Primary cultures (d 3) Pax7 - -

Primary cultures (d 3) Myod - decreased (63/63)
Primary cultures (d 3) Myogenin - decreased (50/50)
Primary cultures (d 3) Myf-5 -

0/16 transfectants BrdU
Primary cultures (d 3) BrdU - positive
Primary cultures (d 7) Pax3 - -

Primary cultures (d 7) Pax7 - -

Primary cultures (d 7) Myod - -
Primary cultures (d 7) Myogenin - -

Primary cultures (d 7) Myf-5 - -

Primary cultures (d 7) BrdU - -

Table 5- 3: Immunofluorescence analysis of flag-Prdml2 overexpression on muscle 

cell markers.

Cells were transfected with a flag-Prdml2 expression construct and colocalized with either 

anti-flag or anti-Prdml2 and skeletal muscle cell antibodies. To track cell cycle changes 

occuring in primary cultures, BrdU was added to cultures for 3 hrs prior to fixation for 

immunofluorescence staining. Colocalization was examined at lOOx magnification and 

overall elevations or decreases were examined at 20x. * 103/103 Prdml 2-transfected 

C2C12 cells were Myod negative and 336/337 were Myogenin negative, in cultures 

staining with ~ 20-30% Myod and ~5-10% Myogenin positive.
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Figure 5-1: Unigene expression profile of Smydl and Prdml2.

The expression of Prdml2 and Smydl are shown in transcripts per million (tpm) in 31 

human tissues in addition overall levels in embryo, juvenile and adult tissues. Prdml2 

expression in muscle is above our designated cutoff of 3x above mean, as is the expression 

of Smydl in both heart and muscle.
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Figure 5- 2: SymAtlas expression profile of Smydl and Prdml2.

(A) The expression profile of Smydl obtained from a large-scale analysis of the mouse 

transcriptome (GNF1M) comparing the expression of 61 physiologically normal tissues 

interrogated with 36, 182 probe sets. In this dataset, significant expression of Smydl is 

noted in cardiac and skeletal muscles with values 10 fold above the mean expression of all 

tissues. (B) The expression profile of Prdml2 obtained from a large-scale analysis of the 

human transcriptome (GNF1H) comparing the expression of 79 physiologically normal 

tissues interrogated with 44, 775 probe sets. The expression of Prdml2 in cardiac muscle 

is shown to be 10 fold above the mean expression of all tissues.
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Figure 5- 3: HKMTase expression during C2C12 skeletal muscle differentiation.

(A) The expression profile of Smydl in relation to other HKMTases, chromatin modifiers 

and muscle-specific transcription factors from gene array data (http://www.chb- 

genomics.org/beggslab/) are shown in arbitrary units over the course of C2C12 muscle 

differentiation in 2 day increments. Cells at day -1 and -2 are in proliferation media and 

attain 100% confluence at day 0 when they are induced to differentiate for 10 days by 

serum withdrawal (Tomczak et al. 2004). (B) RT-PCR of Smydl (skm-Bop) and Prdml2 

(lane 3) using C2C12 RNA, amplifying products of expected size. Prdml2 RT-PCR in 

lane 1 was performed with RNA of poor quality (frozen > 1 year) and the reaction in lane 2 

was performed with an RNA concentration 4-fold higher than in lane 3.
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Figure 5- 4: Schematic of PRDM12 and SMYD1 domain structure and fusion 

proteins used for their functional analysis.

(A) Full length human SMYD1 containing a split S-ET domain and a MYND domain, was 

fused to eYFP for immunolocalization studies. Previously reported protein interactions are 

indicated above. SMYD1-YFP produces a protein of expected length as determined by 

immunoblot analysis (right) showing a blot with whole cell extracts from C2C12 cells 

transfected with 1) pEYFPN.l empty vector, 2) SMYD1-EYFP following 24 hrs of 

differentiation, 3) SMYD1-EYFP following 72 hours of differentiation, and 4) HA-tagged 

SMYD1 probed with anti-GFP. (B) Human PRDM12 was fused to an HA-tag at the 

amino terminus. Flag-Prdml2 contains a flag tag at the start of the protein and the construct 

is truncated at the last 65 amino acids, resulting in the loss of zinc finger domains (Znf) 

with the introduction of 12 new amino acids as a result of a splicing event.
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Figure 5- 5: Functional analysis of Smydl in C2C12 cultures and primary cells

(A-D) The subnuclear distribution of Smydl-YFP (center panels) is shown with respect to 

(A) DAPI, (B) tMeK20-H4, (C) mMeK20-H4 and (D) tMeK4-H3. Images are merged in 

right hand panels showing Smydl-YFP in green with respect to DAPI/histone antibody in 

red. (E, F) Smydl-YFP transfected (E) C2C12 cells and (F) primary limb bud cultures 

following 1 (left panels) or 3 (right panels) days of differentiation. (G) Percentage of cells 

with myotube morphology in cells transfected with eGFP, Smydl-YFP and Flag-Prdml2. 

following 1, 3 or 7 days of differentiation.
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Figure 5- 6: Overexpression analysis of HA-Prdml2 in C2C12 cells.

(A) Subnuclear distribution of HA-Prdml2 in C2C12 cells following 1 or 6  days of 

differentiation. (B) Distribution of HA-Prdml2 with respect to dMeK20-H4 (top panels) or 

tMeK20-H4 (bottom panels). The intensity profiles of d/tMeK20-H4 are shown in the 

rightmost panels (red= highest 33.3%, blue=middle 33.3%, green=lowest 33.3%). (C) The 

scored intensity profiles of d/tMeK20-H4 in HA-Prdml2 transfected cells compared to all 

cells.
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Figure 5- 7: Overexpression analysis of flag-Prdml2 in C2C12 cultures and primary

cells.

