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Histone post-translational modifications impact many
aspects of chromatin and nuclear function. Histone H4
Lys 20 methylation (H4K20me) has been implicated in
regulating diverse processes ranging from the DNA damage
response, mitotic condensation, and DNA replication to
gene regulation. PR-Set7/Set8/KMT5a is the sole enzyme
that catalyzes monomethylation of H4K20 (H4K20me1). It
is required for maintenance of all levels of H4K20me, and,
importantly, loss of PR-Set7 is catastrophic for the earliest
stages of mouse embryonic development. These findings
have placed PR-Set7, H4K20me, and proteins that recog-
nize this modification as central nodes of many important
pathways. In this review, we discuss the mechanisms
required for regulation of PR-Set7 and H4K20mel levels
and attempt to unravel the many functions attributed to
these proteins.

Post-translational modifications of histones have
emerged as an important means by which the cell can
demarcate specific regions of the genome for differential
and dynamic regulation (Campos and Reinberg 2009).
These modifications, such as phosphorylation, methyla-
tion, acetylation, and ubiquitination, occur extensively
on the N-terminal tails of histones and have diverse
functions and modes of action. A substantial amount of
work has sought to determine how these “marks” regu-
late gene expression, but histone modifications have also
been linked to other cellular processes, such as mitosis
(Hirota et al. 2005; Kelly et al. 2010; Oda et al. 2010; Wang
et al. 2010; Yamagishi et al. 2010), meiosis (Govin et al.
2010), and the DNA damage response (Burma et al. 2001;
Polo and Jackson 2011). Furthermore, despite a lack
of clear evidence, histone modifications are leading
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candidates for the means to propagate gene expression
states epigenetically.

Histone H4 Lys 20 (H4K20) was one of the earliest
modified histone residues to be identified, found in both
pea and calf extracts in 1969 (DeLange et al. 1969). By
analyzing metabolically labeled histone tails, H4K20 was
subsequently identified as a major site of in vivo meth-
ylation, and it is the only identified and characterized
methylated lysine residue on the H4 N-terminal tail
(Zhang and Reinberg 2001). In metazoans, H4K20 can be
modified to three separate degrees: mono-, di-, and tri-
methylation. These different methylation states are con-
trolled by distinct methyltransferases in vivo, although a
number of other enzymes have similar activity in vitro
(Beisel et al. 2002; Marango et al. 2008; Schotta et al. 2008;
Oda et al. 2009). Separate enzymatic activity specific for
only monomethylation of H4K20 (H4K20mel) is present
in Caenorhabditis elegans, whereas lower eukaryotes
such as Schizosaccharomyces pombe contain a single
methyltransferase for all H4K20 methylation (H4K20me)
states, while Saccharomyces cerevisae contains little to no
H4K20me at all (Wang and Jia 2009; Balakrishnan and
Milavetz 2010; Edwards et al. 2011). Thus, the more recent
appearance of H4K20mel suggests an expansion of the
chromatin modification canon in higher eukaryotes.

In mammals, at least three methyltransferases (PR-Set7,
Suv4-20h1, and Suv4-20h2) and one demethylase (PHFS8)
directly regulate H4K20 methylation (Fig. 1; Liu et al. 2010;
Qi et al. 2010). PR-Set7/Set8/KMT5a is the sole monometh-
yltransferase (Oda et al. 2009), whereas Suv4-20h1/h2
catalyzes the transition from H4K20mel to H4K20me2,/3
(Schotta et al. 2008). PHF8 demethylates H4K20mel to
H4K20me0, while a demethylase for H4K20me2/3 re-
mains to be identified (Liu et al. 2010; Qi et al. 2010).
Although separate enzymes control each level of methyla-
tion, H4K20me2/3 are dependent on H4K20mel. Further-
more, each of the H4K20me states exhibits unique genomic
distributions and is recognized by specific binding proteins,
underscoring its distinct roles. Regulation of H4K20me is
essential, since knockout studies have shown that PR-Set7
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Figure 1. Overview of H4K20me. (A) Schematic dia-
gram of the different methylation states of histone
H4K20; from left to right: unmethylated (H4K20), mono-
methylated (H4K20mel), dimethylated (H4K20me2),
and trimethylated (H4K20me3), with the various mam-
malian enzymes that perform these post-translational
modification. (B) Properties of each of the enzymes that
affect H4K20 methylation.

and at least one of Suv4-20h1/2 are required for devel-
opment in mice and that loss of these enzymes causes
increased DNA damage and cell cycle defects (Schotta
et al. 2008; Oda et al. 2010). Not surprisingly, loss of the
monomethyltransferase PR-Set7 causes a more severe and
complex phenotype, as this precludes the catalysis of all
levels of H4K20 methylation.

PR-Set7 was initially identified as a H4K20 monometh-
yltransferase by unbiased conventional biochemical pu-
rification (Nishioka et al. 2002). PR-Set7 displays robust
enzymatic activity toward nucleosomal substrates, but
not histone octamers or histone H4 alone. PR-Set7 was
shown to be strictly a monomethyltransferase through
a combination of nuclear magnetic resonance (NMR},
mass spectroscopy, and in vitro experiments (Couture
et al. 2005; Xiao et al. 2005). Providing further support
and general insight as to how methyltransferases can be
monomethyl-specific, crystallographic studies demon-
strated that the substrate recognition channel of the
enzyme is too narrow to accommodate a trimethylated
species. This structure also helped determine that PR-Set7
acts specifically at H4K20 due to an array of required con-
tacts with the surrounding residues on H4.

