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Histone lysine methylation has been implicated in epigenetic
regulation of transcription. Using stable-isotope labelling and
quantitative mass spectrometry, we analysed the dynamics
of histone lysine methylation. Here we report that histone
methylation levels are transiently reduced during S phase and
are gradually re-established during subsequent cell cycle stages.
However, despite the recovery of overall methylation levels
before the next S phase, the methylation levels of parental and
newly incorporated histones differ significantly. In addition,
histone methylation levels are maintained at steady states by both
restriction of methyltransferase activity and the active turnover of
methyl groups in cells undergoing an extended G1/S phase arrest.
Finally, we propose a ‘buffer model’ that unifies the imprecise
inheritance of histone methylation and the faithful maintenance
of underlying gene silencing.
Keywords: histone; methylation; mitotic inheritance
EMBO reports (2012) 13, 60–67. doi:10.1038/embor.2011.206

INTRODUCTION
Histone lysine methylation is involved in various chromatin-
templated biological processes (Zhang & Reinberg, 2001;
Shilatifard, 2006; Bannister & Kouzarides, 2011; Yun et al,
2011). Certain histone methylation states such as histone H3
trimethylated at Lys 9 (H3K9me3) and H3K27me3 are critical for
classic epigenetic phenomena, including position-effect variega-
tion (Rea et al, 2000) and polycomb silencing (Cao et al, 2002;
Czermin et al, 2002; Kuzmichev et al, 2002; Muller et al, 2002).
However, when and how newly synthesized histones acquire
these ‘epigenetic’ lysine methylation, and whether this step is
mediated by a faithful inheritance mechanism, remain largely
unknown (Wu & Zhu, 2011; Zhu & Reinberg, 2011).

Stable-isotope labelling by amino acids in cell-culture-based
quantitative mass spectrometry (MS; Ong et al, 2002) has provided
a powerful tool to study the dynamics of histone methylation
in vivo (Bonenfant et al, 2007; Pesavento et al, 2008; Scharf et al,
2009; Sweet et al, 2010; Zee et al, 2010). These reports have
provided important insight into the dynamics of histone lysine
methylation. However, the kinetics of the establishment of the two
most ‘epigenetic’ histone lysine methylation states, H3K9me3 and
H3K27me3, remains unknown, because the matrix-assisted laser
desorption/ionization–time of flight-based quantification used in a
previous attempt (Scharf et al, 2009) could not distinguish
the large quantity of isobaric ions derived from the histone
polypeptides that contained different modifications with identical
molecular masses (for example, H3K9me3 or H3K9ac and
H3K27-R40 peptides that contained K27me3/K36me0,
H3K27me0/K36me3, K27me1/K36me2 or K27me2/K36me1).

Here we report that for most methylation states, including
H3K9me3 and H3K27me3, newly deposited H3.1 histones did
not reach levels similar to the parental histones even after one
entire cell cycle, which suggests that ‘epigenetic’ histone lysine
methylation is not maintained in a precise manner during mitotic
division.

RESULTS AND DISCUSSION
Establishing lysine methylation on new histones
To track the formation of lysine methylation on newly synthesized
H3.1 canonical histones, we conducted experiments according to
the scheme illustrated in Fig 1A. In brief, HeLa cells were arrested
at the G1/S phase boundary by double thymidine blocking
and were released in labelling media that contained [13C6, 15N2]
L-lysine (abbreviated as K8). H3.1 histones were purified
(supplementary Fig S1 online) at various time points and subjected
to MS analysis. To prevent cells from entering into the next S
phase, thymidine was added 18 h after G1/S release (Fig 1A). We
used liquid chromatography/MS/MS, which efficiently separated
most of the isobaric peptides with reverse-phase chromatography
(Yuan et al, 2011), and an Orbitrap mass spectrometer allowed
high mass accuracy, enabling discrimination between acetyl and
trimethyl groups.