(A-C) Subnuclear distribution of flag-Prdml2 (left panels) with respect to (A) mMeK20- 

H4, (A-crop) magnified view, (B) dMeK20-H4, (B-crop) magnified view and (C) tMeK20- 

H4, (C-crop) magnified view (center panels). Merged images are shown in right hand 

panels, with flag-Prdml2 colored in red and MeK20-H4 shown in green.
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Figure 5- 8: Localization of flag-Prdml2 and markers of muscle differentiation.

(A) Localization of flag-Prdml2 (red) with respect to DAPI (Blue) and MyoD (Green) or

(B) myogenin (red), following 3 days of differentiation in C2C12 cultures. (C) 

Colocalization of flag-Prdml2 (green) with respect to DAPI (blue) and MyoD (red) or (D) 

myogenin (red), following 3 days of differentiation in mouse primary limb bud cultures.
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Discussion

Tissue specific roles fo r HKMTases

Histone lysine methylation is an attractive candidate for regulating cell memory -  the 

ability of cell to transfer regulatory knowledge to its daughter -  and may have the potential 

to inscribe information necessary for the determination and maintenance of cell identity. If 

such a role were mediated by this modification, one could hypothesize that there are cell- 

type specific HKMTases present to propagate and maintain a particular methylation profile 

unique to a cell’s identity. Alternatively, specificity could be conferred by other proteins 

that recruit the action of HKMTases. Our in silico gene expression analysis of 45 

HMTases suggests that some HKMTases may provide lineage-specific epigenetic 

regulation by virtue of their tissue restricted expression -  an idea supported by current 

literature (Lin and Dent 2006). Consistent with previous studies, our in silico profiles 

would suggest that Suv39hl/2, Ezh2 and Bat8  (G9a) have regulatory functions in a broad 

range of cell types, whereas Smydl may have a more lineage-restricted function in striated 

muscle. Interestingly, it appears that several PRDM genes have lineage-restricted roles. It 

is tempting to speculate that a common feature of PRDM proteins is to provide tissue- 

restricted histone methylation marks. However, from a mechanistic standpoint, little is 

known about most PRDM proteins at present.

With recent developments in high-throughput technologies, in silico profiling of 

transcriptomes offers a useful method for predicting gene expression (Yamane et al. 2006). 

Although this approach may not always correlate with in vivo expression analyses, an
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association is present for some genes. In our analysis, in vivo to in silico correlations can 

be seen with Unigene expression profiles - Ezh2 is thought to have a general role in cell 

proliferation and Smydl appears to have a more restricted function in striated muscle, as 

suggested by in vivo work. In the case of Prdml2, which does not have in vivo expression 

data published, we expect that the in silico data indicating muscle expression is likely to be 

representative due to its elevated expression in relation to other tissues, similar to Smydl 

expression.

HKMTase regulation of myogenesis

Suv39h and Ezh2 HKMTases have been examined in the context of skeletal muscle 

differentiation, but their influence on myogenesis likely underlies general growth 

regulatory functions applicable to many cell types. Cell cycle exit during muscle 

differentiation has been shown to be dependent on Suv39h-mediated repression of S-phase 

genes (Ait-Si-Ali et al. 2004). In addition, depletion of Suv39hl/2 in myoblasts results in 

an inhibition of muscle differentiation markers, although this is likely due to an indirect 

effect of deregulated silencing of S-phase genes. In support of a more general role for 

Suv39h in differentiation, Suv39h dn (see Chapter 1) mice have global growth defects 

(Peters et al. 2001) and Suv39hl/2 appear to be broadly expressed in human tissues (Table 

5-1). The role of tMeK9-H3 in cell differentiation may be more gene-centric in regulating 

the cell cycle, suggested by our observations that tMeK9-H3 levels appear static over the 

course of skeletal muscle differentiation (Chapters 3 and 4). In addition, this modification 

appears to play a specific role in mitosis, which could be unique in muscle cells. Ezh2 has 

been shown to regulate myogenesis through tMeK27-H3-mediated repression of muscle
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differentiation genes (Caretti et al. 2004) but it also appears to have a more general role in 

mediating proliferation of numerous cell types and in mediating development of ES cells 

(Boyer et al. 2006; Lee et al. 2006). This is apparent from the proliferation defects seen in 

£zh2-deficient mice (O'Carroll et al. 2001), and its widespread distribution in various 

human tissues (Figure 4-1) and mouse mid-gestation embryos (Caretti et al. 2004). Of 

note, both tMeK27-H3 and mMeK20-H4 are thought to be enriched in the X* and our 

observations (Chapters 3 and 4) indicate that mMeK20-H4 is generally elevated in 

proliferating cells, raising the possibility that an Xj mediated event may be involved in 

muscle differentiation. Therefore, it appears that tMeK9-H3 serves to repress the cell 

cycle, whereas tMeK27-H3 has a general role in repressing differentiation, and neither 

Suv39hl/h2 nor Ezh2 appear to distinctly specify or maintain myogenic identity.

Smydl in muscle development

Smydl (m-Bop) was first identified as a gene highly expressed in cytotoxic T-cells and 

adult striated muscle (Hwang and Gottlieb 1995), but was subsequently described as a gene 

important in heart development (Gottlieb et al. 2002). SMYD1 has clinical importance as 

its RNA levels increase in end stage heart disease, suggesting that alterations in SMYD1 

activity may contribute to cardiac pathogenesis (Borlak and Thum 2003). In examining 

the role of Smydl found it was found to be expressed at ~ E8  in mouse cardiac myocytes 

and at E12.5 in the myotome, and its targeted loss resulted in a severely hypomorphic heart 

similar to Mef2C -/- mice (Gottlieb et al. 2002). In addition, cardiomyocytes from Smydl- 

deficient mice have decreased expression of the Hand2 transcription factor (heart and 

neural crest derivatives expressed transcript 2 ), which dismpts cardiac differentiation.
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Recently, it was shown that Smydl is a direct target of Mef2C in a transcriptional cascade 

required for heart development (Phan et al. 2005), explaining the similarity between Smydl 

and Mef2C nulls. Based on microarray expression data, it appears that Smydl and Mef2C 

are similary expressed during myogenesis (Figure 5-3). In skeletal myoblasts, Smydl 

expression is elevated upon cell-cycle exit and its levels persist throughout differentiation 

