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Covalent post-translational modifications (PTMs) of pro-
teins can regulate the structural and functional state of a
protein in the absence of primary changes in the under-
lying sequence. Common PTMs include phosphorylation,
acetylation, and methylation. Histone proteins are critical
regulators of the genome and are subject to a highly
abundant and diverse array of PTMs. To highlight the
functional complexity added to the proteome by lysine
methylation signaling, here we will focus on lysine meth-
ylation of histone proteins, an important modification in
the regulation of chromatin and epigenetic processes. We
review the signaling pathways and functions associated
with a single residue, H4K20, as a model chromatin and
clinically important mark that regulates biological pro-
cesses ranging from the DNA damage response and DNA
replication to gene expression and silencing. Molecular
& Cellular Proteomics 15: 10.1074/mcp.R115.054742, 755–
764, 2016.

The human genome consists of greater than 20,000 pro-
tein-coding genes (1). Additionally, most genes give rise to
multiple isoforms due to alternative splicing (2). Further com-
plexity of the proteome is achieved by the reversible covalent
post-translational modifications (PTMs)1 of proteins by chem-
ical moieties such as phosphorylation, acetylation, and meth-
ylation. These covalent modifications occur largely on the side
chains of distinct amino acid residues and regulate protein
function by diverse mechanisms that together greatly ex-
pands the complexity of the proteome (3).

Histones are some of the most abundant proteins in eu-
karyotic cells. Two copies of histone H2A, H2B, H3, and H4
form an octameric structure that is wrapped by �147 bp of
double-stranded DNA (dsDNA) to form the nucleosome, the

core structural unit of chromatin and the first step in packag-
ing of the genome (4). Histone proteins are highly modified
with the majority of PTMs occurring within the highly charged
and unstructured N- and C-terminal histone tail regions (5).
Here we will focus on lysine methylation of histone proteins,
an important modification that was first identified on histones
in the 1960s and is now appreciated to fundamentally regulate
chromatin dynamics (6).

Proteins are reversibly methylated on the nitrogen side
chain of lysine residues (Fig. 1). This reaction, although subtly
changing the primary structure of the modified peptide,
greatly increases the information encoded within the mole-
cule. Lysine residues can accept up to three methyl groups,
forming mono-, di-, and tri-methylated derivatives (referred to
here as Kme1, Kme2, and Kme3, respectively; Fig. 1), with
unique activities frequently being coupled to the specific ex-
tent of methylation on the lysine residue (5, 7, 8). Here, when
referring to sites of histone methylation, we will use nomen-
clature in which the histone, residue and number, and type of
methylation are sequentially denoted (9). For example, me1 of
histone H3 at lysine 4 will be referred to H3K4me1. In humans,
the canonical lysine methylation sites on the core histones are
H3K4, H3K9, H3K27, H3K36, H3K79, and H4K20 (10). Here,
to highlight the functional complexity that can be added to the
proteome via lysine methylation, we focus on the signaling
pathways and functions associated with methylation of a
single residue, H4K20, as a model chromatin and clinically
important mark that regulates diverse biological processes
ranging from the DNA damage response and DNA replication
to gene expression and silencing. For more detailed and
comprehensive reviews of H4K20 methylation biology, we
refer the reader to two excellent reviews, Refs. 11, 12.

Methylation of Histone H4 at Lysine 20 (H4K20me)—Lysine
20 is the major site of methylation on histone H4. Depending
on the cell type, up to �80% of H4 molecules can be di-
methylated, whereas H4K20me1 and H4K20me3 are gener-
ally less abundant, for example being present on 10 and 5%
of nucleosomes in asynchronous HeLa cells, respectively,
with similar ratios observed in mouse embryonic fibroblasts
(MEFs) and other cell types (13–16). Three distinct SET do-
mains containing lysine (K) methyltransferase (KMT) enzymes,
SETD8 (SET8, PR-SET7), SUV4-20H1, and SUV4-20H2, are
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responsible for the generation of the three different methyl
states of H4K20 (17–20). SETD8 was identified as the first
KMT for H4K20, and genetic ablation of Setd8 in flies com-
pletely abolished all three methylation states, initially suggest-
ing that it might catalyze mono-, di-, and tri-methylation (17,
18). However, biochemical analysis showed that SETD8 only
catalyzed the addition of one methyl moiety, converting
unmodified H4K20 to H4K20me1. Structural studies pro-
vided the molecular basis for this specificity, demonstrating
that the active site of SETD8 is not able to accommodate a
lysine carrying more than a single methyl group (21, 22). Two
related enzymes, SUV4-20H1 and SUV4-20H2, also methyl-
ate H4K20 and are the enzymes responsible for the conver-
sion of SETD8-generated H4K20me1 into H4K20me2 and
H4K20me3 (20). Indeed, the deletion of both enzymes in
MEFs led to a dramatic and specific loss of H4K20me2 and
H4K20me3 levels and a concomitant increase in the levels of
H4K20me1 (19); these results suggested that the accumula-
tion of H4K20me1 was a result of failure in the Suv4-20h1/
Suv4h2 double knock-out cells to convert H4K20me1 to the
higher methylated states. Similar results were observed upon
depletion of the two homologous proteins, suv420h1/h2 in the
zebrafish Danio rerio (23). There are reports of other KMTs
such as NSD2/MMSET/WHSC1 having activity on H4K20
(24); however, careful analysis of NSD2-methylated histones
demonstrated that this enzyme has absolutely no activity on
H4K20 (25, 26), and similar analyses have ruled out several
other putative H4K20 methyltransferases (25–29).2 Thus, in
higher eukaryotes, SETD8 appears to be the sole mono-
methyltransferase for H4K20, and successive methylation of
H4K20me1 by SUV4-20H1 and SUV4-20H2 generates the
preponderance of global H4K20me2 and H4K20me3.

