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Introduction

Regulation of gene transcription is a complex process that is critical for the proper
development of multi-cellular organisms. In eukaryotic cells, the genome is packaged into
chromatin, which consists of DNA and a large number of proteins that often serve regulatory
functions. The basic unit of chromatin is the nucleosome, composed of 2 copies each of the
core histone H2A, H2B, H3, and H4 surrounded by 147 bases of DNA. Nucleosomes affect
gene expression through multiple means that include their positioning and their composition
with respect to covalent histone modifications and histone variants. Here, we focus on the
role of post-translational modifications (PTMs) of histones, specifically modifications on the
amino-terminal tails of H3 and H4, in the regulation of gene expression (Campos and
Reinberg 2009).

The addition and removal of histone PTMs is controlled by pairs of enzymes, similar to the
addition and removal of phosphates by kinases and phosphatases, respectively. Methyl
marks are placed by methyltransferases and removed by demethylases, acetyl marks are
placed by histone acetyltransferases and removed by deacetylases, and so on. The
occurrence of histone PTMs can thus be highly dynamic, subject to both extra-cellular
stimuli such as acetylation of histone H4 lysine 5 (H4K5) and H4K8 after estrogen binding
to its receptor, and internal signals that affect the status of chromatin such as
phosphorylation of H2AX after DNA damage (Trojer and Reinberg 2006; Kouzarides
2007). In contrast to acetylation and phosphorylation, other histone PTMs such as
methylation, are relatively stable and, once established, appear to be actively maintained
through DNA replication and cell division. These are the PTMs that are most likely to
participate in the epigenetic regulation of gene expression and are the central subject of this
review.

In general, histone PTMs affect transcription both directly, through changes in higher-order
chromatin structures, and indirectly, by recruitment of downstream effectors. Although the
distribution of certain histone PTMs correlates with gene expression levels, the mechanism
by which these “marks” affect transcription remains unclear (Barski et al. 2007). Our
longstanding goal has been to gain insight into the processes of deposition of certain histone
modifications and how they regulate transcription.

In the past, we focused our attention on the basic mechanisms of RNA polymerase I1-
dependent transcription. Originally, these studies were conducted using conventional
biochemical purification and techniques such as chromatographic fractionation and
reconstitution experiments, to determine the minimal factors necessary for in vitro
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transcription on a naked DNA template (Flores et al. 1992). Along with others, we used this
approach to identify the general transcription factors and characterize how they regulate
RNA polymerase I, and to determine DNA sequence elements required for these processes
(Orphanides et al. 1996). The information obtained from these analyses provided a solid
foundation to tackle more complex templates consisting of DNA assembled with histones
into chromatin, reflective of the /n vivo situation. Thus, we set out to study transcription /n
vitroon a fully reconstituted chromatinized template that necesitates an investigation of the
properties of chromatin-modifying enzymes (Pavri et al. 2006).

Chromatin is classified into heterochromatin and euchromatin, based on a combination of
both functional and microscopic characteristics (Trojer and Reinberg 2007).
Heterochromatin is compact, electron dense (dark under the electron microscope), and
transcriptionally repressed. Euchromatin is transcriptionally permissive, less electron dense,
and often referred to as being “open” or “loose”, although the exact molecular status
corresponding to these terms remains poorly understood. Heterochromatin is functionally
categorized as constitutive or facultative, based on whether the repressed state is permanent
or conditional, respectively (Margueron et al. 2005). Constitutive heterochromatin silences
repetitive elements to prevent genomic instability (Maison and Almouzni 2004), whereas
formation of facultative heterochromatin is critical for the transient silencing of tissue-
specific genes during differentiation (Trojer and Reinberg 2007). These three forms of
chromatin are typically associated with distinct histone modifications. For example,
constitutive heterochromatin is enriched for trimethylation of histone H3 lysine 9
(H3K9me3), facultative heterochromatin is enriched for H3K27me3, and euchromatin is
punctuated by H3K4me3 and H3K36me3 (Kouzarides 2007).

We originally sought to identify the enzymes that catalyze the deposition of specific histone
modifications. Through conventional purification studies, we identified and characterized
the Polycomb Repressive Complex 2 (PRC2) and PR-Set7, enzymes responsible for
H3K27me3 and H4K20me1, respectively (Kuzmichev et al. 2002; Nishioka et al. 2002).
H3K27me3 has a well-established role in facultative heterochromatin. It localizes to
developmentally regulated genes, and loss of the enzymatic machinery required for its
deposition causes defects in differentiation. In pluripotent embryonic stem cells, H3K27me3
is a component of specialized chromatin regions, known as “bivalent domains”, which mark
developmentally regulated genes as being poised for repression or activation in subsequent
differentiated lineages (Bernstein et al. 2006a). A universal role for H4K20mel in
transcription has yet to emerge, and we believe that this mark may have different functions
according to its genomic localization and timing of deposition. Along these lines, PR-Set7 is
essential for development and has also been implicated in processes ranging from X
chromosome inactivation to cell cycle regulation (Jorgensen et al. 2007; Tardat et al. 2007;
Oda et al. 2009). We extended these studies to MBT-domain containing proteins since one
such protein, L3MBTL1, binds H4K20mel, and other members of the family are involved
in polycomb mediated repression (Bonasio et al. 2010). We also investigated the Sirtuin
family of histone deacetylases, which coordinate multiple silencing pathways during the
formation of heterochromatin (Vaquero et al. 2007a).