(Sims et al. 2002; Tomczak et al. 2004). In addition, Smydl appears to be regulated 

downstream of Myod (Blais et al. 2005) and associates with the transcriptional activator 

skNAC to promote muscle differentiation (Sims et al. 2002). Although Smydl is clearly 

important for cardiac and skeletal myogenesis, its molecular mechanism of action remains 

elusive. Importantly, Smydl contains a split SET domain (S-ET) and a MYND domain, 

which has been shown to mediate HD AC-dependent transcriptional repression (Figure 5-5) 

and is thought to catalyse methylation of histone H3-K4 (Tan et al. 2006). Therefore 

Smydl may promote and/or maintain muscle differentiation through a gene regulation 

mechanism that involves histone acetylation and methylation. Our analysis of Smydl thus 

far is consistent with published studies but further investigation is required to understand its 

role in the context of histone methylation.

Several lines of evidence implicate Smydl as a likely candidate for the distinct 

chromatin dynamics involved in muscle differentiation. Our in silico analysis revealed 

that Smydl expression is tissue-restricted and significantly elevated in skeletal and cardiac 

muscle. Importantly, Smydl levels persist during differentiation of C2C12 cells (Figure 5- 

3), which is consistent with the progressive histone methyl-lysine dynamics in this cell line 

and in embryonic muscle cultures (Chapter 3). As shown by our results in Chapter 3 and
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the work of others, its expression throughout the cardiac system and the myotome also 

parallels the embryonic dynamics of tMeK20-H4 (Gottlieb et al. 2002). Although our 

subnuclear localization data would not suggest Smydl is involved in regulating tMeK20- 

H4 levels during embryogenesis, its expression on a temporal and tissue level coincides 

with global chromatin changes occurring in myogenesis. However, with regard to the 

function of Smydl, it is difficult to interpret the how its overexpression in embryonic 

muscle cultures could prevent differentiation. One possibility is that overexpression of 

Smydl causes non-specific chromatin changes in addition to its normal function in a way 

that disrupts differentiation genes. Smydl-YFP may not function normally, and could 

compete for endogenous Smydl activity. Performing targeted Smydl knockdown 

experiments in muscle cells could perhaps better address the function of this HKMTase.

By examining the effects of Smydl-YFP overexpression on C2C12 differentiation, we 

obtained preliminary results that should be elaborated for a more functional understanding 

of Smydl. A previous report showed an apparent re-localization of endogenous nuclear 

Smydl to the cytoplasm in C2C12 cells following 4 days of differentiation, suggesting 

Smydl nuclear levels were either absent or very low in differentiated myotubes (Sims et al. 

2002). In contrast, we observed persistent nuclear and cytoplasmic localization of Smydl- 

YFP in differentiated myotubes, 10 Tl/2 cells and primary limb bud cultures. This 

discrepancy may be explained by the different fixation times used for immunofluorescence 

of myoblasts (10 mins) versus myotubes (20 mins) reported by Sims et al. (Sims et al. 

2 0 0 2 ), a higher range of detection with our overexpressed fluorescent protein, or impaired 

function of Smydl by the YFP fusion protein. In C2C12 cells, Smydl-YFP did not appear
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to influence the generation of multinucleated myotubes (see Figure 5-5 E). In addition, 

overexpression of Smydl in 10T1/2 cells did not generate myotubes (data not shown), 

suggesting that Smydl does not have the capacity to induce myogenesis like the bHLH 

myogenic regulatory factors (MRFs). However, in mouse primary limb bud cultures, at 

least 1260 Smydl-YFP positive cells did not differentiate into multinucleated myotubes 

following 3 days of differentiation in contrast to ~ 5% of GFP-transfected positive cells that 

were myotubes (Figure 5-5 G). By day 7, some Smydl-YFP positive myotubes were seen, 

but was proportionately lower than cells transfected with GFP only. Consistent with a 

reduced number of Smydl-YFP positive cells undergoing differentiation in primary cells, a 

small percentage of cells were positive for myogenin. These results suggest that 

overexpression of Smydl perturbs the progression of muscle differentiation.

Our localization analysis suggests Smydl in enriched in euchromatic domains by its 

association with tMeK4-H3-rich regions and may have a role in the cytoplasm. Although 

absolute co-localization was not observed between Smydl-YFP and tMeK4-H3, their close 

association represents a preference of Smydl for euchromatic regions, consistent with the 

idea that this HKMTase catalyses histone H3-K4 methylation (Tan et al. 2006). This 

distribution could be related to the high level of similarity between Smydl and Smyd2, a 

dMeK36-H3 HKMTase and Smyd3, a d/tMeK4-H3 HKMTase, as these methyl-lysine 

modifications are distributed in DAPI-depleted regions of the nucleus (Brown et al. 2006). 

In support of similar functions for Smydl and Smyd3, depletion of these proteins appears 

to result in apoptosis in independent cell contexts (Gottlieb et al. 2002; Hamamoto et al.

2004). However, the expression of Smyd2 in the embryonic heart (Brown et al. 2006)
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suggests a possibly related developmental function between this HKMTase and Smydl. 

Further dissection of Smydl function in comparison to Smyd2 and Smyd3 may facilitate its 

characterization. The persisting levels of Smydl in the cytoplasm shown here and reported 

by others, which is similar to Smyd2 and Smyd3, may also be of significance to its 

function. Recently, Ezh2 was shown to have a role in cytoplasmic actin polymerization in 

addition to its nuclear HKMTase function (Yamane et al. 2006). In Chapter 4, we have 

shown a striking redistribution of the m/tMeK79-H3 antibodies to the cytoplasm upon 

differentiation, which we could speculate to represent the signature of protein lysine 

methylation by a cytoplasmic HKMTase. It will be interesting to see whether future 

studies reveal dual cytoplasmic and nuclear functions for other HKMTases.