At 9 h after release, the K8/K0 (where K0 is non-labelled
L-lysine) ratio of H3.1 backbone peptides reached a plateau of
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about 0.8 (the ratio did not reach 1 owing to the residual K0 from
the intracellular amino-acid pool; Fig 1B), which is in accordance
with the cell cycle progression determined by fluorescence-
activated cell sorting analysis (supplementary Fig S2 online).
Surprisingly, even for cells collected 27 h after release, which
were blocked at the next G1/S-phase boundary, a striking
difference for the methylation levels between the parental histones
and newly synthesized histones remained (Fig 1C–F; supplemen-
tary Fig S3 online). The K8/K0 ratio for lower methylation states
was generally higher than the backbone peptides, and the K8/K0

ratio for the higher methylation states, including H3K9me3 and
H3K27me3, was much lower than that for the backbone peptides
(Fig 1C–F). Therefore, we concluded that ‘epigenetic’ lysine
methylation of newly synthesized H3 histones does not reach
the same levels of old H3 histones even after one entire cell cycle.
The only exception was H3K9me2, which reached levels
comparable between new and old histones with a fast kinetics
that follows H3 histone incorporation (Fig 1C; supplementary
Fig S4 online). This is an interesting observation, especially in the
context that G9a, the main histone methyltransferase that catalyses
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Fig 1 | Establishment of lysine methylation on new histones. (A) Experimental scheme. (B) Incorporation of newly synthesized H3.1 histones after

release from G1/S-phase arrest, which is indicated by the K8/K0 curve of H3 backbone peptides. (C–F) Establishment of lysine methylation on newly

synthesized H3.1 histones versus the parental H3.1 histones, which is indicated by the K8/K0 curve of the methylated H3 peptides. (C) The K8/K0

curve of the H3:K9–R17 methylation moieties. (D) The K8/K0 curve of the H3:E73–R83 methylation moieties. (E) The K8/K0 curve of the H3:K27–R40

peptides with lower methylation states. (F) The K8/K0 curve of the H3:K27–R40 peptides with higher methylation states. All experiments in this

figure and subsequent figures were repeated three times, and the error bars represent the standard deviation.
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H3K9me2 (Tachibana et al, 2002), is localized to the replication
fork via its interaction with DNMT1 (Esteve et al, 2006).

Cell cycle maintenance of the histone methylation
The ‘maturation’ of lysine methylation on newly synthesized
histones is apparently a slow event (Fig 1). To compensate for the
dilution of histone methylation levels, the old histones should be
further methylated and the total methylation level should recover.
We quantified the histone lysine methylation levels throughout the
cell cycle as depicted in Fig 2A. In brief, H3.1 histones were
prepared from unlabelled cells at different cell cycle stages and
were mixed with an external reference, which was [13C6, 15N4]
L-arginine (R10)-labelled H3.1 histones from unsynchronized

cells. The relative abundance of the distinct histone methylation
states at each time point was calculated according to the
R0/R10 ratio, which was normalized to the R0/R10 ratio of
the backbone peptides.

The levels of most methylation states were significantly altered
during the S phase. All unmethylated states increased in
abundance immediately after the onset of DNA replication and
reached peak levels about 6 h after release (Fig 2B–D; supple-
mentary Fig S5 online), which is consistent with previous
observations that most histones were devoid of lysine methylation
before deposition (Loyola et al, 2006). The levels of the
unmethylated states began to decrease at the late S phase
(9 h after release), and the methylation levels reached a plateau
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Fig 2 | Fluctuation of global histone lysine methylation during the cell cycle. (A) Experimental scheme. (B–E) Fluctuation in global lysine methylation

levels on H3.1 histones during the cell cycle, which is indicated by the relative abundance curve of methylated H3 peptides. For each methylation state,

the abundance at time zero was designated as one. (B) The relative abundance curve of the H3:K9–R17 methylation moieties. (C) The relative

abundance curve of the H3:E73–R83 methylation moieties. (D) The relative abundance curve of the H3:K27–R40 peptides with lower methylation