SUV4-20H1 and SUV4-20H2 share a high degree of se-
quence similarity in their catalytic SET domain (20), and con-
sistent with the cellular studies (13), in vitro methylation as-
says using recombinant SUV4-20H1 and SUV4-20H2 indicate
that both proteins catalyze H4K20me2 with similar kinetics
and that these enzymes are more active on H4K20me1 as
substrate than on unmethylated H4K20 (20, 30–32). Nonethe-

less, deletion of the individual enzymes in MEFs showed clear
differences with respect to H4K20 methylation as Suv4-20h1
deletion resulted in an �60% decrease in H4K20me2 levels
without affecting H4K20me3. In contrast, genetic ablation of
Suv4-20h2 largely eradicated H4K20me3 but did not have an
impact on global levels of H4K20me2 (13). It is worth noting
that both Suv4-20h1 and Suv4-20h2 are capable of mono-
methylation but with a 3-fold lower activity compared with
their activity on mono-methylated peptides and a 250-fold
lower activity relative to SETD8. The molecular basis for this
specificity was revealed in structural studies on the SET do-
main of mouse SUV4-20H2, which showed that a single
methyl group on the substrate lysine helps to lock the lysine in
place in the active site (31, 32). Peptides containing an un-
modified lysine would therefore be oriented in a less optimal
position rendering mono-methylation inefficient (31, 32). With
respect to tri-methylation, a significant structural rearrange-
ment of the active site has to take place in order to accom-
modate an H4K20me3 peptide, which is energetically unfa-
vorable, potentially explaining why this activity is difficult to
detect in vitro when utilizing the SET domains of SUV4-20H1
and SUV4-20H2 (31, 32). The discrepancy between the in
vitro and in vivo data argues that catalytic specificity of
the SUV4-20H1 and SUV4-20H2 does not solely come from
the SET domain and is also influenced by domains outside the
SET domain and/or differential interacting proteins. Thus,
SUV4-20H1 and SUV4-20H2 are both di-methyltransferases
in vitro, but we have much to learn in order to understand how
H4K20me3 is regulated by SUV4-20H1 and SUV4-20H2 in
vivo.

In multicellular organisms, H4K20 methylation appears to
be important for development and organismal viability. Spe-
cifically, knock-out Setd8 mouse embryos die before they
reach the 8-cell stage, and flies lacking Setd8 have develop-
mental defects and only make it into the late larval stage (17,
18, 33). However, it is worth noting that SETD8 has non-
histone substrates that may contribute to the knock-out phe-
notype (see below). Indeed, flies expressing H4 that contains
a K20A substitution display significant developmental delay
(24–48 h) and have significant death at the larval stage (46%),
but overall they have a less severe phenotype than the Setd82 O. Gozani, unpublished observations.
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FIG. 1. Chemical structure of lysine and its methylated derivatives. Lysine can be mono-, di-, and trimethylated (red). Lysine methyl-
transferase enzymes (blue) catalyze the conversion of H4K20 into the methylated states. Demethylase enzymes (pink) can remove methyl
groups from lysines. Currently there are no demethylase enzymes known for di-, and trimethylated H4K20.
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knock-out flies, in which 100% death at the larval stage is
observed (17, 18, 34). Suv4-20h1/Suv4-20h2 double knock-
out mice are born at sub-Mendelian ratios, have significant
perinatal death, and upon birth are noticeably smaller than
control littermates (13). A similar phenotype has been de-
scribed for the single deletion of Suv4-20h1. However, Suv4-
20h2 deletion alone is compatible with life, and the mice seem
to develop normally (13). This striking difference may in part
be attributed to the more restricted expression pattern of
SUV4-20H2 in the mouse embryo relative to SUV4-20H1,
which is ubiquitously expressed throughout the embryo (13).
Taken together, the data in higher eukaryotes support the
notion that establishing a proper H4K20me pattern is impor-
tant for development, yet the non-essential role for SUV4-
20H2 in this process requires additional studies as does sep-
arating the function of the individual KMTs versus the specific
methylation event on H4.

In mice, the deletion of Setd8 gives a much more severe
phenotype as compared with the double deletion of Suv4-
20h1 and Suv4-20h2 (13, 33). This suggests that loss of all
methylation states on H4K20 is more detrimental than the loss
of only H4K20me2 and H4K20me3. At the same time, SETD8
has also been shown to methylate non-histone substrates
such as the tumor suppressor p53 (35), the protein NUMB
(36), and proliferating cell nuclear antigen (PCNA) (37). To
date, a non-histone target for SUV4-20H1 and SUV4-20H2
has yet to been identified. SETD8 mono-methylates p53 on
lysine 382 to suppress p53-mediated transcriptional activa-
tion of highly responsive target genes (35). In addition to p53,
SETD8 methylates PCNA, which is reported to stabilize
PCNA, and promotes its function in DNA replication and DNA
damage (37). SETD8 methylation of NUMB also impacts p53
functions, suggesting SETD8 integrates multiple pathways to
regulate the key tumor suppressor p53. Together, these stud-
ies indicate that SETD8 deletion phenotypes are likely due
to a combination in the absence of H4K20 methylation as
well as SETD8 functions in non-histone methyl-lysine sig-
naling pathways.