PR-Set7 catalytic activity is essential for viability. In
Drosophila, loss of PR-Set7 causes lethality at the third
instar larval stage, potentially through defects in embry-
onic patterning (Karachentsev et al. 2005). In mice, PR-
Set7 knockout has a much more severe phenotype and
results in embryonic lethality and arrest between the
four- and eight-cell stage (Oda et al. 2009). Rescue exper-
iments in mouse embryos elegantly showed that the lack
of catalytic activity of PR-Set7 causes the lethality of PR-
Set7~/~ embryos. Injection of wild-type PR-Set7 mRNA
into one of the PR-Set7 '~ blastomeres at the two-cell
stage led to blastocoel cavity formation from the progeny
of injected cells, which was not observed for the progeny of
cells that were injected with mRNA encoding a catalyti-
cally inactive mutant of PR-Set7. Further analysis showed
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that the lack of PR-Set7 catalytic activity causes a growth
arrest due to increased DNA damage and defects in cell
cycle progression in embryonic stem (ES) cells (Oda et al.
2009). The later lethality in the case of fly embryos may be
explained by increased maternal contribution of PR-Set7
transcript, possibly delaying depletion of H4K20mel.

We hypothesize that the primary function of PR-Set7
and the requirement for enzymatic activity is regulation
of H4K20me levels. Both PR-Set7 and H4K20mel oscil-
late during the cell cycle, and maintenance of H4K20me
levels is critical for proper cell cycle progression through
its role in protecting genome stability, DNA replication,
mitosis, and transcription. The emergence of PR-Set7
during evolution suggests a role specific to higher eukary-
otes, which may be related to the increased complexities of
mitosis, DNA replication initiation, or gene regulation.
However, why PR-Set7 methyltransferase activity is es-
sential for cell viability in higher eukaryotes is still only
partially understood. Despite many thorough investiga-
tions into the function of PR-Set7, we believe that we are
only now on the cusp of fully understanding the role of
H4K20mel. In the following sections, we first discuss the
substrates and regulation of PR-Set7, followed by its role in
proper cell cycle progression, the DNA damage response,
gene regulation, and higher-order chromatin structure.

PR-Set7 substrates and effectors

Although other yet-to-be-identified substrates may exist,
methylation of H4 is likely to be the major effector of PR-
Set7 function and a crucial mediator of its impact on
viability. As is potentially the case for other histone
modifications, H4K20me could act directly through alter-
ing nucleosome structure or indirectly through specific
binders that mediate downstream functions. These two
possibilities are further complicated in the case of PR-Set7,
since the loss of H4K20mel also causes a decrease in
H4K20me?2/3. However, the phenotype of Suv4-20h1/2~/~
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mice (Suv4-20 double knockout) is much less severe
than PR-Set7/~ mice, suggesting a unique function for
H4K20mel independent of H4K20me2/3 (Schotta et al.
2008).

A wealth of evidence has emerged that supports both
direct and indirect functions for H4K20mel. In vitro
studies have shown that H4K20 forms internucleosomal
contacts with the H2A C terminus on adjacent nucleo-
somes, possibly to promote compaction, and H4K20
methylation may also directly affect higher-order chro-
matin structure due to its position at the junction of DNA
and the nucleosome (Lu et al. 2008). Furthermore, acet-
ylation of a neighboring residue, H4K16, has been dem-
onstrated to regulate higher-order chromatin dynamics
and may be affected by H4K20me (Nishioka et al. 2002;
Shogren-Knaak et al. 2006; Pesavento et al. 2008; Kapoor-
Vazirani et al. 2011). This role of H4K20me in higher-
order chromatin structure was also demonstrated by in
vivo experiments in which loss of PR-Set7 resulted in
large-scale chromatin decondensation in the interphase
nucleus and expanded chromosome territory, signifying
less compact chromatin (Oda et al. 2009). Moreover,
further analysis of the loss of PR-Set7 showed a large
change in overall subnuclear morphology (H Oda, D Beck,
and D Reinberg, unpubl.). Therefore, PR-Set7 alone, pre-
sumably due to its activity toward H4K20, may contrib-
ute directly to chromatin structure without other factors.

In addition, H4K20mel likely conveys its functions
through the proteins that bind to it. There are three
extensively investigated H4K20mel binders that each
carry a unique binding domain and contribute to distinct
cellular functions: LBMBTLI1 (Li et al. 2007; Trojer et al.
2007), 53BP1 (Sanders et al. 2004; Oda et al. 2009; Spektor
and Rice 2009), and Condensin II (Liu et al. 2010).
L3MBTLI binds to both mono- and dimethylated H4K20
residues through its MBT domains. It works as a transcrip-
tional repressor and can cause direct compaction of chro-
matin (see also PR-Set7 and Transcription). 53BP1 recog-
nizes methylated lysine residues through its tandem tudor
domain and functions within the DNA damage response
pathway (see below, Function in DNA Damage). Condensin
II recognizes H4K20mel through its N-CAPD3 and
N-CAPG?2 subunits via two HEAT domains and is involved
in mitotic progression (see below, Role in Cell Cycle
Progression). In addition, the LRWD1/ORCA-associated
factor of the origin of replication complex (ORC) binds to
H4K20me3 and may link regulation of H4K20me to initia-
tion of replication (Shen et al. 2010; Vermeulen et al. 2010).

It is difficult to attribute the essential function of PR-
Set7 to any single signaling pathway, as deletion of any
one of the specific binders of H4K20mel does not result
in a phenotype similar to PR-Set7 deletion (Ward et al.
2003; Qin et al. 2010). Moreover, loss of H4K20me2/3
may also contribute to the PR-Set7/“phenotype. These
findings suggest that PR-Set7 is functioning through
multiple different pathways, thereby causing a compound
phenotype. Thus, PR-Set7 and H4K20mel operate at the
convergence of important regulatory processes.

PR-Set7 interacts with a number of nuclear proteins, most
notably PCNA, a processivity factor involved in DNA rep-
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lication (Jorgensen et al. 2007; Huen et al. 2008). This in-
teraction recruits PR-Set7 to sites of DNA damage and
replication and is also essential for the CRL4““2-dependent
degradation of PR-Set7 (Abbas et al. 2010; Centore et al.
2010; Oda et al. 2010). PCNA-dependent recruitment of
PR-Set7 to sites of DNA damage is required for recruit-
ment of 53BP1 (Oda et al. 2010; see below, Regulation of
PR-Set7 Expression Level, Activity, and Function; and
Function in DNA Damage). Besides its ability to bind
to monomethylated lysine residues such as H4K20mel,
L3MBTLI1 also interacts directly with PR-Set7 (Kalakonda
et al. 2008). One attractive possibility is that this latter in-
teraction could serve to propagate the H4K20mel mark.
Furthermore, PR-Set7 has been shown to interact with LEF3
(Z Lietal. 2011), RNA polymerase IT (Y Li et al. 2011), ER (Y
Li et al. 2011), and TWIST (Yang et al. 2011), and these
interactions may direct PR-Set7 activity to specific genes
during transcription, although there is limited evidence for
the potential functions of these associations.