A potential role fo r  Prdml2 in myogenesis

PRDM 12 is part of the PR-domain-containing zinc-finger family, whose members have 

been shown to function as tumor suppressors (Reid and Nacheva 2004). The PR domain is 

closely related to the SET domain and has also been shown to catalyze histone lysine 

methylation (Rea et al. 2000; Kim et al. 2003). Of the 9/16 PRDM genes examined to date, 

all have been suggested to have growth regulatory or tumor suppressor properties (Deng 

and Huang 2004). In addition, some PRDM proteins appear to have roles in specification 

and differentiation (Morishita et al. 1992; Roy and Ng 2004). Recently, PRDM12 has been 

implicated in the pathogenesis of chronic myeloid leukemia as it is found in a minimal 

commonly deleted region in CML patients, but its molecular function remains unknown 

(Kolomietz et al. 2003; Reid and Nacheva 2004)
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Our analysis of Prdml2 in skeletal myogenesis provides a foundation for further 

functional characterization of this protein. We show that Prdml2 overexpression promotes 

C2C12 muscle cell differentiation in association with an elevation of d- and tMeK20-H4. 

Interestingly, disruption of the carboxyl terminal zinc-funger domains of Prdml2 results in 

its redistribution into subnuclear ring-shaped aggregates elevated in dMeK20-H4. An 

exciting possibility from this result is the SET domain of Prdml2 may be involved in 

dMeK20-H4 catalysis. One could speculate that the flag-Prdml2 aggregates result from 

continued redistribution to Prdml2 SET domain binding sites that undergo dMeK20-H4 

catalysis. Interestingly, truncation of the carboxyl terminal zinc-finger domains of Prdml2 

results in its redistribution into subnuclear ring-shaped aggregates elevated in dMeK20-H4. 

Whether the flag-Prdml2 engineered splice variant occurs in vivo for a specific function 

will remain an important question to address. Of note, the published subnuclear distribution 

of overexpressed Prdm5 appears to be similar to Prdml2 with circular aggregates 

distributed in DAPI-depleted regions of the nucleus (Deng and Huang 2004). It is also 

intriguing that the flag-Prdml2 construct prevents C2C12 differentiation and as such, it 

may be acting as a dominant negative mutant or have a different activity. A more detailed 

structure-function analysis of Prdml2 as performed above will likely provide important 

insights the function of Prdml2.

Overexpression of the PR-domain containing gene Evil (Prdm3) in myeloid cells 

prevents their terminal differentiation into granulocytes (Morishita et al. 1992). In addition, 

Prdml (Blimp-1) is involved in cell lineage specification of neurons, and its overexpression 

in myoblasts can induce slow-twitch muscle differentiation (Roy and Ng 2004). Taken
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together with the apparent lineage-restricted expression of several PRDM genes (Table 5- 

1), members of the PRDM family may commonly function in a cell-type specific fashion. 

In this regard, the repression of muscle differentiation by Prdml2 overexpression may be a 

reflection of its function. Given the association of flag-Prdml2 with dMeK20-H4, the 

normal role of Prdml2 could be to mediate gene regulation in a way that alters dMeK20- 

H4 of muscle-specific genes. More detailed characterization of Prdml2 could explore this 

possibility.
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Discussion

Histone lysine methylations demarcate distinct nuclear subdomains

The understanding of the anatomy of the nucleus is becoming increasingly complex and 

models of gene regulation are evolving into a three-dimensional framework (Handwerger 

and Gall 2006). As we dissect the various domains of the nucleus, a more physiologically 

relevant picture of gene regulation emerges -  one that includes mobile macromolecular 

protein complexes in flux with a dynamically folding chromatin filament. For instance, 

PML domains are mobile, heterogeneous protein enrichments that make contacts with 

chromatin and have been suggested to coordinate various cellular processes such as DNA 

repair, transcription and protein degradation. In addition, splicing speckle compartments 

are found in a steady-state dynamic, whereby splicing proteins rapidly move in and out of 

these domains to various locations within the nucleoplasm. The splicing speckle periphery 

is enriched in transcriptional activity and, consistent with this organization, we have shown 

that there is a stable enrichment of tMeK4-H3 in this region (Figure s A-l and 6-1). The 

proximity of active genes with splicing speckle domains could provide a more efficient 

means of orchestrating co-transcriptional splicing. It is remarkable that MeK36-H3 is also 

associated with transcriptional activity and that its corresponding HKMTase Set2 has an 

association with pre-mRNA splicing factors (Kizer et al. 2005). In this regard, it would be 

interesting to determine whether MeK36-H3 and its associated HKMTase(s) are enriched 

at the splicing speckle periphery.

Heterochromatic domains are also generally found to have characteristic nuclear

distributions, which are preferentially associated with the nuclear and nucleolar periphery.
180
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Consistent with the observations of others, we have found that pericentromeric 

heterochromatin domains are enriched in tMeK9-H3 and tMeK20-H4 (Figure 6-1).

Despite the apparent overlap between these two modifications, our observations indicate 

that they have distinct behaviors, suggesting that they may also be spatially distinct at 

higher resolution. In proliferating cells of developing mid-gestation mice, tMeK9-H3 is 

significantly elevated in mitotic chromosomes - an association that is not observed with 

tMeK20-H4 (Chapter 3). Conversely, we see that over the course of differentiation in 

several cell types, the interphase levels of tMeK20-H4 in pericentromeric heterochromatin 

are progressively elevated. This association is not found with tMeK9-H3, nor is it seen 

with A-T rich DNA binding dyes, which co-localize with tMeK9-H3. Distinct roles for 

tMeK9-H3 and tMeK20-H4 are also supported by the work of others. tMeK20-H4 and 

tMeK9-H3 have been shown to be enriched in distinct repetitive elements (Martens et al.