states. (E) The relative abundance curve of the H3:K27–R40 peptides with higher methylation states.
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stage 15 h after release, which was before entering into the next
G1 phase (Fig 2B–D; supplementary Fig S5 online). For the higher
methylation states (H3K9me2/3, H3K79me2, H3K27me2/3 and
H3K36me2/3), the overall levels first dropped to 70–80% during
the S phase before recovering to the initial levels. All of the high
methylation states that were measured showed similar kinetics,
which suggests that it is a general event that replication-dependent
histone deposition transiently dilutes the histone methylation
levels. Our observations are consistent with previous reports that
studied the dynamics of H3K79 methylation (Feng et al, 2002) and
H3K27me3 (Aoto et al, 2008) during the cell cycle in mammalian
cells with western blot analysis.

Histone methylation maintenance in arrested cells
Newly deposited histones do not obtain the same level of histone
lysine methylation as the parental histones after one round of
the cell cycle (Fig 1). However, the total levels of most lysine
methylation states seem to be maintained (Fig 2). Therefore, the

next question is whether such maintenance is a coincidence of
the cell cycle duration and the time necessary for recovering
the methylation levels, or whether it is a consequence of an
active mechanism that restricts the methylation levels. To examine
this question, we investigated the histone methylation levels
in non-cycling cells that were undergoing an extended
G1/S-phase arrest.

After double thymidine blocking, HeLa cells were subjected to
an extra 12 h of hydroxyurea (HU) blocking to ensure tight S-phase
arrest. These cells were further arrested with HU for 0, 24, 48 and
72 h to study the methylation dynamics in non-cycling cells. Cells
further treated with HU at the 0- and 24-h time points showed
comparable amounts of sub-G1 cells with untreated cells; the sub-
G1 cells increased to about 5% at the 48- and 72-h time points,
reflecting a small percentage of apoptotic cells (supplementary
Fig S6 online). H3.1 histones were prepared from cells at these
time points and R10-labelled H3.1 histones were used as an
external reference to monitor histone methylation levels (Fig 3A).
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Fig 3 | Maintenance of overall histone lysine methylation levels in cells under extended G1/S-phase arrest. (A) Experimental scheme. (B–E) Maintenance

of global lysine methylation levels on H3.1 histones in long-term-arrested cells, which is indicated by the relative abundance curve of the methylated
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The levels of most methylation states on H3.1 histones
continued to change during the first 24 h of additional HU arrest.
Generally, the lower methylation states tended to decrease,
whereas the higher methylation states tended to increase,
indicating a further conversion from the lower methylation states
to the higher methylation states (Fig 3B–E; supplementary Fig S7
online). However, during the 24- to 72-h extended G1/S-phase
arrest, histone methylation levels tended to reach a steady state.
Among the 15 distinct H3 lysine methylation states, only 4
methylation states (H3K9me0, H3K9me1, H3K27me0/K36me1
and H3K27me3/K36me1) showed slightly more than a 10%
change in abundance, and the alteration per unit time was
significantly lower when compared with dividing cells (Fig 3B–E).
During 24–72 h, we observed about 30% decrease in H3K9me0, a
10% decrease in H3K9me1, a 10% increase in H3K9me2 and
almost no change in H3K9me3 (Fig 3B). Therefore, we determined
the relative abundance of H3:K9–R17 peptides bearing distinct
modifications and found that H3K9me0/1/2/3 accounted for
about 13%, 7.5%, 32.6% and 47.1%, respectively (supplementary
Fig S8 online). These results explain why a big decrease in lower
methylation states only led to a small increase in the higher
methylation states.

Overall, in cells experiencing an extended G1/S-phase arrest,
upon ‘maturation’ of the methylation states, the levels of higher
methylation states tend to be maintained at relatively stable levels,
which suggests the existence of active mechanisms that restrict the
activity of histone methyltransferases and/or that promote active
histone demethylation.