In the following sections, we present an overview of our findings and current progress in the
field of facultative heterochromatin, with respect to PRC2, MBT domain-containing
proteins, PR-Set7, and SIRT1. We will then discuss future directions, which focus on
understanding how chromatin is regulated spatially within the nucleus.

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2013 November 18.
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Facultative heterochromatin

Introduction to PRC2

Polycomb group (PcG) proteins are central players in the formation of facultative
heterochromatin. Polycomb genes were originally identified as factors required for the
proper maintenance of expression patterns of homeotic genes during development in
Drosophila melanogaster (Ringrose and Paro 2004). A major focus of our studies in
facultative heterochromatin has been the Polycomb Repressive Complex 2 (PRC2). PRC2
promotes this silencing by methylating H3K27, to form facultative heterochromatin. PRC2
is composed of five core subunits, EED, SUZ12, EZH2, and RBAP46 /48, that are highly
conserved. Although the exact contribution of each subunit to the function of the complex
has remained elusive, we have made significant progress towards elucidating how PRC2
affects chromatin structure and transcription. We will focus on our recent work concerning
the core components of PRC2 including EED and EZH2, as well as the EZH2 homologue
EZH1, the role of auxiliary factors such as JARID2 and AEBP2 in regulating the activity
and chromatin recruitment of the PRC2 holoenzyme, and the dynamic post-translational
regulation of this complex.

PRC2 core components

Together with three other groups (Cao et al. 2002; Czermin et al. 2002; Muller et al. 2002),
we discovered that EZH2 catalyzes H3K27me3, but only when part of a complex that we
designated PRC2 (Kuzmichev et al. 2002). PRC2 is composed of 5 proteins: EED, SUZ12,
EZH2, RbAp46 /48 (Cao et al. 2002; Kuzmichev et al. 2002); (Czermin et al. 2002; Muller
et al. 2002)). We also found that PRC2 catalyzes H1bK26me and that its specificity for
catalyzing H3K27me2/3 or H1bK26me is dictated by the identity of its EED subunit, which
exists in four different isoforms (EED1-4) depending on the translation start site utilized
(Kuzmichev et al. 2004; Kuzmichev et al. 2005; Montgomery et al. 2007).

Because of the characteristic distribution of H3K27me3 within silenced developmental
genes and the role of the polycomb system in cell identity, it has long been suspected that
this histone modification constitutes a bona fide “epigenetic” mark, i.e. it is faithfully
transmitted to cell progeny after DNA replication and cell division. However, a molecular
mechanism for the transmission of H3K27me3 was lacking. We recently discovered that
EED exhibits a novel interaction, the consequences of which may explain how H3K27me3
domains can be epigenetically inherited (Figure 1) (Margueron et al. 2009). EED contains an
“aromatic cage” that binds histone H3 peptides trimethylated at lysines 9 and 27 (H3K9me3,
H3K27me3), but its binding to H3K27me3 in particular stimulated the enzymatic activity of
PRC2 (Figures 1a, b, c). Mutation of the residues in EED responsible for recognition of
H3K27me3 did not affect the basal activity of the complex in vitro, yet these mutations did
cause a drastic decrease in H3K27me3 levels /n vivo, suggesting that EED-mediated PRC2
binding to H3K27me3 regulates the proper recruitment and activity of PRC2, required for
maintaining overall H3K27me3 levels (Margueron et al. 2009). Similar feedback loops
maintain and propagate other histone modifications. In the case of H3K9me3, the
modification is recognized by HPZ1, which in turn binds to and recruits the histone
methyltransferases SUV39H1/2 that catalyze the deposition of H3K9me3 (Stewart et al.
2005). However, the stimulation of EZH2 activity upon binding of its partner, EED, to the
product of its activity, H3K27me3, is the first described case of a histone modification
allosterically regulating the activity of a histone lysine methyltransferase. This regulatory
loop may provide a mechanism for H3K27me3 propagation during DNA replication, in that
parental nucleosomes containing H3K27me3 could serve as a template for the establishment
of this modification on newly incorporated histone H3 (Figure 1d).