Lysine methylation, although a relatively stable modifica-
tion, is dynamic and is reversed by lysine demethylase en-
zymes (38). The PHD and JUMONJI domain containing pro-
tein PHF8, which was originally identified as a demethylase
for H3K9me1/2 and H3K27me1/2 (39), is the first identified
demethylase that is active on H4K20. Specifically, PHF8,
which is not active on H4K20-methylated peptides, demethy-
lates H4K20me1 in the context of nucleosomes (40, 41). Over-
expression of PHF8 in U2OS cells reduced H4K20me1 and
depletion of PHF8 led to an increase in H4K20me1 signal at
the G2/M- and G1-phase of the cell cycle. Why PHF8 is
active on dimethyl-lysines on H3K9 and H3K27 but not
H4K20 is not understood. Regardless, these studies suggest
that H4K20me1 levels can be dynamically regulated by dem-
ethylation, and it may only be a matter of time until demethy-
lases of H4K20me2/3 are discovered.

It is becoming increasingly clear that cross-talk between
histone modifications plays an important role in chromatin
signaling. For instance, double knock-out of the H3K9 meth-
yltransferases Suv39h1 and Suv39h2 in MEFs depletes the
H3K9me3 signal and also abolishes H4K20me3 signals at
pericentric heterochromatin without affecting H4K20me1/2
(20, 42, 43). However, H3K9me3 signals persist at DAPI-
dense foci in cells in the absence of SUV4-20H1 and SUV4-
20H2. Interestingly the C-terminal domain of SUV4-20H2 can
bind to isoforms of HP1, key components of heterochromatin,
and through their chromodomains can direct the binders of
H3K9me3 (20, 42–44). This suggests a model in which
H3K9me3 recruitment of HP1 brings in SUV4-20H2 to estab-
lish an H4K20me3 landscape at heterochromatin. The molec-
ular function of H4K20me (and what binds to this mark) in
heterochromatin formation is a question that should be further
elucidated over the next several years. A different variant of
cross-talk exists between methylation at H4K20 and acetyla-
tion at H4K16. These marks are mutually restrictive on fly
chromosomes, and the H4K16ac-containing peptide serves
as a less efficient substrate for methylation by SETD8 than
unmodified peptide (17). However, proteomic analysis of his-
tone PTMs present on nucleosomes purified from HeLa cells
demonstrated the co-occurrence of H4K16ac and H4K20me2
(15). One intriguing speculation is that each mark modulates
the ability of reader domains for the other mark. For example,
might acetylation at H4K16 dynamically regulate the binding
of a reader of H4K20me? To date, such a case has not been
identified, but certainly cross-talk between PTMs present on
histones and chromatin-regulatory factors would provide for a
complex new layer in the regulation of the genome.

H4K20 Methylation and the Cell Cycle—H4K20 methylation
levels, for example H4K20me1, are quite dynamic across
the cell cycle (15). In late G1, the levels of H4K20me1 begin
to decline, and H4K20me1 levels are lowest during S-phase.
After the completion of DNA replication, H4K20me1 levels
start to increase and peak during mitosis (see Fig. 2) (15, 33).
These observations suggested that the changes in
H4K20me1 are due to parallel cell cycle changes in SETD8
protein levels. In this regard, SETD8 was found to be de-
graded in late G1-phase by the proteasome through CRL4Cdt2

ubiquitin-mediated destruction (45–50). Like several other cell
cycle-regulated proteins, SETD8 carries two PCNA-interact-
ing protein domains (51). The second PCNA-interacting pro-
tein domain of SETD8 mediates the interaction with PCNA in
cells and is required for degradation of SETD8. Taken to-
gether, SETD8 and its product H4K20me1 are dynamically
regulated throughout the cell cycle, and the drop in
H4K20me1 levels in S-phase is likely a direct consequence of
the active degradation of SETD8. Other possible mechanisms
by which H4K20me1 levels might be regulated include cell
cycle-regulated demethylation by PHF8 (40, 41) or other his-
tone lysine demethylase enzymes (KDMs) and by conversion
of H4K20me1 to H4K20me2; in this regard, we have observed
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cell cycle-regulated changes in H4K20me2 levels, with the
peak in H4K20me2 occurring in late G1/early S-phase, the
same time that H4K20me1 levels decrease,3 consistent with
those observed in Ref. 15.

H4K20 Methylation and the DNA Damage Response—
H4K20 methylation, in diverse organisms and in an evolution-
arily conserved manner, is implicated in the DNA damage
response. In the fission yeast Schizosaccharomyces pombe,
strains carrying a deletion of the H4K20 KMT set9 (that H4K20

methylation) are hypersensitive to DNA-damaging agents (52).
A similar phenotype was observed in strains expressing an
H4K20R mutant allele, indicating a direct role for set9-medi-
ated H4K20 methylation in the DNA damage response (rather
than a different set9 target, for example). In mammalian cells,
depletion of SETD8 results in the formation of �H2AX foci (a
hallmark of DNA damage) and increased sensitivity to a vari-
ety of genotoxic stresses (33, 53). In addition, Suv4-20h1/
Suv4-20h2 double knock-out MEFs are sensitive to DNA-
damaging agents and display an increased number of
chromosomal breaks relative to control MEFs in response to
DNA damage (13). In flies, Setd8 deletion is lethal, and the
sensitivity of flies expressing the substitution mutant H4K20A
to DNA damage requires further investigation (17, 18, 34).
Overall, the data argue that H4K20 methylation plays an im-
portant and evolutionary conserved role in the DNA-damage
response.