Besides H4K20, PR-Set7 methylates p53 at lysine resi-
due 382, preventing p53 promoter binding and thereby
suppressing transcriptional activation of p21 and PUMA
(Shi et al. 2007). This event results in an inhibition of ap-
optosis (Shi et al. 2007). Thus, PR-Set7 may also regulate
the DNA damage response and cell cycle progression via
methylation of p53, a key checkpoint protein (Sherr 2004).
However, the DNA damage and cell cycle defects caused
by PR-Set7 knockdown are not entirely p53-dependent, and
p537/~ cells do not show massive DNA damage, suggest-
ing that the major impact of PR-Set7 is independent of
p53 (Donehower et al. 1992; Tardat et al. 2007; Houston
et al. 2008). Moreover, in stark contrast to PR-Set7 "/~
cells, p53~/~ cells are viable (Donehower et al. 1992). For
these reasons, we focus our attention here on H4K20me
when discussing PR-Set7 function.

Regulation of PR-Set7 expression level,
activity, and function

PR-Set7 protein expression is tightly regulated during the
cell cycle; it is highest during G2/M and early G1 and is
absent during S phase. (Fig. 2; Oda et al. 2009). This
regulation is also reflected by a similar oscillation in the
levels of H4K20mel during the different phases of the cell
cycle. PR-Set7 levels are controlled primarily through
post-translational modification by multiple enzymes, in-
cluding kinases, SUMO, and ubiquitin ligases (Abbas
et al. 2010; Centore et al. 2010; Oda et al. 2010; Tardat
et al. 2010; Spektor et al. 2011). Yet recent evidence
supports that PR-Set7 are also regulated at the tran-
scriptional level (Wakabayashi et al. 2009). We specu-
late that there are additional, as-yet-unidentified fac-
tors that further modulate PR-Set7 activity and
recruitment to chromosomes and specific loci and that
these proteins may provide key insights into the regu-
lation and function of H4K20mel.

Post-translational regulation of PR-Set7

To date, we know of multiple mechanisms of post-
translational regulation of PR-Set7—most prominently,
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ubiquitination and phosphorylation. Recently, multiple
laboratories simultaneously demonstrated that PR-Set7
is a direct substrate of the E3 ubiquitin ligase complex
CRL4%%? (Abbas et al. 2010; Centore et al. 2010; Oda
et al. 2010). CRL4“? causes the ubiquitin-dependent
degradation of its substrates in response to UV damage
and during S phase (Abbas and Dutta 2011). The complex
is thought to be active only when PCNA is bound to
chromatin, which is restricted normally to S phase (Arias
and Walter 2006). CRL4%? targets various cellular pro-
teins, such as p21 (Abbas et al. 2008; Kim et al. 2008) and
Cdtl (Arias and Walter 2007; Abbas and Dutta 2011), both
of which contain a specialized type of PCNA interaction
motif (PIP [PCNA-interacting peptide] domain) termed
a “PIP degron” (Havens and Walter 2009). PR-Set7 has two
PIP domains, yet only one qualifies as a PIP degron (Havens
and Walter 2009; Abbas et al. 2010; Oda et al. 2010). In the
absence of this PIP degron, PCNA, or CRL4“%? PR-Set7
protein levels are stabilized during S phase and after UV
damage, when they would normally be degraded (Abbas
et al. 2010; Centore et al. 2010; Oda et al. 2010). These
results confirm that CRL4“%?2 is the major regulator of PR-
Set7 protein levels during the cell cycle. Furthermore, all
identified CRL4“? substrates play pivotal roles in regu-
lating the onset of DNA replication (see below, Role in
Cell Cycle Progression). What remains unclear is how
the function of CRL4“%? during S phase is linked to its
function after UV damage and whether PR-Set7 recruit-
ment by PCNA and degradation within these two contexts
actually reflects a similar role for PR-Set7.

In addition, PR-Set7 is regulated by the E3 ubiquitin
ligase SCF/Skp2 (Yin et al. 2008). Skp2 degrades substrates
during S and G2 phase and could contribute partially to the
steep decrease in PR-Set7 levels during S phase (Frescas
and Pagano 2008). Silencing of Skp2 causes increased
PR-Set7 expression levels. Furthermore, Skp2 was shown
to be responsible for PR-Set7 degradation after UV damage,
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Figure 2. PR-Set7 is highly regulated during, and is
important for multiple aspects of, the cell cycle. PR-
Set7 levels oscillate—as shown by YFP-PR-Set7 (green)
expression in the outer circle—during the different
stages of the cell cycle (mCherry-PCNA). PR-Set7 is
post-translationally regulated by multiple different
enzymes during the cell cycle, including CRL4-Cdt2,
SCF-Skp2, APC-Cdhl, and Cyclin B1/Cdkl. The var-
ious functions of PR-Set7 and H4K20mel are listed
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outside the chromatin context (Oda et al. 2010). BBAP,
another E3 ligase, also regulates PR-Set7 protein levels
(Yan et al. 2009). However, neither Skp2 nor BBAP have
been shown to directly ubiquitinate PR-Set7.