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2013 November 18.
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In mammals, there are two homologs of the D. melanogaster E(z) gene, EZH1 and EZHZ.
EZH2 was identified as a component of PRC2 by conventional biochemical purifications,
but the function of EZH1 in mammals had not been characterized. EZH1 is ubiquitously
expressed, whereas EZH2 expression is restricted to highly proliferating cells (Margueron et
al. 2008). EZH1 forms a complex with the same components as the canonical PRC2, clearly
establishing EZH1 as an alternate core component of PRC2 (Shen et al. 2008). Despite the
fact that EZH1 and EZH2 contain largely homologous SET domains (responsible for their
methyltransferase activity), PRC2-EZH2 and PRC2-EZH1 exhibit a major difference is their
level of methyltransferase activity, with PRC2-EZH2 being considerably more active
towards H3K27 than PRC2-EZH1, both in vivoand /n vitro (Margueron et al. 2008). We
have also shown by genome-wide analysis that EZH1 and EZH2 share a common set of
promoter binding sites. Yet, independent of its SET domain, EZH1 acts uniquely to repress
transcription by directly compacting chromatin, as assessed by electron microscopy
(Margueron et al. 2008). PRC2-EZH1 may also indirectly regulate PRC2-EZH?2 activity and
H3K27me3 levels by decreasing available pools of SUZ12, EED, and RBAP46/48. We
envision these two PRC2-mediated silencing pathways, via EZH1 or EZH2, as having
unique roles in quiescent versus proliferating cell lineages, respectively.

Ancillary PRC2 subunits

PRC2 core components interact with several proteins that regulate its activity and, possibly,
its recruitment to chromatin (Cao et al. 2008; Sarma et al. 2008; Li et al.). Although other
interacting proteins have been identified, we will focus our discussion on three of these
factors: PHF1, JARID2, and AEBP2. In the absence of PHF1, PRC2 mostly catalyzes
deposition of H3K27me2 in vitro, but when PHF1 is added, PRC2 is able to catalyze
deposition of H3K27me3 (Sarma et al. 2008). Similar observations were made with the D.
melanogaster homologue of PHF1, polycomb-like (Nekrasov et al. 2007). PHF1 contains
two PHD fingers and a tudor domain, two motifs that often function as recognition modules
for methyl-lysine and methyl-arginine, respectively. The presence of these domains suggests
that PHF1 may function as a chromatin adaptor /in vivo, linking different methylation states
with a functional outcome by modulating PRC2 activity.

As with PHF1, w, e recently found that JARID2 stimulates PRC2 enzymatic activity (Li et
al. 2010), although two other reports claimed that JARID?2 inhibits PRC2 (Peng et al. 2009;
Shen et al. 2009). This discrepancy may be explained by differences in the assay conditions.
Our studies showed that JARID2 stimulates PRC2 when added at equimolar concentrations,
conditions that more accurately reflect the stoichiometry of the complex /in vivo. We also
found that the stimulatory effect of JARID2 on PRC2 is allosteric and nucleosome-specific
(J.S., R.M., and D.R., unpublished results). Despite this controversy regarding the effect of
JARID?2 on the enzymatic activity of PRC2 (Peng et al. 2009; Shen et al. 2009), all studies
agree that JARID2 is important for recruiting PRC2 to its target genes, and this may be
mediated through the DNA binding domain of JARID2 (Li et al. 2010). Indeed JARID2 was
found in isolation to bind to DNA with preference to G:C rich sequences ((Peng et al. 2009)
and see below). Interestingly, JARID2 is a member of a family of histone demethylases, yet
it lacks any demethylase activity itself and may function by modulating the activity of other
enzymes /n vivo. JARID? is essential for proper embryogenesis, highlighting its importance
in development (Takeuchi et al. 1995).

Another protein that interacts with PRC2 and stimulates its enzymatic activity is AEBP2,
which also contains a DNA binding motif (Kim et al. 2009). We found that AEBP2
regulates the K, for the co-substrate S-adenosyl methionine (SAM) of PRC2. We also
characterized how JARID2 and AEBP2 cooperate in regulating PRC2 activity /n vitro. Both
factors stimulate the enzymatic activity of PRC2 and act synergistically (J.S., R.M., and
D.R., unpublished results). Furthermore, this joint stimulation is enhanced further by the
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presence of an H3K27me3 peptide that is recognized by the EED component of PRC2
resulting in increased PRC2 activity (see above). Thus JARID2, AEBP2, and the
H3K27me3 modification itself appear to modulate the PRC2 complex through distinct
mechanisms (J.S., R.M., and D.R., unpublished results). This interplay suggests a dynamic
regulation of PRC2 activity /n vivo.

