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Cell growth is attuned to nutrient availability to sustain homeostatic biosynthetic processes. In unfavorable environments, cells
enter a nonproliferative state termed quiescence but rapidly return to the cell cycle once conditions support energetic needs.
Changing cellular metabolite pools are proposed to directly alter the epigenome via histone acetylation. Here we studied the re-
lationship between histone modification dynamics and the dramatic transcriptional changes that occur during nutrient-induced
cell cycle reentry from quiescence in the yeast Saccharomyces cerevisiae. SILAC (stable isotope labeling by amino acids in cell
culture)-based mass spectrometry showed that histone methylation—in contrast to histone acetylation—is surprisingly static
during quiescence exit. Chromatin immunoprecipitation followed by massive parallel sequencing (ChIP-seq) revealed genome-
wide shifts in histone acetylation at growth and stress genes as cells exit quiescence and transcription dramatically changes.
Strikingly, however, the patterns of histone methylation remain intact. We conclude that the functions of histone methylation
and acetylation are remarkably distinct during quiescence exit: acetylation rapidly responds to metabolic state, while methyl-
ation is independent. Thus, the initial burst of growth gene reactivation emerging from quiescence involves dramatic increases
of histone acetylation but not of histone methylation.

Cells constantly sense and integrate environmental cues to con-
trol proliferative growth, but the underlying molecular mech-

anisms remain unclear. Eukaryotic cells, including adult stem
cells, typically exist in a state of growth arrest— quiescence—that
is distinguished by two principal qualities: quiescent cells both
safeguard cell identity and retain the ability to resume prolifera-
tion once external cues become favorable (1–3). Remarkably little
is known about the molecular processes that mediate quiescence
exit and the transition to proliferative growth, which requires
massive changes in cell metabolism and reprogramming of global
gene expression (4–6).

Recent evidence suggests that the metabolic state is a principle
regulator of quiescence establishment and exit via epigenetic
changes that alter gene expression (7–9). A clear example is that
nutrient-induced increases in acetyl coenzyme A (acetyl-CoA)
pools promote chromatin acetylation and growth gene transcrip-
tion (10, 11). Rhythmic fluctuations of acetyl-CoA levels are char-
acteristic of the metabolic cycle that budding yeast cells enter dur-
ing growth under nutrient-limiting conditions. In such a milieu,
recurrent bursts of acetyl-CoA production by the acetyl-CoA syn-
thase Acs2p have been linked to increased histone acetylation and
growth gene expression, indicating a functional connection be-
tween metabolic state and gene transcription via chromatin acet-
ylation (10). Indeed, studies in both the yeast Saccharomyces
cerevisiae and activated lymphocytes indicate that glucose-in-
duced histone acetylation is a critical and highly conserved driver
of quiescence exit (11–13). In mammalian cells, acetyl-CoA syn-
thesis by ATP-citrate lyase (ACL) has been shown to link nutrient-
dependent histone acetylation and cellular growth. These findings
suggest a model of transcriptional control via conserved connec-
tions between metabolic and epigenetic states (14–16).

Even though metabolic activities are coupled to histone acety-
lation and growth gene transcription, it is uncertain whether cel-
lular metabolites also influence histone methylation to dynami-
cally regulate transcription. Notably, histone methylation is a far

more complex process than acetylation. Histone methyltrans-
ferase (HMT) and histone demethylase (HDM) enzymes regulate
mono-, di-, and trimethylation states of multiple histone lysine
residues that have diverse functions in transcriptional control
(17). Histone methylation is dependent on the central metabolite
S-adenosyl methionine (SAM). Based on this, it has been specu-
lated that intracellular SAM concentrations may modulate chro-
matin structure in response to the metabolic milieu (18). The
high-energy methyl donor SAM is generated from methionine by
methionine adenosyltransferase (MAT) enzymes in an ATP-
consuming reaction, and its chromatin-localized synthesis
concentration is believed to fine-tune histone methylation
(19). Recent evidence suggests that threonine metabolism may
selectively influence di- and trimethylation of histone H3 lysine
4 (H3K4me3) specifically in mouse embryonic stem cells (mESCs)
by supplying acetyl-CoA for SAM synthesis during mESC colony
growth (20).