The different methylation states of H4K20me can be bound
by specific reader domains, which can distinguish between
the site and the degree of methylation (for an overview of
several reported H4K20-binding proteins, see Table I). Reader
domains typically contain a hydrophobic pocket made up of
two to four aromatic residues that interact with the methylated
lysine as well as make additional contacts with the sequence
surrounding the methylated residue (8, 54). The recruitment of
factors involved in the DNA-damage response involves the
interaction between reader domain and histone modifications
(55). 53BP1 and its yeast homolog Crb2 are key proteins in
DNA damage-signaling pathways (for example, 53BP1 asso-
ciates with sites of DNA damage at an early stage in the repair
pathway) that contain a conserved tandem tudor domain (52,
56, 57). This domain on both proteins binds to synthetic
histone H4 peptides that are mono- and di-methylated at
Lys-20 with a slight preference for di-methyl versus mono-
methyl peptides. Consistent with these observations, the re-
duction of SETD8 and the expression of a catalytically inactive
mutant enzyme both result in reduced formation of 53BP1 foci
at DNA damage sites (13, 48). Furthermore, SUV4-20H1 and
SUV4-20H2 are both required for 53BP1 binding at defined
DNA double strand break sites generated by a site-specific
endonuclease induction system (58). Thus, although the spe-
cific contribution of H4K20me1 versus H4K20me2 in stabiliz-
ing 53PB1 at DNA damage foci remains to be fully elucidated,
it is clear that both modification states, via 53BP1, play an
important role in the cellular response to DNA damage. In
fission yeast, Crb2 localization to DNA damage sites is greatly
reduced in the �set9 strain that lacks H4K20 methylation (52),
lending further support for an evolutionary conserved mech-
anism linking H4K20me and the DNA damage response to-
gether through a direct interaction between tandem tudor
domain-containing proteins and H4K20me1/2.

H4K20 Methylation and DNA Replication—The faithful and
precise duplication of the genome in S-phase is essential for
cell division and organismal development. The replication ma-3 A. Kuo and O. Gozani, unpublished observations.
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FIG. 2. H4K20me2 stabilizes 53BP1 on sites of DNA-damage
through its Tudor domain. a and b, upon DNA-damage Ku70 (pur-
ple) binds to the exposed DNA-ends and recruits Set8 (orange).
SETD8 mono-methylates H4K20 (red lollipop) at the site of damage.
c, subsequently SUV4-20H1 and/or SUV4-20H2 (blue) use the
H4K20me1 as a substrate and convert in into H4K20me2 (double-red
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domain followed by other proteins in the DNA-damage repair path-
way. d, alternatively, H4K20me1 is stabilizing 53BP1 at the sites of
damage and induces DNA-damage repair.
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chinery fires only once per cell cycle from distinct genomic
sites termed origins of replication (ORI). During the G1 phase
of the cell cycle, a pre-replication complex, which consists of
the origin of replication complex (ORC), the minichromosome
maintenance complex (MCM), and two additional factors
named Cdc6 and Cdt1 form at ORIs throughout the genome
(59). In yeast, ORIs can be identified due to a defined DNA
sequence element. However, in higher eukaryotes a similar
element or other type of DNA sequence motif has yet to be
identified, and rather it is proposed that chromatin modifica-
tions might aid in specifying metazoan ORIs, potentially via
recruitment of components of the replication machinery (60).

H4K20me plays an important role in cell cycle progression.
For instance, double knock-out Suv4-20h1/2�/� MEFs prolif-
erate slower than wild-type MEFs, which is likely due to a
block in the G1- to S-phase transition and delayed S-phase
entry (13). Cells depleted of SETD8 also show reduced pro-
liferation rates and accumulate in S-phase, and the cells that
do make it into the G2-phase fail to go through mitosis,
consistent with them carrying a defect that arose from an
aberrant S-phase (53, 61, 62). Cells in which induced deple-
tion of SETD8 occurs in S-phase proceed normally through
mitosis. However, these cells are delayed during the subse-
quent S-phase, suggesting a role for SETD8 in-between DNA
replication cycles that is important for S-phase progression
(33, 61). SETD8 is normally degraded during S-phase; how-
ever, SETD8 can be stabilized by mutation of the PCNA-
interacting protein domain (45, 46, 48, 51, 63). Introduction of
this degradation-resistant SETD8 derivative results in aber-
rant expression of SETD8 during S-phase, which in turn leads
to H4K20me1 accumulation in S-phase cells (46, 53). These
cells show an S-phase block as well as a G2/M arrest, arguing
that the timing of methylation is important for proper progres-
sion through S-phase. Interestingly, the phenotype resulting

from SETD8 stabilization appears to be dependent on SUV4-
20H1 and SUV4-20H2 as the expression of degradation-re-
sistant SETD8 in Suv4-20h1/Suv4-20h2 double knock-out
MEFs reduces the amount of cells arrested in G2/M, indicating
that the higher methylation states of H4K20 also play a key
role in the cell cycle (64). Together, these observations illus-
trate that correct deposition of H4K20me on the genome is
important for faithful progression through S-phase.

The genome needs to be replicated once and only once per
cell cycle, and defects in replication can lead to loss of key
genomic information or re-replication, which can cause
genomic instability. Normally, once an origin fires, mecha-
nisms are in place to ensure that a second firing event, which
would lead to re-replication, does not occur (65). H4K20me1
has been implicated in regulating origins as cells expressing
degradation-resistant SETD8 show increased H4K20me1 at
known origins (49). Moreover, preventing SETD8 degradation
in S-phase results in the accumulation of SETD8 at foci that
co-localize with BrdU, PCNA, and DNA-polymerase �, mark-
ers of active replicating forks, further supporting a direct role
for SETD8 at origins (61). In this context, reporter assays show
that targeting SETD8 (and subsequently SUV4-20H1 and
SUV4-20H2) to an origin can result in local H4K20me and
recruitment of ORC and minichromosome maintenance com-
plexes (64).