Phosphorylation of PRC2

Core components of PRC2 are regulated by post-translational modifications (Cha et al.
2005). Using mass spectrometry analyses, we found that EZH2 is phosphorylated /n vivo at
two novel sites by CDK1. Neither of these two sites, T345 and T487, is within a
characterized domain of EZH2. Using phospho-specific antibodies directed against these
two residues, we demonstrated that this phosphorylation is cell-cycle regulated, with
phosphorylation at T345 occurring during mitosis and phosphorylation at T487 decreasing
during S-phase. To determine the functional importance of these phosphorylations, we
generated independent mutants of each site by substitution with either alanine (loss of
phosphorylation) or aspartic acid (phosphorylation mimic). We reconstituted mutant PRC2
complexes containing recombinant proteins expressed in insect cells, but we did not observe
any major effects on enzymatic activity. However, phosphorylation of EZH2 may regulate
binding of accessory factors, chromatin targeting, or other unknown aspects of PRC2
biology, and that it varies during the cell cycle suggests that further investigation is
warranted. Recently, we have demonstrated that phosphorylation effects ncRNA binding
suggesting an important role in recruitment (S.K. and D.R., unpublished results).

Recruitment of PRC2

Recruitment of PRC2 to target genes and regulation of its enzymatic function are two
critical steps in polycomb silencing, yet little is known regarding how PRC2 is recruited to
its genomic targets in vertebrates. In D. melanogaster, specific DNA sequences called
polycomb response elements (PRESs) are sufficient to induce polycomb-mediated repression,
but the existence of a similar DNA sequence-based mechanism in other organisms remains
controversial (Ringrose and Paro 2004). One recent report found genomic elements involved
in recruiting the PRC1 complex (Woo et al.), but it remains unclear whether they also recruit
PRC2. As of yet, there has not been compelling evidence for a single definitive recruitment
mechanism for PRC2 in mammals. We believe that PRC2 recruitment may depend on
multiple agents, each contributing a low binding affinity, but together synergizing to attain
stable binding (Figure 2b). These factors would include JARID2 and AEBP2 through their
DNA binding domains, RBAP46/48 that binds H4 tails, and EED that binds to H3K27me3
(Figure 2c) (Margueron et al. 2009). In support of this model, JARID2 targets are enriched
for a GC-rich motif (Peng et al. 2009), which is consistent with a computationally predicted,
putative PRC2 recognition element (Figure 2a) (Ku et al. 2008). We speculate that these
factors may function together as a PRC2 targeting mechanism.

Although we have uncovered some aspects of PRC2 regulation, many issues remain
unresolved. These include how depletion of each subunit of the PRC2 complex affects its
genome-wide distribution and activity. Furthermore, post-translational modifications, such
as phosphorylation, of the core components may affect chromatin binding or ancillary
subunit composition. Also, non-coding RNAs (ncRNAs) have emerged as potential elements
for PRC2 recruitment, although their precise role remains unclear.

Introduction to MBT domains

Histone modification-binding proteins, or “readers,” are downstream effectors of histone
post-translational modifications. These proteins share common structural motifs that
recognize certain modification types in a context dependent manner, often with a remarkable

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2013 November 18.
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degree of accuracy. Central among these motifs are the chromo-, bromo-, and tudor domains
along with PHD fingers. A less well studied, but not less important, histone modification
binding module is the Malignant Brain Tumor (MBT) domain, which predominantly binds
mono- and di-methylated lysines by means resembling those of chromodomains and WD40
domains, although the overall folds are unrelated. MBT domains are found in polycomb
proteins such as SCM and SFMBT, suggesting a role in the formation of facultative
heterochromatin. Furthermore, the Drosophila MBT domain-containing protein, L(3)MBT,
is a tumor suppressor that functions as a transcriptional corepressor (Bonasio et al. 2010).

The human MBT protein family comprises nine members (Bonasio et al. 2010). These
proteins contain either two, three, or four MBT domains arranged in tandem and organized
in an interlocked superstructure (Sathyamurthy et al. 2003; Wang et al. 2003; Eryilmaz et al.
2009; Guo et al. 2009). Yet, MBT proteins appear to bind a histone methyl-lysine residue in
only one of their MBT domains (Trojer et al. 2007) (Li et al. 2007; Taverna et al. 2007)
(Figure 3b). When in the binding pocket, the methylated lysine is caged by aromatic
residues, with a limited number of interactions involving histone residues flanking the
methylated lysine. MBT domains exhibit a preference in binding for mono- and di-methy!l
modifications (Bonasio et al. 2010). Unlike other histone-methyl binding modules, such as
chromodomains and PHD fingers, target site selection appears promiscuous for MBT
domains /n vitro (Taverna et al. 2007). Importantly, the MBT proteins studied to date have
all been implicated in transcriptional repression. Owing to genetic studies in D.
melanogaster and biochemical studies in mammalian models, we know that repression
mediated by MBT-domain proteins intersects with that of PcG proteins.