Overall, it remains unknown whether histone methylation is a
broad energy-sensing modification that adapts transcription rel-
ative to the metabolic state, akin to histone acetylation. The dy-
namics of histone methylation have not been examined in cells
transitioning from minimal to high metabolic activity, and meth-
ods to reliably determine residue-specific methylation dynamics
using mass spectrometry have only recently been developed (21).
To explore the role of histone methylation as a putative energy
sensor in the context of massive metabolic and transcriptional
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reprogramming, we investigated the temporal dynamics of global
histone methylation during cell cycle reentry of the quiescent bud-
ding yeast S. cerevisiae. Our results show that histone methylation
operates in stark contrast to highly dynamic glucose-induced his-
tone acetylation, with methylation levels remaining highly stable
during quiescence exit.

MATERIALS AND METHODS
Quiescence establishment and exit protocol. Western blotting, stable
isotope labeling by amino acids in cell culture (SILAC), RNA sequencing
(RNA-seq), and chromatin immunoprecipitation followed by massive
parallel sequencing (ChIP-seq) experiments were performed in BY4741
(MATa his3�1 leu2�0 met15�0 ura3�0; Invitrogen). To establish quies-
cence, yeast cells were cultured in 2% synthetic complete medium (SCM; 2%
glucose–0.5% ammonium sulfate–0.2% SCM supplement [Bufferad]–
0.17% yeast nitrogen base [Bufferad]) for 72 h before their transfer into
water for complete nutrient starvation and quiescence establishment at
30°C, ensuring a homogenous nondividing cell population, as previously
described (22). Quiescence exit was induced on day 8 by resuspending
pelleted quiescent cells into fresh 30°C-prewarmed 2% SC medium at an
optical density at 600 nm (OD600) of 0.4. At various time points, culture
aliquots were taken, and cells were harvested by centrifugation or micro-
filtration and stored at �80°C for subsequent analyses as outlined below.

Yeast whole-cell extract preparation and Western blotting. Yeast
cells were harvested by centrifugation at 4,000 rpm for 4 min at 4°C. Cells
were washed with ice-cold water once and broken in 50 mM Tris-HCl (pH
7.4)–300 mM NaCl– 0.5% NP-40 –10% glycerol–1 mM EDTA (pH 8)–
protease inhibitor cocktail (Complete; Roche) using silica beads and a
bead beater (Bio-Spec). The lysate was sonicated (Bioruptor; Diagenode)
for 5 min and cleared by centrifugation at 14,000 rpm at 4°C for 15 min.
The supernatant was collected and stored at �80°C. Protein estimation
was determined using Bradford dye. Extracts were resolved on SDS-poly-
acrylamide gels, Western blotting performed by standard methods, and
images of the Western blots were taken with a Fujifilm LAS-4000 imager.

Antibodies. The primary antibodies used were anti-H3 (1:1,000; Ab-
cam no. ab1791), anti-H3K9ac (1:1,000; Active Motif no. 39137), anti-
H3K4me1 (1:500; Abcam no. ab8895), H3K4me2 (1:1,000; Active Motif
no. 39141), anti-H3K4me3 (1:1,000; Abcam no. ab8580), anti-
H3K36me1 (1:1,000; Abcam no. ab9048), anti-H3K36me3 (1:1,000; Ac-
tive Motif no. 61101), anti-H3K79me3 (1:1,000; Abcam no. ab2621),
anti-H4K5ac (1:1,000; Millipore no. 07-327), and anti-H4K8ac (1:1,000;
Millipore no. 07-328).