The identification of the ORC1 BAH domain as a high af-
finity and specific reader of H4K20me2 provided the first
direct link between the DNA replication machinery and H4K20
methylation (23). Structure-guided mutations that abrogated
H4K20me2 binding by ORC1 were defective in binding to
known origins, and cells expressing these mutants showed a
delay in progressing through G1-phase (23). In addition to
ORC1, another factor present in the ORC complex, named
ORCA/LRWD1, binds to H4K20me3 via its WD repeat domain

TABLE I
Reported reader domains for H4K20me

Modification Reader Domain Kd Function Ref.

H4K20me1 53BP1 Tandem tudor 52.9 �M DNA damage response 56
L3MBTL1 3�MBT 138 �M Txpn repression 77
L3MBTL2 4�MBT 14 �M Txpn repression 83
MSL3 Chromo 10–18 �M Chromatin remodeling; txpn regulation 84
spPdp1 PWWP 42.7 mM H4K20 methylation 85, 86

H4K20me2 53BP1 Tandem tudor 19.7 �M DNA damage response 56
spCrb2 Tandem tudor DNA damage response 57
JMJD2A Tandem tudor 2 �M Demethylation; txpn regulation; DNA damage 87, 88
L3MBTL1 3�MBT 211 �M Txpn repression 77
L3MBTL2 4�MBT 11 �M Txpn repression 83
ORC1 BAH 5.2 �M DNA replication licensing 23
spPdp1 PWWP 19.8 mM H4K20 methylation 85, 86
LBR Tudor Formation of nuclear peripheral heterochromatin 89
PHF20 Tudor 76

H4K20me3 ORCA WD40 DNA replication licensing 64, 90
JMJD2A Tandem tudor 0.4 �M Demethylation; txpn regulation; DNA damage 87
spPdp1 PWWP 6 mM H4K20 methylation 85, 86
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(64, 66), suggesting that H4K20me2 and H4K20me3 may be
involved in stabilizing the ORC complex at ORIs via direct
binding to the key ORC component proteins ORC1 and
ORCA.

Mutations within several factors that comprise the pre-DNA
replication machinery have been identified in individuals af-
fected by Meier-Gorlin syndrome (MGS), an autosomal reces-
sive primordial dwarfism disorder (67–70). Specifically, muta-
tions were identified in genes coding for the pre-DNA
replication machinery proteins ORC1, ORC4, ORC6, CDT1,
and CDC6 in individuals that have features of MGS, suggest-
ing an important role for DNA replication in the development
of primordial dwarfism. The MGS-associated mis-sense mu-
tations in the largest of the ORC proteins, ORC1, fall within the
BAH (67–70). Two of these BAH-localized mutations decrease
H4K20me2-binding affinity by about 4-fold, suggesting that
disruption of the ORC1-H4K20me2 interaction plays an etio-
logic role in the pathogenesis of MGS (23). Indeed, morpho-
lino-mediated knockdown of drOrc1 in zebrafish resulted in a
dwarfism phenotype that was rescued by complementation
with human wild-type ORC1 but not by ORC1 H4K20me2-
binding mutants. Moreover, double knockdown of drSuv4-

20h1 and drSuv4-20h2 also resulted in the fish displaying a
dwarfism phenotype (23); thus, abrogating H4K20me2 bind-
ing by ORC1 and depletion of H4K20me2/3 both are required
for normal growth in zebrafish, consistent with a role for the
ORC1-H4K20me2 interaction in MGS. Further supporting a
connection between ORC1 and H4K20 methylation in organ-
ismal growth is the observation that Suv4-20h1/2�/� mice
were born small, and in flies the replacement of all H4 genes
by H4K20A delayed development by 24–48 h (13, 34). To-
gether, these results argue that methylation of H4K20, likely
me2, the most abundant histone mark, is an important mod-
ification that regulates development in higher eukaryotes via
its role as a landing dock for ORC1 and potentially other
reader domains.

One model integrating our knowledge for how H4K20 meth-
ylation may impact the regulation of DNA replication is shown
in Fig. 3. By a mechanism yet to be elucidated, SET8 is
targeted to ORIs to place H4K20me1 during G2/M. Subse-
quent recruitment of SUV4-20H1/2 during the G1-phase leads
to generation of H4K20me2/3 at origins. These two marks,
H4K20me2 via the ORC1 BAH domain and H4K20me3 via
ORCA, are involved in stabilizing the ORC complex at ORIs or