2005). Moreover, although both tMeK20-H4 and tMeK9-H3 HKMTases have been shown 

to interact with Rb, Rb TKO (triple knockout) cells have normal tMeK9-H3 levels but 

depleted tMeK20-H4, suggesting these modifications behave differently in Rb pathways. It 

is remarkable that TKO cells have Suv39h-like anomalies such as chromosome segregation 

defects, which could suggest that tMeK20-H4 and tMeK9-H3 share some functions with 

respect to heterochromatin structure. The targeted loss of Suv4-20h enzymes in mice could 

help address more clearly any functional differences between tMeK9-H3 and tMeK20-H4. 

Because Suv4-20hl and Suv4-20h2 have significant sequence disparity, it will be 

interesting to see whether these enzymes have distinct functions, which could be mediated 

through tMeK20-H4.
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We have found that proliferating cells have localized enrichments in mMeK20-H4, 

which others have recently demonstrated to be facultative heterochromatin of the inactive 

X-chromosome (Figure 6-1). Interestingly, these enrichments are cell-cycle associated and 

Pr-Set7, a K20-H4 monomethylase, is important for mitosis suggesting that this enzyme 

may have a role in X-inactivation. In addition, Pr-Set7 functions in concert with Ezh2- 

dependent tMeK27-H3 on the Xj, which has also been shown to be cell-cycle regulated 

(Caretti et al. 2004). Consistent with such a scenario, the expression of Pr-Set7 and Ezh2 

are similar during myogenesis (Chapter 5). An important question remains as to why there 

may be a wide-scale alteration in Xj- associated methylation that is cell-cycle dependent. 

Perhaps facultative heterochromatin plays an important role in regulating the expression of 

genes for differentiation. A recent study looking at the role of Eed and histone methylation 

in X-innactivation suggests this may be the case. Eed is part of the polycomb repressive 

complex 2 (PRC2), which includes Ezh2 and mediates the deposition of X-innactivating 

chromatin modifications including MacroH2A, tMeK27-H3 and mMeK20-H4 in 

trophectoderm stem cells (Kalantry et al. 2006). Kalantry et al. suggest that these histone 

modifications prevent differentiation by maintaining a repressive chromatin stmcture on the 

X-chromosome. Could such a mechanism be at play to regulate the mMeK20-H4 changes 

in muscle differentiation seen here?

Epigenetic control by tMeK20-H4

It is still unclear how long-term epigenetic information may be propagated over several cell 

generations but key players in this process are emerging. We have recognized a histone 

methyl-lysine modification, tMeK20-H4, which has several characteristics of a prototypical
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regulator of epigenetic memory. Firstly, this modification is associated with gene 

repression, which has classically been associated with long-term memory. Importantly, the 

histone H4 amino terminal tail region has been proposed to mediate inter-nucleosomal 

interactions and tMeK20-H4 may therefore regulate stable higher-order chromatin 

structures. It is possible that mMeK20-H4 and dMeK20-H4 generate distinct 

heterochromatic structures through a similar mechanism. Secondly, tMeK20-H4 has the 

potential to be very stable, as an H4 variant does not appear to be present and a tMeK20- 

H4 specific demethylase remains elusive. Thirdly, histone H4-K20 methylations undergo 

considerable changes during differentiation (Figure 6-2), suggesting epigenetic changes are 

being encrypted in parallel with developmental progression. Fourthly, the enrichment of 

tMeK20-H4 over the course of differentiation is specific to certain cell types, including 

striated muscle, motor neurons and retinal ganglion cells. Although tMeK20-H4 levels 

may be enriched in other differentiating cell types, this was shown not to occur in 

chrondrocytic cells developing simultaneously with muscle and in other differentiated cells 

of the retina. Taken together, tMeK20-H4 provides important lineage-specific epigenetic 

memory and further efforts should be taken to elucidate the molecular factors involved in 

regulating this modification. In this regard, the development of Suv4-20hl/2 deficient 

mice should provide mechanistic insight.

Smydl and Prdml2 in myogenesis

In the fifth chapter of this thesis, we extend our analysis of histone lysine methylation in 

myogenesis to investigate its mechanistic basis. We hypothesized that muscle specific 

HKMTases could underlie the histone methylation changes we identified during muscle
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differentiation, and that these genes would be restricted in this tissue. By in silico 

expression analysis, we identified Prdml2 and Smydl as potential HKMTases for 

myogenesis. Our localization data have provided some insight into their possible nuclear 

functions, especially in the case of Prdml2, which will be important for further molecular 

dissestion of these proteins.

Interestingly, Smydl overexpression appeared to repress skeletal muscle differentiation 

in embryonic muscle cultures but not in C2C12 myoblasts. This result may reflect the 

different levels of temporal commitment in the muscle lineage of our primary cultures 

versus C2C12 cells. We previously observed that primary muscle cultures derived from 

E10.5 embryos had detectable levels of Pax3, an early regulator of myogenesis, but Pax3 

was no longer detectable following ~ 3 days of culture (data not shown). In contrast, Pax3 

is not detectable in either proliferating or differentiating C2C12s, suggesting this cell line is 

in a later stage of muscle development than our embryonic muscle cultures. In this regard, 

the repressive effect of Smydl overexpression in primary cultures could suggest a specific 

temporal requirement for its function in skeletal muscle differentiation. It is possible that 

early overexpression of Smydl causes ectopic activation or repression of cell-cycle or 

differentiation genes, respectively.

The subnuclear distribution of Smydl and apparent role in myogenesis is important in 

light of chromatin dynamics occurring in active gene compartments. Moen et al. 

demonstrated a striking repositioning of some myogenic genes to active chromatin 

compartments at the periphery of splicing speckles that occurred specifically during 

differentiation of skeletal muscle (Moen et al. 2004). Importantly, we have observed that
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the periphery of splicing speckles is significantly enriched in tMeK4-H3. Therefore it is 

tempting to speculate that Smydl may function to dynamically regulate myogenic genes in 

tMeK4-H3-rich chromatin domains.

Our experiments with Prdml2 have provided interesting possibilities of its function that 

would mandate further characterization in order to gain a solid understanding of its 

biological role. It would be important to substantiate the dMeK20-H4 specificity of 

Prdml2 by in vitro methyltransferase assays, as it has been done for other HKMTases. In 

addition, it would be informative to investigate the endogenous expression profile of 

Prdml2 during embryogenesis in situ and to perform mouse, xenopus, or zebrafish 

knockout studies for further characterization of this HKMTase.