Phosphorylation has also been linked to regulation of
PR-Set7 levels. Multiple phosphorylation sites on PR-
Set7 were identified by phospho-proteome mass spectros-
copy studies (Dephoure et al. 2008; Huttlin et al. 2010;
Olsen et al. 2010). One such site, Ser 29, is phosphory-
lated in vivo by Cyclin B/cdkl during mitosis (Wu et al.
2010). Ser 29 phosphorylation causes PR-Set7 to dissoci-
ate from mitotic chromosomes at anaphase and relocate
to the extrachromosome space, where it is dephosphory-
lated by cdcl4 phosphatase and subsequently subjected
to ubiquitination by APC/Cdhl (Wu et al. 2010). This
destruction probably does not contribute to the prom-
inent cell cycle oscillation of its level, since PR-Set7
expression is highest during mitosis. Although this evi-
dence suggests a role for mitotic phosphorylation in
regulating PR-Set7 function, other phospho-proteome
studies have failed to identify Ser 29, and further exam-
ination will be required to assess the abundance and
biological importance of this modification (Olsen et al.
2006; Daub et al. 2008; Huttlin et al. 2010). Thus, distinct
ubiquitin ligases and kinases control the dynamic
changes of PR-Set7 protein during the cell cycle, and
although it is not yet fully understood, each seems to
play a unique role in regulating PR-Set7 and thereby
H4K20mel production. The coordination of these multi-
ple post-translational processes suggests that it is neces-
sary to maintain precise levels of H4K20mel and PR-Set7
for proper cell cycle progression.

Transcriptional regulation of PR-Set7

Although PR-Set7 mRNA transcript levels change during
the cell cycle, these changes do not appear to correlate
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well with the dynamic fluctuation of PR-Set7 protein
levels (Rice et al. 2002). Along these lines, expression of
a PR-Set7 transgene under the control of a constitutive
promoter leads to oscillations in protein abundance sim-
ilar to the endogenous PR-Set7 during the cell cycle (Oda
et al. 2010). Yet, unexpectedly, transcriptional control of
PR-Set7 was demonstrated to be important for adipocyte
development. In this system, PPARy was shown to di-
rectly regulate the mRNA expression of multiple SET
domain-containing genes, including PR-Set7, although it
is not clear whether these changes in transcript levels are
accompanied by changes in protein levels (Wakabayashi
et al. 2009). In addition, recent work implicated an impor-
tant role for PR-Set7 in skin development as a transcrip-
tional target of c-Myc (Driskell et al. 2011). These studies
suggest a role for PR-Set7 in adipocyte and skin differen-
tiation, indicating that regulation of PR-Set7 gene expres-
sion levels may also be important for lineage development
and maintenance.

Role in cell cycle progression

PR-Set7 is unique among histone methyltransferases
in that its protein levels are regulated during the cell
cycle. This oscillation reflects the specific roles of PR-
Set7 and H4K20mel during different phases of the cell
cycle that are essential for proper cell cycle progression.
Loss-of-function studies established a role for PR-Set7
in proper mitotic condensation, S-phase progression,
and genome integrity. Further insights have emerged
from determining that PR-Set7 is degraded through
PCNA-coupled CRL4“Y2mediated ubiquitination prior
to S phase. These studies have implicated a role for PR-
Set7 and H4K20mel in DNA replication. Moreover, these
efforts have defined PR-Set7 as an important controller of
both S and G2/M phase and potentially link these two
processes together.

Role in mitosis, S phase, or both!?

In Drosophila, complete loss of PR-Set7 is lethal at the
third instar larval stage. Neuroblasts from these flies
show delays in mitosis and a decreased S-phase popula-
tion (Sakaguchi and Steward 2007). This cell cycle arrest
was rescued upon loss of the fly homolog of ATR (ataxia
telangiectasia and Rad3-related protein), a critical check-
point protein regulating DNA damage and proper DNA
replication. These results suggest that cell cycle defects
that occur upon loss of PR-Set7 are mediated by activa-
tion of a checkpoint. The vast majority of mitotic figures
were abnormal in PR-Set7 '~ flies, and further analysis
showed that mitotic progression was disrupted because
chromosome condensation occurred before spindle forma-
tion (Sakaguchi and Steward 2007). These findings impli-
cated PR-Set7 in regulating mitotic chromosome conden-
sation and entry into S phase.

Our group was able to expand on these studies by gen-
erating knockout and conditional knockout mice as a
means to better understand PR-Set7 function (Oda et al.
2009). In both PR-Set7~/~ embryos and PR-Set7 conditional
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knockout cells, complete elimination of PR-Set7 caused
the cells to accumulate within the G2/M phase of the cell
cycle. Similarly, transient depletion of PR-Set7 in HEK293
cells caused an increase in G2/M populations, correlating
with a striking increase in abnormal mitotic figures and
an overall decrease in chromosome compaction (Houston
et al. 2008). These defects might be linked to either of the
H4K20mel-binding proteins L3AMBTLI1 or condensin II,
both of which are involved in chromatin compaction
(Trojer et al. 2007; Liu et al. 2010).

Deletion or depletion of PR-Set7 in a variety of syn-
chronized cell lines demonstrated that the protein is also
required for proper S-phase progression (Jorgensen et al.
2007; Tardat et al. 2007; Houston et al. 2008; Oda et al.
2009). Similarly, the loss of PR-Set7 causes an accumula-
tion of U20S cells in S phase, although these cells are
nonreplicating (Jorgensen et al. 2007; Tardat et al. 2007).
This accumulation supports the hypothesis that PR-Set7
functions prior to S phase during G1 or the previous
G2/M phases, yet is required for proper DNA replication
during S phase.

In addition, loss of PR-Set7 correlates with increased
DNA damage, which only occurs after entry into S phase
(Jorgensen et al. 2007). This damage, however, is not
observed when DNA replication is inhibited by aphidicolin
or siRNA-mediated knockdown of CDC45. Upon loss of
PR-Set7, this damage could potentially cause the activation
of the intra-S-phase checkpoint, leading to a cell cycle
arrest. Indeed, along these lines, inhibition of ATR or chkl,
critical intra-S-phase checkpoint proteins, rescues the cell
cycle delays, although DNA damage still accumulates
(Jorgensen et al. 2007). These results cumulatively suggest
that upon loss of PR-Set7, cells acquire DNA damage in
S phase, causing activation of ATR and the intra-S-phase
checkpoint, leading to a subsequent cell cycle arrest. This
function could partially be explained by a role for
H4K20me in replication fork stability and, potentially,
homologous recombination, although this has not been
clearly elucidated (Jorgensen et al. 2007).