Chromatin readers, including MBT proteins, are common components of the polycomb
group (PcG) complexes and contribute to their function (Taverna et al. 2007). For instance,
the founding member of the group is Polycomb (Pc) a PRC1 subunit that recognizes
H3K27me3 via its chromodomain (Cao et al. 2002; Bernstein et al. 2006b) (Kuzmichev et
al. 2002). MBT proteins are also physically associated with PcG complexes and potentially
serve a similar role. For instance, SCM, a protein with two MBT domains, co-purified from
D. melanogaster and human cells as a substoichiometric subunit of PRC1 (Levine et al.
2002) (Saurin et al. 2001) (Shao et al. 1999). Moreover, SCM and the PcG protein
Polyhomeatic interact via their sterile alpha motif (SAM) domains and might form
copolymers along chromatin, thus promoting the spreading of PcG proteins (Kim et al.
2005). In addition, Drosophila SFMBT was purified as a component of the PhoRC PcG
complex (Klymenko et al. 2006). MBT domain-containing proteins seem to be important in
integrating existing histone modifications and histone-modifying enzymes.

L3MBTL1 complex

Recently, we set out to determine the molecular mechanism of L3MBTL1-mediated
transcriptional repression. Toward this end, we isolated L3MBTL1 associated polypeptides.
L3MBTLL interacts with Rb, HP1y, H1bK26me2, and H4K20mel (Figure 3c). We
demonstrated that the three MBT domains are required for L3MBTL1-mediated repression
of transcription, and that the second MBT domain interacts with H4K20me1l and
H1K26me2. Most importantly, we demonstrated that L3MBTL1 compacts chromatin in an
H4K20mel-dependent manner (Figure 3b) (Trojer et al. 2007). /n vivo, L3MBTLL1 represses
transcription through a targeting mechanism involving Rb. Repression is likely mediated
through local compaction that precludes binding of regulatory factors (Trojer and Reinberg
2008) (Figure 3a).

We also determined that L3MBTL1 specifically interacts with PR-Set7, the enzyme that
catalyzes H4K20mel, which is only present during mitosis, early G1, and late G2 (Oda et al.
2009). Two domains in L3MBTL1 independently interact with PRSet7: the N terminus and

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2013 November 18.
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the MBT domains. Rice and co-workers also observed a similar interaction between
L3MBTLL1 and PR-Set7, however they indicated that L3MBTL1 also binds to H3K9mel
(Kalakonda et al. 2008). Additionally, studies by Allis, Patel and colleagues (Li et al. 2007)
indicated that L3MBTL1 binds to mono- and di-methylated lysine residues, but with little
specificity. However, in our experiments the interaction between PR-Set7 and L3MBTL1-
MBT domains is competed by peptides carrying H4K20mel or H1K26me2, but not by
peptides carrying H3K9mel, K3K4mel, or H4K20me3. We hypothesize that LIMBTL1
binding to H4K20me1 helps recruit PRSet7 to its own mark (Trojer and Reinberg 2006). If
validated, this scenario would be similar to the feedback loops discussed above for PRC2
and SUV39H1/2.

L3MBTL2 complex

Similar to the case of L3MBTL1, we identified those polypeptides associated with
L3MBTLZ2, including HP1y, E2F6, CBX3, and PcG proteins RING1A, RING1B, and
PCGF6. Based on the presence of the last three proteins, we termed this complex Polycomb
Repressive Complex 1-like 3 (PRC1L3). We demonstrated that PRC1L3 catalyzes the
deposition of monoubiquitin onto H2AK119ubl1. L3MBTL?2 binds chromatin independent of
histone modifications and is required for the repressive function of the PRC1L3 complex.
Genome-wide chromatin immunoprecipitation identified several hundred genes
simultaneously bound by L3MBTL2 and E2F6, preferentially around transcriptional start
sites. Importantly, these genes are distinct from those targeted by other E2Fs or the
L3MBTL1 complex (P.T. and D.R., unpublished results).

Introduction to PR-Set7

Facultative heterochromatin is also marked in part by H4K20mel. We isolated and
identified PR-Set7 as the sole enzyme responsible for catalyzing H4K20mel (Nishioka et al.
2002). The role of H4K20mel in transcription remains unclear, although it is enriched on
the inactive X chromosome, a classic example of facultative heterochromatin. PR-Set7 has
been shown to repress transcription, potentially through its role in synthesizing the necessary
precursor for H4K20me3 (Karachentsev et al. 2005) (Oda et al. 2009). In turn, H4K20me3
is highly correlated with gene silencing and is found at regions of constitutive
heterochromatin (Schotta et al. 2004).