Turnover of histone methylation
To investigate how histone methylation levels were maintained in
cells undergoing an extended G1/S-phase arrest, the turnover of
histone methylation in arrested cells was examined. As illustrated
in Fig 4A, cells were sequentially treated with double thymidine
and HU as previously described. After 12 h of HU arrest,
cells were shifted into labelling media that contained HU, K8
and [13C, D3] L-methionine (abbreviated as M4). We examined the
K8/K0 ratio of a backbone peptide from the replication-dependent
histone variant H3.1, which was 0% K8-labelled even after 72 h of
labelling (Fig 4B). This result indicated that there was a complete
inhibition of replication-dependent chromatin assembly during
HU treatment, which also indicated that repair-coupled histone
deposition was too low to impact our analysis. Methionine is the
precursor of S-adenosyl methionine, which is the sole donor of
methyl groups in mammalian cells. By quantifying the levels of
newly installed methyl groups, which were 13CD3-labelled and
4 Da heavier than regular methyl groups, we were able to observe
the turnover of methyl groups without being influenced by the
deposition of newly synthesized histones. The meX:Y naming
system (Zee et al, 2010) was used to describe the methylation
species, where X is the number of total methyl groups and Y is the
number of heavy-isotope-labelled ones. For example, H3K9me2:0
represents unlabelled dimethylated H3K9, and H3K9me2:1
represents dimethylated H3K9 with one heavy methyl group.

We focused our analysis on the H3K9 and H3K79 methylation
states, as a combination of light and heavy methyl groups on
peptides containing both K27 and K36 resulted in insurmountable
heterogeneity. Interestingly, the turnover rate of distinct methyla-
tion types was significantly different. For H3K9me2, a remarkable

shift from light to heavy methyl groups was observed (Fig 4C;
supplementary Fig S9 online). At 24 h, there were about 34%
H3K9me2:2, 29% H3K9me2:1 and 37% H3K9me2:0. Consider-
ing that there was about 10% increase in total H3K9me2 during
24–72 h (Fig 3B), at 72 h we would expect to detect about 40%
H3K9me2:2, 26% H3K9me2:1 and 34% H3K9me2:0, if there
were no active turnover of H3K9me2. However, the actual
data at 72 h were about 61% H3K9me2:2, 24% H3K9me2:1
and 15% H3K9me2:0, indicating a robust active turnover of
H3K9me2. In contrast, the turnover rate of H3K9me3 was much
slower. During the plateau stage (24–72 h, as shown in Fig 3B), the
proportion of H3K9me3:0/3:1/3:2/3:3 levels only changed from
81%:11%:4%:4% to 69%:12%:9%:10% (Fig 4D).

The turnover of H3K79me1/2 was even more limited.
As observed in the plateau stage of overall abundance (24–72 h
in Fig 3C), the proportion of H3K79me1:0/1:1 changed from
91%:9% to 85%:15%, whereas that of H3K79me2:0/2:1/2:2
changed from 91%:9%:0% to 83%:15%:1% (Fig 4E,F).

Our data indicate that the levels of H3K9me2 were maintained
in a dynamic equilibrium by methylation and demethylation,
whereas the maintenance of H3K9me3 and H3K79me1/2 largely
relied on inhibiting the activity of histone methyltransferases.

An interesting question is whether the quiescent cells might
share similar mechanisms to control the levels of histone
modifications. We attempted to conduct similar experiments
using HeLa cells arrested with serum starvation or T24 bladder
carcinoma cells arrested with contact inhibition (Jin et al, 1997).
Unfortunately, we did not achieve 100% cell cycle arrest in these
attempts, because we observed the deposition of certain levels of
newly synthesized H3.1 histones (supplementary Fig S10 online).
We were unable to go further using these two systems, because
the incorporation of newly synthesized histones in a portion of
unarrested cells would jeopardize our interpretation. Similar
experiments in other systems that can fully arrest the cells would
be interesting for future study.