ORC

SUV4-20H1/2

SETD8

Pre-RC formation

M

S

G1G2

Ub

DNA-replication

MCM2-7

SETD8 degradation

SETD8 SETD8

FIG. 3. H4K20me2 recruits the DNA replication licensing machinery through the ORC1-BAH domain. In late G2- and M-phase newly
incorporated nucleosomes are monomethylated at H4K20 (red lollipop) by SETD8 (orange). Subsequently, SUV4-20H1 and SUV4-20H2 (blue)
convert H4K20me1 into H4K20me2 (double-red lollipops) peaking in G1-phase. At the same time SETD8 levels drop through ubiquitin-
mediated degradation and no new H4K20me1 is formed. In G1-phase, the ORC complex (multicolored) is stabilized at ORIs due to direct
binding of the ORC1-BAH domain (blue) to H4K20me2. DNA-replication starts from ORIs in S-phase diluting out the epigenetic signature of
the ORI.
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one or both could alternatively plays a signaling function at
origins, perhaps during the licensing phase. Biologically, ab-
rogating these interactions may lead to inefficient or unstable
pre-replication complex formation, which could in turn leads
to delayed cell cycle progression and insufficient cellular pro-
liferation during critical developmental phases that necessi-
tate rapid cell division. Thus, mutations in these pathways
could lead to organismal dwarfism of a proportional nature
like what is observed with MGS. In addition to periods of
development, rapid cell proliferation is also a feature of cancer
cells, raising the possibility that rendering origin recognition
and/or use inefficient via targeting of the ORC1-H4K20me2
interaction may have therapeutic value in the treatment of fast
growing tumors. Testing these ideas as well as understanding
the precise role of the ORC1-H4K20me2 interaction in regu-
lating replication are important questions moving forward. In
addition, as H4K20me2 is a highly abundant species, ge-
nome-wide studies during the cell cycle are needed to under-
stand whether this mark is enriched at origins relative to other
genomic regions and the relationship of this mark to other
chromatin modifications (like H4K16Ac) that play a role in
origin selection.

H4K20me Regulates Transcription and Chromatin Compac-
tion—H4K20me has been linked to transcriptional regulation,
and H4K20me1 is enriched at the bodies of actively tran-
scribed genes (71) and has been linked to transcriptional
activation (72, 73). However, RNAi-mediated reduction of
SETD8 can increase the expression levels of specific target
genes, and an increase in H4K20me1 levels by PHF8 knock-
down reduces the mRNA levels of PHF8-bound genes (40, 41,
45). Additionally, tethering SETD8 to endogenous loci as well
as to reporter genes results in mild repression of transcription
(74). Finally, SETD8 depletion in flies is associated with posi-
tion-effect variegation, a typical heterochromatin defect (75).
Together, these data implicate H4K20me1 in transcriptional
regulation, with the consequence of repression or activation
likely dictated by specific reader proteins that couple the mark
to downstream outcomes.

With respect to repression, SETD8-mediated H4K20me1
may regulate local compaction of the chromatin fiber. The
depletion of SETD8 reduces chromatin condensation in inter-
phase cells, suggesting that the normal function of
H4K20me1 is to promote a condensed state, which would be
consistent with gene silencing (33, 53, 61). H4K20me1 is
directly bound by the 3�MBT domain of chromatin compac-
tion protein L3MBTL1 (76, 77), and L3MBTL1, in an
H4K20me1-dependent fashion, condenses nucleosomal ar-
rays to create a dense and locked chromatin structure that is
repressive for transcription (78).

Role of Mass Spectrometry in Characterizing Methylation at
H4K20—An essential aspect that has greatly facilitated the
characterization of H4K20 methyl biology has come from
mass spectrometry approaches. As described above, both
bottom-up and top-down approaches in combination with

quantitative strategies have provided insight into the kinetics
of H4K20 methylation through the cell cycle, during develop-
ment, and in different disease states. In addition, mass spec-
trometry approaches have been key in developing our under-
standing of dynamic cross-talk between H4K20 methylation
and other histone modifications.

For example, Imhof and co-workers (79) utilized mass spec-
trometry to characterize an elegant in vitro chromatin assem-
bly system. In this study, mass spectrometry was used to
determine the order of H4 PTMs during deposition of histones
on DNA templates in the context of Drosophila extracts.
Mono-methylation of H4K20 was found to follow acetylation
events and to be required for subsequent de-acetylation,
implicating H4K20me1 in chromatin assembly via marking the
fully assembled nucleosome after histone deposition (79). An
unbiased middle-down proteomics was also used to correlate
the status of H4K20 methylation relative to the differential
potency of cells (80). Specifically, H4K20 tri-methylation is
enriched in embryonic stem cells and in induced pluripotent
stem cells relative to more differentiated cells. In contrast,
H4K20 mono- and di-methylation are higher in differentiated
cells compared with embryonic stem cells and induced pluri-
potent stem cell samples. Using a top-down approach, Kelle-
her and co-workers (81) provided a comprehensive and quan-
titative analysis of the modified forms of histone H4. This
study determined the relative abundance of 42 uniquely mod-
ified histone H4 species. One observation arising from this
analysis provided further evidence that dimethylation of
H4K20 is the most abundant modification on H4.

As nucleosomes contain two copies of each core histone, a
longstanding question in the field is whether modifications are
found symmetrically or asymmetrically on histones in the con-
text of nucleosomes. Moreover, once armed with this infor-
mation, do these principles hold for all histone PTMs or are
there specific PTMs that are symmetric, whereas others more
commonly associated asymmetrically with nucleosomes?
Furthermore, if this is the case, are there functional conse-
quences to these differences? The only approach that can
begin to address these types of questions is one taking ad-
vantage of mass spectrometry. In an elegant study, Reinberg
and co-workers (82) developed a strategy involving quantita-
tive liquid chromatography and tandem mass spectrometry
(LC-MS/MS) of modification state-specific antibody immuno-
precipitations from micrococcal nuclease-digested extracts.
In this way, if the mark of interest (the one recognized by the
antibody being used for the immunoprecipitation) is present
on 100% of the peptides spanning the modification, then the
modification is present symmetrically on nucleosomes. How-
ever, if only 50% of peptides contain the modification of
interest, then the modification is asymmetrically associated
with nucleosomes. Enrichment between 50 and 100% indi-
cates a mixed population (symmetric and asymmetric nucleo-
somes). Using a thoroughly vetted H4K20me1 antibody
(which is an essential requirement for the analysis), roughly
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50% of H4K20me1-containing nucleosomes are symmetric
and 50% asymmetric (82). A future question of interest will be
to test whether the different populations of H4K20me1
nucleosomes are linked to alternative pathways and func-
tional outcomes as well as the mechanisms that result in one
fate versus the other.