An epigenetic blueprint o f mammalian embryogenesis

In recent years, reports showing the unique distributions of histone methyl-lysine 

derivatives during development have surfaced. These studies demontrate that histone 

lysine methylation is dynamic during development and supports the idea that these 

modifications are key epigenetic regulators. Importantly, changes involving specific 

histone methyl-lysines occur on a broad scale readily identifiable by immunofluorescence. 

This has been shown during mouse pre-implantation development, germ cell specification 

and through our data during mid-gestation. Although the distributions of various 

methylations remain to be examined in several developmental events, an integrated 

understanding of the epigenome during mammalian development could evolve from these 

studies.
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Mouse pre-implantation development

During pre-implantation development, epigenetic reprogramming events occur that are 

thought to facilitate the expression of embryonic genes (Fomeris et al. 2005). From the 

early stages of fertilization, maternal metaphase II chromatin is enriched in d/tMeK9-H3, 

whereas these modifications are absent or extremely depleted in decondensing sperm nuclei 

(Sarmento et al. 2004). These strikingly different methylation profiles are also apparent in 

male and female pronuclei, and persist until the 2-cell stage (Liu et al. 2004). Consistently, 

tMeK20-H4 has also been shown to be present in female pronuclei but absent in paternal 

pronuclei (Kourmouli et al. 2004). De novo methylation of histone H3-K9 occurs at the 4- 

cell stage, causing the asymmetry between male and female genomes to be lost (Liu et al.

2004). This change is thought to occur by alleviation of methylase repression from the 

paternal genome. In addition, a global depletion in methylation of R17-H3, R3-H4 and 

acH4 is found on metaphase II egg chromatin and persists in early embryonic blastomeres 

(Sarmento et al. 2004). Interestingly, MeR17-H3 depletion occurs through a peptidyl 

arginine deiminase (PAD) thought to be present in the maternal cytoplasm. At the 

blastocyst stage, detectable levels of MeR3-H4 and AcH4 are seen in metaphase 

blastomeres. Together, these studies suggest significant changes in histone methylation are 

important for the earliest steps in mammalian development.

Dynamic changes in histone methylation during early cleavage stages have recently 

been shown to control imprinted inactivation of the paternal X-chromosome (Xp). By the 

time K9-H3 levels have equilibrated between maternal and paternal genomes at the 4-cell 

stage, Xist RNA begins to coat the Xp (Okamoto et al. 2004). Importantly, the timing of
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this event enables a distinction between both genomes to be maintained. At the 8 -cell 

stage, the Xp is hypomethylated at K4-H3 and hypoacetylated at K9-H3. This is followed 

by deposition of d/tMeK27-H3 through EED/Enxl accumulation by the morula stage (16- 

cell) (Okamoto et al. 2004). At the blastocyst stage, dMeK9-H3 is finally deposited on the 

Xp. However, a striking disassembly of Xp inactivating components occurs during inner 

cell mass growth and, by implantation, the random inactivation of paternal and maternal X 

chromosomes begins. These dynamic changes reveal a remarkable plasticity of histone 

lysine methylation marks during pre-implantation development.

Epigenetic reprogramming in mouse germ cell development

Mouse germ cells are derived from epiblast cells, which migrate into the gonads during 

mid-gestation to undergo extensive epigenetic reprogramming. Recently, histone methyl- 

lysine modifications have been shown to undergo considerable dynamics in developing 

germ cells (Seki et al. 2005). During germ cell specification at E8 , a rapid and dramatic 

loss of dMeK9-H3 is seen in germ cells, whereas tMeK9-H3 remains relatively stable (Seki 

et al. 2005). From E8.5 onward, there appears to be a progressive increase in tMeK27-H3 

in euchromatin (Seki et al. 2005). Interestingly, tMeK27-H3 has also been shown to 

accumulate on the X; during development and appears to generate a repressive but plastic 

chromatin state (Plath et al. 2003; Silva et al. 2003). In addition, MeK4-H3 and acK9-H3 

remain relatively stable throughout germ cell specification but are globally elevated as 

germ cells populate the genital ridges. Although enrichments in these modifications 

generate a more euchromatic state there is no elevation in genome-wide transcription, 

suggesting these germ cells simply have decondensed chromatin (Seki et al. 2005). These
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epigenetic resetting events are thought to be necessary to generate a totipotent gamete with 

less somatic character. These recent findings in germ cell development could provide a 

model to enable the understanding of histone lysine demethylation of repressive chromatin 

marks.

Mouse mid-gestation development

We have provided the first report showing genome-wide changes in histone methyl-lysine 

derivatives in mammalian embryos from E8.5 to El 1.5. Our work therefore supplements 

the studies above in providing a description of histone methylation changes during mid­

gestation. In proliferating cells during this timescale, mMeK20-H4 was elevated in both 

mitotic chromosomes and interphase chromatin. Similarly, tMeK9-H3 was elevated in 

mitotic chromosomes, demonstrating that these methyl-lysines are associated with cell 

cycle events during embryogenesis. The most striking finding was that tMeK20-H4 levels 

are progressively elevated in post-mitotic cells of differentiating motor neurons, cardiac 

muscle and skeletal muscle cells, beginning at E9.5. Based on the association of tMeK27- 

H3 with the Xi, we would expect this modification to parallel the distributions of 

mMeK20-H4 during embryogenesis. It would be important to examine other modifications 

that have not been examined in our study, and to look at earlier and later events of 

embryogenesis in order to get a more complete picture of epigenetic events in 

development. Nevertheless, our study provides a foundation for examining the role of 

histone lysine methylation during mid-gestation that could be used to examine the 

chromatin of HKMTase-deficient mice.
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Future perspectives

HKMTases and diet

The involvement of dietary methyl donors in cancer has been known for quite some time, 

however the molecular causes underlying this link have been largely elusive (Huang 2002). 