PR-Set7 is required for proper cell cycle progression and its deletion in mice is embryonic
lethal at the 4-cell stage(Oda et al. 2009). Both PR-Set7 expression and H4K20mel are cell-
cycle regulated. PR-Set7 is absent during S phase, and reaches its peak during mitosis when
it binds to chromosomes (Rice et al. 2002) and interacts with L3MBTL1 (Kalakonda et al.
2008) and PCNA (Oda et al. 2010) an important regulator of DNA replication and the DNA
damage response (Jorgensen et al. 2007; Tardat et al. 2007; Huen et al. 2008) (Figure 4a).
Many unresolved questions remain surrounding the function of PR-Set7 and H4K20mel. In
the next section, we review our latest results on the role of PR-Set7 during DNA damage,
and its regulation by degradation during DNA damage and the cell cycle.

PR-Set7 and PCNA during DNA damage

Because of the interaction between PR-Set7 and PCNA, a role for PR-Set7 during DNA
replication had been proposed (Jorgensen et al. 2007; Tardat et al. 2007), challenging our
initial observation that PR-Set7 expression is mitosis-specific. To clarify this issue, we used
live cell imaging and verified that PR-Set7 was indeed absent during S phase. We also
observed the appearance of spontaneous foci containing PR-Set7 and PCNA within the
nucleus of cells at early G1 and late G2 and these foci corresponded to DNA damage sites
(Oda et al. 2010). These findings together with our previous observation that ES cells

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2013 November 18.
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lacking PR-Set7 displayed increased DNA damage, support a role for PR-Set7 in the DNA
damage response (Oda et al. 2009) (Figure 4b).

We next examined whether the interaction between PCNA and PR-Set7 is functionally
relevant in the context of DNA damage Using time-lapse microscopy, we found that after
laser irradiation PR-Set7 and PCNA co-localized at the irradiated foci. This co-localization
required an intact PCNA Interaction Protein (PIP) domain within PR-Set7 (Figure 4c, d).
The kinetics of recruitment for PR-Set7 and PCNA were similar, but PCNA remained
associated with the DNA damage sites for a longer time. 53BP1, an important DNA damage
checkpoint protein, was also recruited to these foci, but with much slower kinetics than that
of PR-Set7, PCNA, or yH2AX. 53BP1 was reported to bind to the product of PR-Set7
activity, H4K20mel and strikingly, PR-Set7 enzymatic activity is required for 53BP1
recruitment to sites of DNA damage (Figure 4c, d) (Oda et al. 2010). These results
potentially explain the increased DNA damage detected in PRSet7~ ES cells.

PR-Set7 degradation during DNA damage and the cell cycle

SIRT1

The interaction of PR-Set7 with PCNA is not only required for PR-Set7 recruitment to sites
of DNA damage, but also promotes its degradation, both during DNA damage and specific
stages of the cell cycle. In the case of DNA damage, our data support a model in which PR-
Set7 is recruited to DNA damage sites through its interaction with PCNA, and the
generation of H4K20mel by PR-Set7 subsequently recruits 53BP1 (Figure 4d). PR-Set7 is
then degraded via a PCNA dependent process involving the CRL42 ubiquitylation
complex.

Regulation of PR-Set7 during the cell cycle, in particular its rapid disappearance in S phase,
also occurs post-translationally (Nishioka et al. 2002). We found that PR-Set7 is
polyubiquitinylated and that proteasome inhibitors impair its degradation. To determine the
enzymatic machinery required for its degradation, we analyzed a series of E3 ligases and
found that only two interact with PR-Set7, APCC4¢20 (3 member of the complex) and
CRLA4¢2 (H.0. and D.R., unpublished results) (Oda et al. 2010). This result suggests that
levels of PR-Set7 protein are controlled by at least two independent degradation pathways,
one operating early in G1 through APCCA¢20 and the other mediated by CRL4%2 via a
PCNA-dependent mechanism. There are likely multiple pathways regulating PR-Set7
expression levels, given that previous studies have also implicated SCFSKPZ in the
degradation of PR-Set7 (Yin et al. 2008). We propose that such tight regulation of PR-Set7
levels throughout the cell cycle, controlled in part by its targeted degradation, is critical to
preserve genome integrity.