A major indication of the fundamental role of H4K20
methylation in cell cycle progression comes from analy-
ses of the various enzymes that regulate the overall
methylation status. Loss of Suv4-20h1/2 causes defects
in S-phase entry along with abnormal mitotic figures,
although loss of PR-Set7 causes far more substantial
defects (Schotta et al. 2008; Oda et al. 2009). In addition,
disruption of the H4K20mel demethylase PHFS leads to
increased H4K20mel, a delay in the G1/S phase transi-
tion, and an increase in the G2/M population (Liu et al.
2010). It is thus clear that regulation of H4K20me states is
critical for proper cell cycle progression. Further studies
will shed light on the relative contributions of each level
of methylation and their specific binders.

In summary, in addition to the initial observation that
PR-Set7 and H4K20mel oscillate during the cell cycle,
early studies have demonstrated that PR-Set7 methyl-
transferase activity is essential for cell cycle progression.
Although PR-Set7 methyltransferase activity is undoubt-
edly essential for cell cycle progression, it is not entirely
clear why and how the various cell cycle defects and
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DNA damage observed upon PR-Set7 loss are functionally
related. Addressing these questions will help determine
exactly how mechanistically H4K20mel contributes to
the rhythm of the cell cycle.

The role of PR-Set7 and H4K20mel in DNA replication

In addition to its role in mitotic condensation, PR-Set7
was also shown to be important for maintaining proper
replication fork speed, active replication sites, and the
length of replicated tracks. These findings, however, were
puzzling, since PR-Set7 is undetectable during DNA
replication (Oda et al. 2009). Of note, after inhibition of
proteasome-mediated degradation, PR-Set7 localizes to
sites of active DNA replication (Tardat et al. 2007). Further
insights into PR-Set7 function during DNA replication
emerged through the study of its individual domains,
specifically its PIP domain (Jorgensen et al. 2007; Huen
et al. 2008). Stabilization of PR-Set7 during S phase by
mutation of its PIP domain causes a cell cycle arrest in the
G2 phase, with a concomitant decrease in the S-phase
population (Abbas et al. 2010; Centore et al. 2010).

Previously identified CRL4“%? substrates are critical
for proper origin of DNA replication licensing (Abbas and
Dutta 2011). The proper timing of origin licensing is
critical to prevent rereplication or multiple uncoordi-
nated rounds of DNA synthesis per cell cycle (Arias and
Walter 2007). Inhibition of CRL4%2-mediated degrada-
tion of PR-Set7 causes rereplication exemplified by in-
creased nuclear volume, a cell population of >4n DNA
content, and altered DNA sedimentation (Abbas et al.
2010; Tardat et al. 2010). Although this rereplication
phenotype may partially be due to a decrease in degrada-
tion of other CRL4“Y? substrates, experimental evidence
from our group and others has demonstrated a more direct
role for PR-Set7 in DNA replication. First, a catalytically
inactive PR-Set7 that is also mutant in its PIP domain does
not cause rereplication, substantiating that appropriate reg-
ulation of PR-Set7 catalytic activity is required for proper
S phase (Abbas et al. 2010; Tardat et al. 2010). Second,
defects in cell cycle progression observed upon knock-
down of CRL4“%?2 can be rescued by simultaneous knock-
down of PR-Set7 (Abbas and Dutta 2011; D Beck, H Oda,
and D Reinberg, unpubl.). Finally, as mentioned previ-
ously, loss of PR-Set7 catalytic activity results in S-phase
delays accompanied by origin of replication firing defects
(Jorgensen et al. 2007; Tardat et al. 2007).

The mechanism by which PR-Set7 regulates DNA
replication is still unclear. PR-Set7 knockdown decreases
the loading of the ORC complex, and artificial recruitment
of PR-Set7 to a genomic locus results in the recruitment of
ORC1/MCMS5 to that locus (Tardat et al. 2010). Unbiased
biochemical analysis identified LRWDI as an H4K20me3-
binding protein, which also associates with ORC (Shen
et al. 2010; Vermeulen et al. 2010), suggesting that PR-Set7
may control recruitment of ORC to chromatin through
regulating methylation of H4K20. Another possible role
for H4K20mel in S-phase progression is through transcrip-
tional regulation of E2F-1 target genes that are important
in the G1-S-phase transition (Abbas et al. 2010; Liu et al.

330 GENES & DEVELOPMENT

2010). Alternatively, H4K20mel may affect the status of
H4 acetylation, which can also modulate origin of repli-
cation licensing (Nishioka et al. 2002; Iizuka et al. 2006;
Miotto and Struhl 2010). Finally, LBMBTL1 was also shown
to directly bind components of the replication machinery,
potentially linking H4K20mel with DNA replication
(Gurvich et al. 2010). Further investigation will be required
to ascertain which functions associated with PR-Set7
that occur outside of S phase contribute to proper DNA
replication. We predict that PR-Set7 primarily functions in
origin licensing through direct methylation of H4K20 at
replication origins. This role in origin licensing and initi-
ation of replication would satisfy the requirement of a pro-
cess unique to higher eukaryotes that might necessitate
independent enzymatic control of H4K20mel.

Attempts at unraveling the function of PR-Set7 during
the cell cycle have been hampered by the phenotypic
differences exhibited by deletion versus transient deple-
tion of PR-Set7, differences exhibited by primary and
transformed cell lines, and discrepancies arising from
overexpression versus depletion studies. A major pre-
dicament in this cell cycle analysis is exactly how PR-
Set7 and H4K20mel affect DNA replication, given that
PR-Set7 is undetectable and H4K20mel levels are low
during S phase. Future work will help clarify the mech-
anism by which PR-Set7 and H4K20mel modulate such
effects, the contribution of modification binders, the
processing of H4K20mel levels, and the potential effect
of transcriptional regulation and mitosis. These insights
will establish how chromatin modification can coordi-
nate multiple phases of the cell cycle.