The finding that HKMTases transfer methyl groups obtained from S-adenosylmethionine 

(SAM) derived from methyl donors such as choline, methionine, and folate, provides an 

epigenetic link to the nutritional causes of cancer.

A decrease in methyl donors can result in decreased SAM and elevated S- 

adenosylhomocysteine (SAH), which can impede the methionine cycle (Huang 2002).

This can be counteracted by dietary intake of methyl donors, vitamins B12 and B6  (Huang 

2002). However, some individuals may have hypomorphic alleles of key enzymes in the 

methionine cycle, such as methionine synthase (MS) or methylenetetrahydrofolate 

reductase (MTHFR), thereby predisposing them to cancer (Huang 2002). In addition, 

having a genetic deficiency in the methionine pathway and a methyl donor depleted diet 

compounds the risk of cancer (Huang 2002). In this regard, individuals with HKMTase 

deficiency such as Sotos syndrome could have a decreased risk of developing cancer 

through dietary supplementation.

Epigenetics of retinal development

In chapter 3, we provided a foundation for exploring histone lysine methylation-dependent 

epigenetic changes in retinogenesis. To our knowledge, this is the first report describing 

broad histone methylation changes during the development of the vertebrate retina. We
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demonstrated that tMeK20-H4 is progressively enriched in cells of the differentiating 

ganglion cell layer, but not other differentiated retinal cells, providing support for a cell- 

type specific role of tMeK20-H4 during differentiation. We postulate that the loss of 

tMeK20-H4 in non retinal ganglion cells of the retina could be due to an unidentified 

demethylase specific to these cells or absence of a HKMTase, resulting in mitotic dilution. 

We predict that a retinal-specific HKMTase could account for ganglion cell-specific 

elevation of tMeK20-H4. PRDM8 appears to be an excellent candidate in this regard, as it 

is expressed in the retina by in situ, consistent with in silico expression data showing that 

this HKMTase is elevated in the eye (Chapter 5). It is noteworthy that PRDM proteins are 

generally tissue-restricted, which could implicate these genes in the regulation of tissue- 

specific histone lysine methylation.

Our data may provide important insight towards an understanding of epigenetic 

plasticity in retinal stem cells. It would be interesting to determine the role of tMeK20-H4 

and other histone methylations in this context. Based on our findings, it would also be 

interesting to determine whether the heterogeneity in the retinal precursor pool can be 

explained in epigenetic terms. Histone lysine methylation could be examined with respect 

to the spatiotemporal occurrence of bHLH transcription factors, such as NeuroD and 

Math5, regulators that have been shown to influence lineage restriction of RPCs.

Histone methylation in epigenetic disorders

The role of histone lysine methylation in epigenetics has been largely elusive until recent 

years and, perhaps for this reason, it has not been thoroughly examined in human 

epigenetic diseases. In contrast, a more detailed understanding of DNA methylation has
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lead to the identification of several epigenetic diseases that are caused by deregulation of 

this process. Given the interrelationships between epigenetic modifications, histone 

methylation may play an important role in disorders that have disrupted DNA methylation. 

For instance, a recent analysis of cancer cells with lower than normal levels of 5- 

methylcytosine also identified a dramatic reduction of acK16-H4 and tMeK20-H4 in 

distinct repetitive elements, namely NBL2, Satellite 2 and D4Z4 sequences (Fraga et al.

2005). In this light, it is interesting that disruption of D4Z4 repeats is associated with 

fascioscapulohumeral muscular dystrophy (FSHD) (Buzhov et al. 2005a; Buzhov et al. 

2005b). In addition, Satellite II sequences associated with pericentromeric heterochromatin 

are DNA hypomethylated in immunodeficiency, centromeric instability, facial anomalies 

syndrome (ICF), which is often caused by mutations in the DNA methyltransferase 

DNMT3b (Gisselsson et al. 2005). The pathological association of tMeK20-H4 with D4Z4 

and Satellite 2 repeats may implicate this modification in the etiology of FSHD or ICF. 

Histone lysine methylation may also have a role in imprinting disorders, as it has been 

demonstrated for some cases of Beckwith-Weideman syndrome caused by the HKMTase 

NSD1 (Baujat et al. 2004). Data presented in this thesis would suggest that defects in 

tMeK20-H4 could be implicated in the molecular basis of disorders affecting the nervous 

system, cardiac and skeletal muscle, and vision. A role for tMeK20-H4 has already been 

shown to be important in human cancers (Fraga et al. 2005). In this regard, cellular histone 

methylation profiles may also serve to predict the clinical outcome of epigenetic disorders 

as it has been recently shown with prostate cancer (Seligson et al. 2005).
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Histone methyl-lysines as chemotherapeutic targets

Given the pervasive role of HKMTases in carcinogenesis, histone lysine methylation is an 

attractive chemotherapeutic target. Other epigenetic modifications such as DNA 

methylation and histone acetylation have proven to be successful drug targets for certain 

types of human cancers. For instance DNA methylation inhibitors such as 5’azacytidine 

are being used in phase I-III clinical trials for leukemias while more efficacious analogues 

of this drug are being developed (Egger et al. 2004; Bhalla 2005). Similarly, a variety of 

HD AC inhibitors are being successfully used to treat some forms of cancer in clinical trials 

(Egger et al. 2004; Espino et al. 2005). The influence of distinct histone lysine 

methylations on specific chromatin domains could make this a more promising epigenetic 

target for cancer drugs. Because histone methylation marks are thought to be relatively 

stable, it is conceivable that drugs capable of modifiying active or heterochromatic 

methylations could be very efficient, with less need for repetitive treatments as is one 

downfall of HD AC inhibitors. In addition, histone methylating/demethylating agents could 

be used in conjunction with current epigenetic therapies to enhance their efficacy. 