Concluding Remarks—H4K20me is essential for develop-
ment, and alterations in H4K20me are associated with a va-
riety of diseases ranging from cancer to developmental dis-
orders like MGS. Here, we have only highlighted some of the
many functions associated with the different methyl states of
H4K20. It is important to note that the diversity of functions
associated with a methylation event is largely dictated by the
reader domain binding event, which senses and transduces
the modification within a spatial and temporal context. For
example, HK420me2 can be linked to DNA damage versus
DNA replication based on whether it is bound by 53BP1 (via
its tandem tudor domain) or ORC1 (via its BAH domain).
Understanding how different readers are differentially tar-
geted represents a new challenge in the field that when ad-
dressed will help us further elucidate the mechanisms by
which lysine methylation regulates biology. Given that the
methylation of a single residue, H4K20, can function in roles
ranging from DNA damage, DNA replication, mitosis, and
transcription, there is great potential for the broad signaling
network defined by lysine methylation to greatly expand the
functionality of the proteome, and as such, we anticipate
exciting new biology resulting from the study of protein lysine
methylation as well as the identification of new targets for
therapeutics to treat human disease.
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60. Méchali, M., Yoshida, K., Coulombe, P., and Pasero, P. (2013) Genetic and
epigenetic determinants of DNA replication origins, position and activa-
tion. Curr. Opin. Genet. Dev. 23, 124–131

61. Tardat, M., Murr, R., Herceg, Z., Sardet, C., and Julien, E. (2007) PR-Set7-
dependent lysine methylation ensures genome replication and stability
through S phase. J. Cell Biol. 179, 1413–1426

62. Jørgensen, S., Elvers, I., Trelle, M. B., Menzel, T., Eskildsen, M., Jensen,
O. N., Helleday, T., Helin, K., and Sørensen, C. S. (2007) The histone
methyltransferase SET8 is required for S-phase progression. J. Cell Biol.
179, 1337–1345

63. Lee, J., and Zhou, P. (2010) SETting the clock for histone H4 monomethy-
lation. Mol. Cell 40, 345–346

64. Beck, D. B., Burton, A., Oda, H., Ziegler-Birling, C., Torres-Padilla, M. E.,
and Reinberg, D. (2012) The role of PR-Set7 in replication licensing
depends on Suv4-20h. Genes Dev. 26, 2580–2589

65. Siddiqui, K., On, K. F., and Diffley, J. F. (2013) Regulating DNA replication
in eukarya. Cold Spring Harb. Perspect. Biol. 5, a012930

66. Shen, Z., Sathyan, K. M., Geng, Y., Zheng, R., Chakraborty, A., Freeman,
B., Wang, F., Prasanth, K. V., and Prasanth, S. G. (2010) A WD-repeat
protein stabilizes ORC binding to chromatin. Mol. Cell 40, 99–111

67. Bicknell, L. S., Bongers, E. M., Leitch, A., Brown, S., Schoots, J., Harley,

H4K20 Methylation

Molecular & Cellular Proteomics 15.3 763



M. E., Aftimos, S., Al-Aama, J. Y., Bober, M., Brown, P. A., van Bok-
hoven, H., Dean, J., Edrees, A. Y., Feingold, M., Fryer, A., Hoefsloot,
L. H., Kau, N., Knoers, N. V., Mackenzie, J., Opitz, J. M., Sarda, P., Ross,
A., Temple, I. K., Toutain, A., Wise, C. A., Wright, M., and Jackson, A. P.
(2011) Mutations in the pre-replication complex cause Meier-Gorlin syn-
drome. Nat. Genet. 43, 356–359

68. Bicknell, L. S., Walker, S., Klingseisen, A., Stiff, T., Leitch, A., Kerzendorfer,
C., Martin, C. A., Yeyati, P., Al Sanna, N., Bober, M., Johnson, D., Wise,
C., Jackson, A. P., O’Driscoll, M., and Jeggo, P. A. (2011) Mutations in
ORC1, encoding the largest subunit of the origin recognition complex,
cause microcephalic primordial dwarfism resembling Meier-Gorlin syn-
drome. Nat. Genet. 43, 350–355

69. Klingseisen, A., and Jackson, A. P. (2011) Mechanisms and pathways of
growth failure in primordial dwarfism. Genes Dev. 25, 2011–2024

70. Guernsey, D. L., Matsuoka, M., Jiang, H., Evans, S., Macgillivray, C.,
Nightingale, M., Perry, S., Ferguson, M., LeBlanc, M., Paquette, J., Patry,
L., Rideout, A. L., Thomas, A., Orr, A., McMaster, C. R., Michaud, J. L.,
Deal, C., Langlois, S., Superneau, D. W., Parkash, S., Ludman, M.,
Skidmore, D. L., and Samuels, M. E. (2011) Mutations in origin recogni-
tion complex gene ORC4 cause Meier-Gorlin syndrome. Nat. Genet. 43,
360–364

71. Barski, A., Cuddapah, S., Cui, K., Roh, T. Y., Schones, D. E., Wang, Z., Wei,
G., Chepelev, I., and Zhao, K. (2007), High-resolution profiling of histone
methylations in the human genome. Cell 129, 823–837

72. Li, Y., Sun, L., Zhang, Y., D., Wang, Wang, F., Liang, J., Gui, B., and Shang,
Y. (2011) The histone modifications governing TFF1 transcription medi-
ated by estrogen receptor. J. Biol. Chem. 286, 13925–13936