Histone deacetylases (HDACS) constitute a class of histone modifying enzymes that
contribute to transcriptional silencing through deacetylation of histone lysine residues
(Kouzarides 2007). Sirtuins are class 111 HDACs that use NAD™ as a co-factor and have an
evolutionarily conserved role in transcriptional repression. Early evidence from the budding
yeast S. cerevisiae demonstrated that the founding member of the Sirtuin family, Sir2p,
deacetylates histone H4 at lysine 16, a critical step in the formation of facultative
heterochromatin (Vaquero et al. 2007b). We have shown that the closest mammalian
homologue, SIRT1, not only functions in transcriptional repression through histone
deacetylation, but also through its targeting of SUV39H1, the histone methyltransferase
required for deposition of H3K9me3. SirT1 binds, recruits, and activates SUV39H1 through
its deacetylation of a lysine residue within the SET domain of SUV39HL1. Loss of SirT1
causes misregulation of H3K9me3, which in turn causes loss of HP1a binding (Vaquero et

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2013 November 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 9

al. 2007a). Thus, through these overlapping silencing mechanisms, SirT1 helps ensure that
target genes are silenced.

Future directions

Although we have dedicated most of our recent efforts towards understanding the
biochemical specificity and regulation of histone methyltransferases, we believe that spatial
organization of the nucleus is an important, yet unresolved issue in chromatin biology.
Pioneering studies have already shown that chromosomes occupy predetermined positions
within the nucleus, with gene-rich chromosomes being localized preferentially toward the
nuclear interior (Cremer et al. 2006) (Chubb et al. 2002). Repositioning of genes, either
through looping or long-range movements, has been demonstrated in multiple systems to
correlate with changes in gene expression and chromatin (Brown et al. 1997; Oshorne et al.
2004). Moreover, the nucleus contains nuclear bodies composed of protein and nucleic acid
that exemplify compartmentalization of function (Spector 2003). Despite the wealth of
evidence for a functional role of nuclear organization, the mechanisms for spatial
coordination of the genome and formation of nuclear bodies have remained elusive. As a
first step towards understanding its contribution to gene regulation, one of our future goals is
to identify how nuclear spatial organization is established.

Novel methodologies, such as DAM-ID and 3C-6C, have proven to be powerful tools to
investigate nuclear organization, yet they can only probe protein-DNA and DNADNA
interactions, respectively (van Steensel et al. 2001; Dekker 2006). The complex network of
protein-protein interactions that take place in biochemically inaccessible compartments of
the nucleus remain for the most part unexplored due to limitations in conventional
biochemical techniques.

Conventional biochemical approaches have been invaluable in determining the network of
physical interactions that directs and regulates gene expression in eukaryotic cells
(Orphanides et al. 1996). Even in the absence of enzymatic assays, nuclear extraction
followed by affinity purification and mass spectrometry can identify stable interactions
between proteins, instructing the design of functional /n vivo studies (Li et al.). However, a
large number of nuclear proteins resist such extraction under the mild conditions required
for preserving protein function. Up to 10% of total nuclear protein remain insoluble even
after extraction with 2 M salt, 1% Triton X-100, and nucleases and, in fact, these are the
proteins that constitute the elusive and controversial “nuclear matrix” (Albrethsen et al.
2008). Protein-protein interactions among these un-extractable proteins, as well as low
affinity interactions, cannot be revealed with existing methodologies, yet they may be of
fundamental importance in gene regulation, as suggested by the many studies that link
nuclear organization with gene expression, development, and cellular memory. We are
attempting to break this barrier using a novel chemical biology strategy as well as a genetic
screen.

Our novel chemical biology approach is based on recruiting a photoactivatable probe to a
protein of interest (bait) via high affinity recognition of the probe by a binding domain fused
to the bait. The probe is then activated by UV light, creating a reactive species that forms a
covalent bond with any protein in the vicinity of, and thus likely to interact with, the bait.
After formation of the covalent adducts, labeled proteins are recovered under highly
denaturing conditions that leave no insoluble structures left behind, but do not disrupt the
covalent adducts.

We are also using a microscopy-based assay to determine factors required for nuclear spatial
organization. We are performing a high-content genome-wide RNA. screen for master
regulators of nuclear architecture and for factors influencing the formation of specific
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nuclear bodies. This type of high content screening has been successfully employed to
determine regulators of such complex processes as DNA double-strand break repair, mitosis,
and viral mediated infection (Doil et al. 2009; Stewart et al. 2009) (Neumann et al. 2010)
(Karlas et al. 2010). The system allows for unbiased investigation of changes in the spatial
distribution of proteins in an automated manner (Roukos et al.). This screen has the potential
to identify architectural and regulatory factors that will expand our knowledge of the
determinants of the highly compartmentalized nucleus (Dechat et al. 2008). After identifying
these factors, we will be better able to determine how nuclear positioning affects
transcription and chromatin dynamics.