Concluding remarks

This thesis has added a small piece to an epigenetic puzzle that becomes increasingly 

complex with growing knowledge of histone post-translational modifications and DNA 

methylation. Epigenetic phenomena hold great promise for gaining a better functional 

understanding of the genome, which could materialize into new treatments for human 

diseases. Large scale analyses such as the human epigenome project are likely to propel 

new and exciting epigenetic research in years to come.
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Figure 6-1: Functional chromatin domains defined by histone lysine methylation.

Pericentromeric heterochromatin in mammalian nuclei is enriched in tMeK9-H3 and 

tMeK20-H4. mMeK20-H4 is enriched in facultative heterochromatin, defining 

transcriptionally repressive chromatin environments. The periphery of spieling speckle 

compartments is enriched in tMeK4-H3, a region also shown to be elevated in 

hyperacetylated H3, defining a transcriptionally active subnuclear environment. 

Pericentromeric heterochromatin compartments increase in size during differentiation of 

particular cell types, with a corresponding elevation of tMeK20-H4. In contrast, elevated 

levels of mMeK20-H4 are associated with proliferation.
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Figure 6- 2: Subnuclear re-organization of chromatin through dynamic K20-H4

methylation during muscle differentiation.

Skeletal muscle differentiation of C2C12 cells is marked by changes in the subnuclear 

distribution of K20-H4 methylations. In proliferating mononucleated cells, -95 % of 

nuclei have 2 large subnuclear aggregates of mMeK20-H4 (red) which abut either nucleoli 

or the nuclear periphery, nucleolar enrichment of dMeK20-H4 (green) and a pericentric 

heterochromatin domain (blue) enriched in tMeK20-H4. Induction of myogenic 

differentiation by serum withdrawal causes a significant depletion of large mMeK20-H4 

aggregates and loss of dMeK20-H4 nucleolar enrichment, while retaining other punctate 

foci, with concomitant enlargement of tMeK20-H4 pericentric heterochromatin domains. 

In multi-nucleated, terminally differentiated cells, tMeK20-H4 domains are significantly 

enlarged, while only punctate foci remain for mMeK20-H4 and dMeK20-H4. These 

dynamic changes in K20 methylation represent major epigenetic changes that are 

suggestive of chromatin re-organization over the course of differentiation.
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Table 6-1: Summary of histone lysine methylation changes occurring during mouse

embryogenesis.
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Developmental stage Histone methyl-lysine change References

E 1.0 (Fertilization) -Maternal genome: elevated d/tMeK9-H3 
and tMeK20-H4, decreased H4ac 
-Paternal genome: elevated H4ac, 
decreased d/tMeK9-H3 and tMeK20-H4

(Kourmouli et al. 
2004; Liu et al. 
2004; Sarmento et 
al. 2004)

E 1.5 (2-cell) -Maternal genome: elevated d/tMeK9-H3, 
decreased H4ac
-Paternal genome: elevated acH4, 
decreased d/tMeK9-H3 
-Global decrease in meR17-H3, meR3-H4 
and acH4

(Liu et al. 2004; 
Sarmento et al. 
2004)

E 2.0 (4-cell) -d/tMeK9-H3 asymmetry lost 
-Global decrease in meR17-H3, meR3-H4 
and acH4

(Liu et al. 2004; 
Sarmento et al. 
2004)

E 2.5-3.0 (8 -cell) -Global decrease in meR17-H3, meR3-H4 
and acH4
Xp: decreased MeK4-H3 and acK9-H3 
followed by elevated K27-H3me

(Okamoto et al. 
2004; Sarmento et 
al. 2004)

E 4.0 (Early blastocyst) Appearance of meR3H3 and acH4 
-Xp: rise in dMeK9-H3 levels

(Okamoto et al. 
2004; Sarmento et 
al. 2004)

E 4.5 (Implantation) -Dissasembly of Xp inactivation during 
inner cell mass growth and random X- 
inactivation

(Okamoto et al. 
2004)

E 8.5 (Gastrulation) -Proliferating cells elevated in tMeK9-H3 
and mMeK20-H4
-Loss of dMeK9-H3 and elevation of 
tMeK27-H3 in primordial germ cells

(Biron et al. 2004; 
Seki et al. 2005)

E 9.5 (Gastrulation) -Proliferating cells elevated in tMeK9-H3 
and mMeK20-H4
-Progressive elevation of tMeK20-H4 in 
differentiating motor neurons and striated 
muscle cells
-Progressive elevation of tMeK27-H3 in 
migrating germ cells

(Biron et al. 2004; 
Seki et al. 2005)

E 10.5 (Gastrulation) -Proliferating cells elevated in tMeK9-H3 
and mMeK20-H4
-Overall elevation of tMeK20-H4 and 
depletion of mMeK20-H4 in differentiated 
striated muscle, ventrolateral motor 
neurons and retinal ganglion cells (chick) 
-Global elevation of MeK4-H3 and acK9- 
H3 in germ cells of the genital ridge

(Biron et al. 2004; 
Seki et al. 2005)
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Appendices

Figure A -1: Subnuclear distribution of tMeK4-H3 in COS-7 cells and mouse embryo 

sections.

(A) Co-immunofluorescence of SC-35 (green) and tMeK4-H3 (red) in COS-7 nuclei. The 

relative distribution of SC-35 and tMeK4-H3 is shown by linescan through the merged 

image. The tMeK4-H3 threshold panel displays the extensive association of higher 

intensity tMeK4 values (top 6 6 %) with SC-35. (B) Subnuclear distribution of tMeK4-H3 

(red) relative to DAPI (green) in mouse E10.5 sections. Individual channels are shown in 

grayscale and the merged image is pseudocolored.
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Figure A- 2: Cell cycle analysis of K20-H4 methylations in differentiating mouse

primary limb bud cultures.

Mouse primary limb bud cultures derived from E10.5 embryos were pulsed with BrdU for 

2 hours following 3 or 5 days of culture and processed for co-immunofluorescence with 

BrdU and mono- or tri-methyl K20 H4. Greater than 50 BrdU positive nuclei were scored 

from 40x images for each co-immunofluorescence stain and assigned in either the lower, 

middle, or upper third of intensity values.
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