73. Li, Z., Nie, F., Wang, S., and Li, L. (2011) Histone H4 Lys 20 monomethy-
lation by histone methylase SET8 mediates Wnt target gene activation.
Proc. Natl. Acad. Sci. U.S.A. 108, 3116–3123

74. Congdon, L. M., Houston, S. I., Veerappan, C. S., Spektor, T. M., and Rice,
J. C. (2010) PR-Set7-mediated monomethylation of histone H4 lysine 20
at specific genomic regions induces transcriptional repression. J. Cell.
Biochem. 110, 609–619

75. Karachentsev, D., Sarma, K., Reinberg, D., and Steward, R. (2005) PR-
Set7-dependent methylation of histone H4 Lys 20 functions in repression
of gene expression and is essential for mitosis. Genes Dev. 19, 431–435

76. Kim, J., Daniel, J., Espejo, A., Lake, A., Krishna, M., Xia, L., Zhang, Y., and
Bedford, M. T. (2006) Tudor, MBT and chromo domains gauge the
degree of lysine methylation. EMBO Rep. 7, 397–403

77. Min, J., Allali-Hassani, A., Nady, N., Qi, C., Ouyang, H., Liu, Y., MacKenzie,
F., Vedadi, M., and Arrowsmith, C. H. (2007) L3MBTL1 recognition of
mono- and dimethylated histones. Nat. Struct. Mol. Biol. 14, 1229–1230

78. Trojer, P., Li, G., Sims, R. J., 3rd, Vaquero, A., Kalakonda, N., Boccuni, P.,
Lee, D., Erdjument-Bromage, H., Tempst, P., Nimer, S. D., Wang, Y. H.,
and Reinberg, D. (2007) L3MBTL1, a histone-methylation-dependent

chromatin lock. Cell 129, 915–928
79. Scharf, A. N., Meier, K., Seitz, V., Kremmer, E., Brehm, A., and Imhof, A.

(2009) Monomethylation of lysine 20 on histone H4 facilitates chromatin
maturation. Mol. Cell. Biol. 29, 57–67

80. Benevento, M., Tonge, P. D., Puri, M. C., Nagy, A., Heck, A. J., and Munoz,
J. (2015) Fluctuations in histone H4 isoforms during cellular reprogram-
ming monitored by middle-down proteomics. Proteomics 15, 3219–3231

81. Pesavento, J. J., Bullock, C. R., LeDuc, R. D., Mizzen, C. A., and Kelleher,
N. L. (2008) Combinatorial modification of human histone H4 quantitated
by two-dimensional liquid chromatography coupled with top down mass
spectrometry. J. Biol. Chem. 283, 14927–14937

82. Voigt, P., LeRoy, G., Drury, W. J., 3rd, Zee, B. M., Son, J., Beck, D. B.,
Young, N. L., Garcia, B. A., and Reinberg, D. (2012) Asymmetrically
modified nucleosomes. Cell 151, 181–193

83. Guo, Y., Nady, N., Qi, C., Allali-Hassani, A., Zhu, H., Pan, P., Adams-
Cioaba, M. A., Amaya, M. F., Dong, A., Vedadi, M., Schapira, M., Read,
R. J., Arrowsmith, C. H., and Min, J. (2009) Methylation-state-specific
recognition of histones by the MBT repeat protein L3MBTL2. Nucleic
Acids Res. 37, 2204–2210

84. Kim, D., Blus, B. J., Chandra, V., Huang, P., Rastinejad, F., and
Khorasanizadeh, S. (2010) Corecognition of DNA and a methylated his-
tone tail by the MSL3 chromodomain. Nat. Struct. Mol. Biol. 17,
1027–1029

85. Wang, Y., Reddy, B., Thompson, J., Wang, H., Noma, K., Yates, J. R., 3rd,
and Jia, S. (2009) Regulation of Set9-mediated H4K20 methylation by a
PWWP domain protein. Mol. Cell 33, 428–437

86. Qiu, Y., Zhang, W., Zhao, C., Wang, Y., Wang, W., Zhang, J., Zhang, Z., Li,
G., Shi, Y., Tu, X., and Wu, J. (2012) Solution structure of the Pdp1
PWWP domain reveals its unique binding sites for methylated H4K20
and DNA. Biochem. J. 442, 527–538

87. Lee, J., Thompson, J. R., Botuyan, M. V., and Mer, G. (2008) Distinct
binding modes specify the recognition of methylated histones H3K4 and
H4K20 by JMJD2A-tudor. Nat. Struct. Mol. Biol. 15, 109–111

88. Mallette, F. A., Mattiroli, F., Cui, G., Young, L. C., Hendzel, M. J., Mer, G.,
Sixma, T. K., and Richard, S. (2012) RNF8- and RNF168-dependent
degradation of KDM4A/JMJD2A triggers 53BP1 recruitment to DNA
damage sites. EMBO J. 31, 1865–1878

89. Hirano, Y., Hizume, K., Kimura, H., Takeyasu, K., Haraguchi, T., and Hi-
raoka, Y. (2012) Lamin B receptor recognizes specific modifications of
histone H4 in heterochromatin formation. J. Biol. Chem. 287,
42654–42663

90. Chan, K. M., and Zhang, Z. (2012) Leucine-rich repeat and WD repeat-
containing protein 1 is recruited to pericentric heterochromatin by trim-
ethylated lysine 9 of histone H3 and maintains heterochromatin silencing.
J. Biol. Chem. 287, 15024–15033

H4K20 Methylation

764 Molecular & Cellular Proteomics 15.3