Function in DNA damage

Spontaneous DNA damage in the absence of PR-Set7

As described earlier, deletion of PR-Set7 in ES cells results
in massive DNA damage, as shown by immunofluores-
cence staining with y-H2AX antibodies (Oda et al. 2009).
Moreover, in an unbiased RNAi screen, PR-Set7 was
identified as a factor whose depletion leads to an increase
in y-H2AX foci in HeLa cells (Paulsen et al. 2009). It is
unlikely that this increase in spontaneous DNA damage
upon loss of PR-Set7 is the result solely of an impaired
DNA damage pathway, since there is normally very little
spontaneous damage in the cell (Vilenchik and Knudson
2003). Instead, the massive damage seen after loss of PR-
Set7 is more likely attributable to increased genomic
instability due to defects during DNA replication or
mitosis (Fig. 3). In the absence of PR-Set7, DNA damage
accumulates only if the cells are allowed to enter S phase,
which suggests that the defect occurs during DNA repli-
cation (Jorgensen et al. 2007). Furthermore, this damage
can be suppressed by depletion of RAD51, a key regulator
of homologous recombination, placing PR-Set7 as a poten-
tial effector of this type of repair (Jorgensen et al. 2007).
Interestingly, the increase of y-H2AX foci was not ob-
served in PR-Set7 knockout embryos even though they
exhibited the same G2/M arrest as their ES cell counter-
parts. This finding suggests that checkpoint and DNA
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Figure 3. Role of PR-Set7 in genome integrity. PR-Set7 has
multiple functions that are important for proper genome stabil-
ity and DNA damage response. (Top left) PR-Set7 methylates
H4K20mel, which is important for recruiting 53BP1 recruit-
ment to sites of DNA damage. (Top right) PR-Set7 alters p53-
dependent gene expression, potentially regulating checkpoint
and repair processes. (Bottom left) H4K20me alters chromatin
compaction and mitotic condensation, thereby affecting higher-
order chromatin structure. Finally, PR-Set7 and H4K20me are
required for proper DNA replication, possibly through regula-
tion of fork stability.

damage signaling in the early embryonic stages is different
from that in later stage ES cells or differentiated cells.

H4K20me1-53BP1 pathway

Histone modifications are an attractive means to recruit
DNA damage response proteins to sites of genotoxic
stress because of their ability to dynamically mark the
genome. In fact, a large number of chromatin-modifying
enzymes have been implicated in the DNA damage re-
sponse (Ciccia and Elledge 2010; Polo and Jackson 2011).
Following ionizing radiation (IR), a cascade of proteins is
recruited to sites of DNA damage for recognition and
repair, including 53BP1, an important marker for proper
signaling. 53BP1 functions as a scaffolding protein for effi-
cient DNA repair and checkpoint activation (FitzGerald
et al. 2009). The mechanism of 53BP1 recruitment after IR
is complex, involving multiple post-translational modifica-
tions of different proteins, including phosphorylation and
ubiquitination of histones, which serve as binding plat-
forms for proper repair (Kolas et al. 2007; Doil et al. 2009;
FitzGerald et al. 2009; Stewart et al. 2009).

The importance of H4K20 methylation in the DNA
repair pathway was originally demonstrated in S. pombe.
In this organism, Crb2, the homolog of mammalian
53BP1, has indispensable roles during the cell cycle and
in DNA damage repair signaling (Saka et al. 1997). Crb2

PR-Set7 and H4K20mel

binds H4K20me, which is catalyzed by Set9 in S. Pombe,
through its tandem tudor domain (Sanders et al. 2004;
Greeson et al. 2008). This domain is conserved in 53BP1
and is required for the proper recruitment of each protein
to DNA damage foci. The tandem tudor domain of 53BP1
binds directly to H4K20mel/2 and H3K79me2 both in
vitro and in vivo, although more substantial evidence has
emerged for a physiological role in the case of H4K20mel
binding by 53BP1 (Fig. 3; Huyen et al. 2004; Houston et al.
2008; Oda et al. 2010). Transient reduction of PR-Set7 ab-
rogates 53BP1 recruitment to sites of DNA double-strand
breaks (Oda et al. 2010). Complete loss of Suv4-20h1/2
slightly decreased 53BP1 recruitment to DNA damage sites,
suggesting that both H4K20mel and H4K20me2 contribute
to recruitment of 53BP1 (Schotta et al. 2008).

These findings led to investigations of how H4K20me
is regulated after DNA damage, whether pre-existing
H4K20me is dynamically exposed, or whether methyla-
tion of H4K20 is deposited de novo. Early mass spectros-
copy evidence suggested that 53BP1 recruitment is ac-
complished in large part through exposure of pre-existing
H4K20me. These studies showed that the majority of
cellular histone H4K20 is dimethylated, leaving only
a small pool of available substrate to modify after damage
(Schotta et al. 2008). Thus, it is hypothesized that 53BP1
recruitment after DNA damage is facilitated by changes
in the chromatin structure that expose the already present
H4K20me, making it accessible for binding. Various chro-
matin remodeling factors, KAP-1 and RNF168, have been
implicated in this dynamic chromatin relaxation process,
yet very little experimental evidence has been provided to
support this model (Goodarzi et al. 2008; Doil et al. 2009;
Stewart et al. 2009).

On the other hand, there is supportive evidence for
H4K20me being deposited de novo at sites of DNA
damage. We recently showed that PR-Set7 is rapidly
recruited to sites of DNA double-strand breaks through
its binding to PCNA. 53BP1 recruitment is disrupted by
siRNA-mediated knockdown of endogenous PR-Set7 and
by transfection of an siRNA-resistant catalytically in-
active mutant (Oda et al. 2010). Chromatin immunopre-
cipitation (ChIP) experiments revealed that H4K20mel
increased rapidly at sites of DNA double-strand breaks
induced by site-specific endonucleases (Pei et al. 2011). In
addition, more recent mass spectroscopy results showed
that different cell lineages have widely variable amounts
of each degree of H4K20 methylation, which may be in-
dicative of a highly dynamic modification (P Voigt and
D Reinberg, unpubl.). These findings suggest that PR-
Set7-mediated de novo monomethylation is necessary
to recruit 53BP1 to the sites of DNA damage. Quite
surprisingly, despite all of the evidence for a role of
H4K20me in 53BP1 recruitment, none of the H4K20me-
regulating enzymes have been shown to affect 53BP1 foci
in unbiased RNAi screens (Fig. 3; Doil et al. 2009; Stewart
et al. 2009).