Concluding Remarks

Although we have made great strides toward a more comprehensive mechanistic
understanding of transcription and transcriptional regulation, many aspects still remain
unclear. Recent work has demonstrated that chromatin is controlled through a complex
interplay of enzymatic machinery that is dynamically regulated in response to many signals
including differentiation, growth factors, and stress. Despite this wealth of experimental
observations, how this molecular interplay is coordinated and integrated within the
chromatin environment and the underlying nuclear landscape is still an open question. We
are currently attempting to combine our original /n vitro studies with /n vivo models to
better correlate transcriptional regulation with physiological functions and phenotype.
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Figure 1.

PRC2 enzymatic activity is regulated by H3K27me3 binding. A) Ribbon representation of
the EED-H3K27me3 complex, in which EED is in grey and the histone peptide is in yellow
with its methyl-lysine side chain shown in stick representation. Right, depiction of EED
aromatic cage residues. B) HKMT assay with PRC2-EZH2, with a titration of the methyl
donor (S-adenosyl-methionine) in the presence of H3K27me0/1/2/3 peptides. d.p.m.,
disintegration per min. C) Relative histone methyltransferase activity in the presence of
various peptides as indicated. D) Model for recognition and propagation of H3K27me3 by
PRC2 during S phase. Adapted with permission from (Margueron et al. 2009). (Reprinted by
permission from Macmillan Publisher’s Ltd: [NATURE] 461(7265): 762-767, 2009).
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PTM
binding

PRC2 is recruited to chromatin through multiple binding events. A) Schematic representing
the known JARID2 domains. Gel shift assay in the presence of increasing amounts of each
of the JARID2 fragments using radiolabeled DNA probes selected by SELEX. The asterisks
indicate nonspecific signals present in the free probes. The arrow indicates the specific band
shift. B) Schematic depicting the diversity of binding events targeting PRC2 to chromatin.

C) Pull down experiments to analyze the interaction between EED, PRC2-EZH2 or

reconstituted EEDTyr365Ala, lacking H3K27me3 binding, and H3K27 modified chromatin.

Adapted with permission from (Margueron et al. 2009; Li et al. 2010). (Reprinted by

permission from Macmillan Publisher’s Ltd: [NATURE] 461(7265): 762-767, 2009 and

forthcoming Nature review).
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Figure 3.

L3MBTLL represses transcription through multiple means including chromatin compaction.
A) Left, sucrose gradient fractions, containing either native or recombinant chromatin, and
GST 3MBT, analyzed by agarose gel electrophoresis and ethidium bromide staining. Right,
sucrose gradient peak fractions were subjected to electron microscopy (EM) analysis. Scale
bar is 100 nm, and bar in the insert is 25 nm. B) Left, GST or GST-3MBT binding to
peptides comprising histone H1b-K26me0/1/2/3 were analyzed by silver stain. Center, silver
stain of interactions between immobilized H1b-K26me2 peptides and recombinant
GST-3MBT either wild-type or with point mutations P1a, P2a, and P3a in the first, second,
and third MBT domain, respectively. Right, autoradiography of interactions between
immobilized H1b-K26mel or H4-K20mel peptides and full-length in-vitro-translated [35S]-
labeled L3MBTLL, either wild-type or with indicated mutants. C) The malignant brain
tumor (MBT) domain containing protein LSMBTL1 (center, light grey background)
heterodimerizes (via its Sexcomb-Polyhomeotic-MBT (SPM) domain) and binds directly to
chromatin (mono- and di methylated histone H4 lysine 20 and linker histone H1 isotype b
lysine 26 (H4K20mel/2; H1bK26mel/2)) with its second MBT-domain. Moreover,
L3MBTLL1 associates with a number of proteins including Heterochromatin Protein 1
isoform gamma (HP1y; via its N-terminus), Retinoblastoma (RB1) and the ETS family
transcription factor TEL. Adapted with permission from (Trojer and Reinberg 2008).
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Figure4.

PR-Set7 is an H4K20 mono-methyltransferase that regulates genomic integrity. A) Western
analysis of histone H3 and H4 modifications and PR-Set7 protein in synchronized HeLa
cells. Cells released from G1 arrest after a double-thymidine block were analyzed every 2 h.
Cell cycle phases were confirmed by FACS analyses. B) Deletion of PR-Set7 in PR-Set7
flox/-; CreERT, by addition of 4OHT for 48hr cells causes increased y-H2AX foci. C) PR-
Set7 domain structure depicting the two PIP domains. PR-Set7 is recruited to areas of laser
induced DNA damage (white box) and this recruitment is dependent on the PIP domains
(PR-Set7 m1/m2). 53BP1 is subsequently recruited to chromatin and this recruitment is
dependent upon PR-Set7 catalytic activity (PR-Set7 R265G). D) Model depicting the
recruitment and function of PR-Set7 after DNA damage. Adapted with permission from
(Oda et al. 2009; Oda et al. 2010).
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