A ‘buffer model’ for epigenetic inheritance
Histone modifications that carry epigenetic information should be
appropriately inherited between cell generations to maintain cell
fate (Martin & Zhang, 2007; Probst et al, 2009; Margueron &
Reinberg, 2010; Xu & Zhu, 2010). However, the levels of classic
‘epigenetic’ histone modifications, such as H3K9me3 and
H3K27me3, were not precisely transmitted from ‘parental’
histones to newly deposited histones during mitotic division
(Fig 1). This indicates that cells lack the machinery to discriminate
newly deposited histones from parental histones in the processes
that establish the lysine methylation. During S phase, a transient
decrease in global levels of higher methylation states was
observed (Fig 2). A similar transient decrease in H3K9me2 was
also reported at the fission yeast centromeric heterochromatin
determined by chromatin immunoprecipitation analysis (Chen
et al, 2008). These collectively suggest that a transient reduction of
repressive modification levels is a general event that many
repressed genes would encounter during S phase. Together with
our recent findings that histone lysine methylation is not required
to exist symmetrically (Chen et al, 2011) and that the canonical
H3.1 histone assembly pathway does not involve semiconserva-
tive segregation of the (H3-H4)2 tetramers (Xu et al, 2010), these
results led to a critical question: how can cells maintain target
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gene repression without a mechanism that can precisely transmit
the repressive histone modifications?

We propose that gene silencing is probably the consequence
of an accumulation of repressive methylation in broad regions
that might range from several kilobases to tens of kilobases (Boyer
et al, 2006; Lee et al, 2006; Schwartz et al, 2006), rather than
methylation at only a few ‘important’ nucleosomes, such as
nucleosomes around transcriptional start sites, because transcrip-

tional silencing is probably caused by reduced chromatin
accessibility owing to higher-order chromatin structure formation
(Li & Reinberg, 2011), which is a regional event rather than a local
event. An accumulation of repressive methylation marks above a
certain threshold, instead of uniform methylation within the
domain, would be sufficient to maintain the gene silencing.
Therefore, a fluctuation of the methylation levels within these
domains can be tolerated without affecting the silencing of the
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target genes (Fig 5). Indeed, despite a transient drop in H3K9me2/
3 and H3K27me2/3 levels during S phase (Fig 2), derepression
of H3K9me2 targets, such as Mage-A2, and H3K27me2/3 targets,
such as the HOX genes, was not observed during S phase
(Tachibana et al, 2002; Bar-Joseph et al, 2008).

With such a model, we abandon the idea that histone
methylation should be faithfully maintained at near mononucleo-
some resolution to ensure its role in repressing epigenetically
silenced genes. Instead, we propose that repressive histone lysine
methylation asserts its functions in a way that is reminiscent of a
‘buffer’ system, which can tolerate transient fluctuations without
disrupting its function.

Finally, we would like to point out that we think this ‘buffer’
model is dedicated to epigenetic silencing. For the ‘active’
modifications, it has been proposed that they might be main-
tained as the consequence of active transcription (Henikoff &
Shilatifard, 2011).

METHODS
Histone preparation for MS analysis. Chromatin histones were
isolated from cells using an acid extraction (Shechter et al, 2007).
H3.1 histones were purified by reverse-phase liquid chromato-
graphy using a SOURCETM 15RPC ST 4.6/100 (GE) column for
subsequent analysis. For experiments using R10-labelled histones
as the external reference, R0- and R10-labelled H3.1 histones
were mixed at a 1:1 ratio.

H3.1 histones were propionylated and then digested
with trypsin according to previous reports (Garcia et al, 2007;
Yuan et al, 2011).

Quantitative mass spectrometry analysis. Peptides were sepa-
rated with a homemade analytical capillary column (50 mm�
12 cm) that was packed with C18 reverse-phase material and then
electrosprayed into an LTQ-Orbitrap mass spectrometer (Thermo).
Data were acquired in an information-dependent mode, and a full
MS scan was collected from m/z 300 to 2,000 with a resolution of
R¼ 60,000. The top six abundant ions were fragmented by
collision-induced dissociation, and the fragmented ions were
scanned with an ion trap. MS/MS spectra for all distinct
methylation states were verified according to our previous reports
(Chen et al, 2011; Yuan et al, 2011).

Mascot search results were analysed with MSquant, and the
ratio of heavy/light peptide pairs was calculated based on
the extracted ion chromatogram (Mortensen et al, 2010).
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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