53BP1 recruitment is also affected by histone-modify-
ing enzymes that indirectly modulate H4K20me levels or
accessibility. One such enzyme is the ubiquitin ligase BBAP
that targets H4K91 (Yan et al. 2009). In addition, enzymes
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other than PR-Set7 and Suv4-20 have been reported to
methylate H4K20, although these enzymes most likely
affect H4K20me indirectly (Pei et al. 2011). For example,
MMSET, a histone methyltransferase, was recently dem-
onstrated to dynamically dimethylate H4K20 at sites of
DNA damage and regulate recruitment of 53BP1. Silencing
of MMSET leads to decreased H4K20me2,/3 and impaired
53BP1 recruitment at sites of DNA damage. However,
other more thorough studies have shown that, both in
vitro and in vivo, the major targets of MMSET are H3K36
and H4K44 (Li et al. 2009; Nimura et al. 2009). Therefore,
although methylation of H4K20 is critical for a proper
damage response, MMSET is unlikely to be the enzyme
responsible for this modification and most likely works
indirectly by modifying other histone residues to regulate
H4K20me-dependent 53BP1 recruitment.

In addition to its role in DNA double-strand break
repair, 53BP1 has been implicated in the regulation of the
G2/M checkpoint (Harrigan et al. 2011; Lukas et al. 2011).
Recently, time-lapse microscopy analysis of GFP-tagged
53BP1 revealed that 53BP1 forms spontaneous foci with-
out any exogenously mediated damage. These foci are
present in the Gl phase of the cell cycle at sites of
inappropriately underreplicated genomic loci, which have
already passed through mitosis. Loss of these 53BP1 foci
leads to destabilization and improper repair of the associ-
ated DNA lesions (Lukas et al. 2011). Thus, PR-Set7 may
regulate 53BP1 foci in G1 phase to protect the integrity of
chromosomes exposed to replication stress during the
previous S phase. Defective 53BP1 recruitment may par-
tially explain both the spontaneous damage and cell cycle
defects observed upon the loss of PR-Set7.

PR-Set7 and transcription

Despite numerous efforts, the role of PR-Set7 and
H4K20mel in gene transcription has remained elusive.
Removal of PR-Set7 causes various cellular changes that
can indirectly affect gene expression, making it difficult
to determine its direct functions. For this reason, we are
currently dependent on correlative studies, which have
been inconclusive and imply complex roles for these
factors in transcription. This is apparent when comparing
the conclusions reached from initial subcellular localization
studies suggesting a role for H4K20mel in transcrip-
tional repression with those from more recent genome-
wide ChIP analysis implicating H4K20mel in transcrip-
tional activation.

Supporting a role in repression, H4K20mel could operate
directly by promoting chromatin compaction (Lu et al.
2008; Oda et al. 2009) or indirectly through its progression
toward H4K20me2/3 and/or recruitment of modification-
specific binders such as L3MBTLI, a transcriptional re-
pressor (Trojer et al. 2007). Moreover, insights into a poten-
tial role for PR-Set7 in repression of transcription were
initially made in Drosophila, wherein H4K20mel localizes
exclusively to regions on polytene chromosomes that are
devoid of active transcription (Nishioka et al. 2002). Fur-
thermore, deletion of PR-Set7 causes a suppression of the
variegation phenotype in Drosophila, suggesting that PR-
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Set7 acts to silence gene expression (Karachentsev et al.
2005). However, this result is complicated in that Suv4-20
is also a suppressor of variegation, and the suppression
of variegation phenotype identified after loss of PR-Set7me
may be secondary to that of decreased H4K20me2/3 levels.
For example, H4K20me3 has a well-established role in gene
repression, specifically at repetitive elements (Schotta
et al. 2004, 2008; Fodor et al. 2010). In addition to these
results from Drosophila, localization studies in mouse cells
showed an enrichment of H4K20mel on the inactive X
chromosome, a classic example of facultative hetero-
chromatin (Kohlmaier et al. 2004).

Several additional studies support a role for PR-Set7 in
gene repression. In-depth ChIP studies on a large subset of
the genome in HeLa cells demonstrated that H4K20mel
localized primarily within gene bodies. Loss of PR-Set7
causes increased expression of H4K20mel-enriched genes,
implying a role for PR-Set7 in gene repression (Congdon
et al. 2010). In addition, genomic regions enriched for
H4K20mel can repress luciferase expression in an artifi-
cial promoter system (Congdon et al. 2010). Still other
studies showed that H4K20mel localized to repressed
genes regulated by E2F (Abbas et al. 2010). Finally, knock-
down of PHF8, which demethylates H4K20mel, causes
increased repression of E2F-responsive genes due to in-
creased H4K20mel and LBMBTLI binding (Liu et al. 2010).

On the other hand, results from genome-wide ChIP
analyses argue against a role in repression. In T lympho-
cytes, H4K20mel peaks were similarly found to localize
downstream from the transcription start site (TSS), yet
in contrast to the above-mentioned HeLa cell study,
H4K20mel correlates with highly transcribed genes (Barski
et al. 2007; Cui et al. 2009). Further analysis revealed
that H4K20mel is one of the histone modifications most
highly correlated with active transcription (Wang et al.
2008). This correlation between H4K20mel and active
transcription had previously been shown at a limited
set of loci in murine erythroleukemia cells, adipocytes,
and HelLa cells (Talasz et al. 2005; Vakoc et al. 2006;
Wakabayashi et al. 2009). These findings suggest that
PR-Set7 and H4K20mel may function during active tran-
scription as well as transcriptional repression.

Further evidence from gene-specific studies showed
that H4K20mel levels increased at estrogen-responsive
genes after their activation (Y Li et al. 2011). In another
focused analysis, H4K20mel and PR-Set7 were enriched
specifically at wnt3a-responsive gene promoters after
wnt3a stimulation (Z Li et al. 2011). Upon PR-Set7
knockdown, wnt3a-dependent activation of wnt response
genes was abolished. This regulation was shown to be
physiologically relevant, since PR-Set7 participates in the
wnt developmental pathway in zebrafish (Z Li et al.
2011). These results are slightly complicated by the fact
that PR-Set7 was found to both stimulate and repress the
wnt3a response genes potentially by cooperating with
Lef3, a known transcriptional activator and repressor. A
similar type of dual transcriptional regulation was dem-
onstrated for PR-Set7 cooperation with TWIST, an im-
portant regulator of epithelial-to-mesenchymal transition
(Yang et al. 2011).
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Figure 4. Genome-wide distribution and features of H4K20mel from the ENCODE project. Bioinformatic analysis (MACS) was used
to analyze H4K20mel genome-wide distribution from ENCODE data sets from nine different human cell lines: HI (human ES cells),
K562 (erythrocytic leukemia), GM12878 (B-lymphoblastoid), HepG2 (hepatocellular carcinoma), NHEK (normal human epidermal
keratinocytes), HSMM (primary human skeletal muscle myoblasts), NHLF (normal human lung fibroblasts), Huvec (primary human
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in all cell types, whereas cell-specific genes enriched with H4K20mel are genes that are only highly expressed in that specific lineage.
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Thus, despite numerous studies examining the role of
H4K20mel, this modification still has an inconclusive
role in gene expression, with evidence supporting a cor-
relation with both gene expression and repression. Some
gene-specific analyses, along with all genome-wide ChIP
studies to date, have correlated H4K20mel with active
transcription, while a subset of non-genome-wide ChIP
and biochemical studies have correlated H4K20mel with
gene repression.

To better decipher the role of H4K20mel in regulation
of transcription, we embarked on a comparative analysis
of recently released ENCODE (Encyclopedia of DNA
Elements) data sets, established as a means to identify
important functional genomic elements (The ENCODE
Project Consortium 2004; Ernst et al. 2011). This analysis
allows for the first cross-comparison of data sets between
different cell lineages that, importantly, were generated
using similar experimental procedures and data analysis.
After comparing H4K20mel ChIP sequencing data from
the nine human cell lines examined by the ENCODE
project, we found that H4K20mel is specifically enriched
in intragenic regions in all data sets (Fig. 4A). Supporting
earlier observations, H4K20mel also correlates with highly
expressed genes and is found predominantly downstream
from the TSS (Fig. 4B), although the magnitude of these
peaks varies between cell lines (Fig. 4C,D). We further
analyzed the gene ontologies enriched with H4K20mel
that are unique or conserved between three ENCODE cell
types: H1 ES, HepG2 hepatocellular carcinoma, and K562
erythroleukemia cells. Genes with H4K20mel peaks that
were conserved across all three cell lines were primarily
highly expressed metabolic and cellular housekeeping
genes. In contrast, genes with H4K20mel peaks unique
to one specific cell line tended to be highly expressed
tissue-specific genes functionally inherent to that lineage;
i.e., development for H1, carbohydrate metabolism for
HepG2, and cellular structure for K562 (Fig. 4). These
combined results suggest that H4K20mel correlates with
highly expressed genes, independent of the lineage, and
does not seem to be very specific to any functional subset
of genes. Although these findings do not directly demon-
strate a function of PR-Set7 and H4K20mel in transcrip-
tion, they suggest that these factors may participate in
active transcription.

These apparently conflicting experimental results con-
cerning PR-Set7 function in gene expression may be
explained by multiple, potentially confounding biological
and technical variables. One major variable may be the
proliferation rates of different cell lines, given the cell
cycle-dependent variation in PR-Set7 and H4K20mel
levels. The role of H4K20mel may also be context-
dependent. For example, neighboring modifications on
the H4 tail may affect H4K20mel function. The presence
of H4K20mel at highly expressed genes may potentially
be affected by the co-occurrence of neighboring H4K16
acetylation (H4K16ac), which has an established role in
activating gene expression. H4K16ac could potentially
override a subset of H4K20mel function, creating a dif-
ferent role for H4K20mel in gene expression in this
context. Other subsets of H4K20mel, specifically at E2F
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target genes, may be important for gene repression and
are demethylated by PHF8 during the cell cycle (Liu et al.
2010). Still other H4K20mel may be destined to progress
to H4K20me2/3, which repress repetitive DNA elements
(Schotta et al. 2004, 2008). Finally, the H4K20mel that is
not sterically masked may be regulating transcription
through L3MBTLI recruitment (Trojer et al. 2007). De-
tailed investigation of H4K20mel and specific binders
of H4K20mel and H4K16Ac in synchronized cells will
be necessary to parse out the meaning of the differential
localization patterns of H4K20mel and determine the
exact correlation between gene expression and cell cycle
progression. These combined possibilities reveal a pleth-
ora of potential functions for H4K20mel. An outstanding
resolution, although unlikely and difficult to prove, is
that the modification may not have a specific role in gene
expression even though potential correlations abound.

Final thoughts

Over the last 10 years, we have made great strides toward
understanding the function of PR-Set7, yet we still have
far to go. A major question remains as to why PR-Set7 and
independent regulation of H4K20mel emerged during
evolution. To date, the least-characterized function of PR-
Set7 and H4K20mel is in transcription and gene expression.
Clarification of how this modification is regulated genome-
wide and the relevance of its distribution may better explain
the major functions of PR-Set7 in cell cycle progression
and in the DNA damage response. Recently, PR-Set7 was
shown to potentially have physiological importance in
cancer progression, making understanding the function of
H4K20mel even more important (Yang et al. 2011).

Although our understanding of the function of
H4K20mel has become more comprehensive, we still
have not elucidated the mechanism by which one modi-
fication can have such a vast array of functions. The
answer to these questions will help characterize a unique
and essential modification and provide key insights into
how a single modification can regulate so many cellular
functions. Hopefully, further analyses, including knockout
studies, will lead to a detailed understanding of the role
of each modification binder in regulating gene expression
and cell cycle progression. This key information will help
decipher the contributions of PR-Set7 and H4K20mel that
are determinant to cell viability.
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