Cell culture and SILAC. For the methyl-SILAC and lysine SILAC time
course experiments, quiescent cell cultures were pelleted at 4,000 rpm for
3 min at 30°C and resuspended with 2% SC medium that was depleted of
unlabeled methionine or lysine (SC dropout mixtures; Sunrise Science
Products) and supplemented with equimolar amounts of L-methionine-
methyl-[13C]D3 (Sigma-Aldrich) or [13C6, 15N2]-lysine (Cambridge Iso-
tope Laboratories), respectively. In order to assess histone acetylation
turnover by heavy glucose SILAC, quiescent cells were resuspended in SC
medium supplemented with 2% isotopically heavy [13C6]glucose (Sigma-
Aldrich). Aliquots were taken at various time points, and cells collected by
centrifugation at 4,000 rpm for 3 min, flash frozen, and stored at �80°C
for the subsequent nucleus preparation and histone protein purification
as outlined below.

Purification of histone proteins for mass spectrometry. Preparation
of nuclei was based on published methods (23, 24). In brief, 1010 cells were
washed in 1 M sorbitol–50 mM potassium phosphate (pH 6.8)–14 mM
�-mercaptoethanol at 30°C. In order to achieve complete digestion of the
cell wall, cells were resuspended in the same buffer supplemented with
Zymolyase 100T (0.4 mg/ml) at 30°C for 30 min to 1.5 h. The digestion
was monitored by adding 1% SDS to 20 �l of the digestion reaction mix-
ture and considered complete once the OD600 dropped by 95%. Sphero-
plasted cells were washed in 1 M sorbitol, and cell lysis was achieved in
18% Ficoll–20 mM potassium phosphate (pH 6.8)–1.0 mM MgCl2– 0.5

mM EDTA–100 mM sodium butyrate–protease inhibitor cocktail (Com-
plete; Roche) by 60 strokes of a Wheaton Dounce homogenizer on ice.
Nuclei were collected after centrifugation at 4,000 rpm from the superna-
tant and pelleted by ultracentrifugation at 50,000 � g for 30 min at 4°C.
Pelleted nuclei were resuspended in 0.34 M sucrose–20 mM Tris-HCl (pH
7.4)–50 mM KCl–5.0 mM MgCl2 and purified by ultracentrifugation on a
2 M sucrose cushion at 30,000 � g for 30 min at 4°C. Acid extraction to
enrich for basic histone proteins was achieved by resuspending nuclei in
10 mM Tris-HCl (pH 8.0)– 400 mM NaCl–100 mM sodium butyrate after
three washes in 10 mM Tris-HCl (pH 8.0)– 0.5% NP-40 –75 mM NaCl–
100 mM sodium butyrate, and protein precipitation by addition of 20%
trichloroacetic acid (TCA), followed by centrifugation, and two washes in
acetone– 0.1% HCl and acetone alone. The pellet was briefly dried, and
proteins were resuspended in water for derivatization.

Histone sample preparation for mass spectrometry. Purified his-
tones were derivatized with propionic anhydride and digested with se-
quencing-grade trypsin as described before (21, 25). Due to the relative
hydrophilicity of the H3 3-8 peptide spanning H3K4 and thus reduced
retention and resolution using reversed-phase liquid chromatography
(our unpublished data), aliquots from the same histone protein sample
were derivatized with benzoic anhydride rather than propionic anhy-
dride. After derivatization with either reagent, both sample preparations
were separately diluted in 0.1% acetic acid for desalting before mass-
spectrometric (MS) analysis using homemade C18 stage tips as previously
described (25).

Mass spectrometry analysis and peptide quantification. Histone
peptides were loaded by an Eksigent AS2 autosampler onto silica capillary
C18 columns and resolved by an Agilent 1200 binary high-performance
liquid chromatography (HPLC) system as previously reported (21). Pep-
tides were electrosprayed into a linear quadrupole ion trap-Orbitrap mass
spectrometer. All MS and MS/MS spectra were analyzed with Qual
Browser (version 2.0.7; Thermo Scientific), and peptide abundances were
obtained by peak integration of the extracted ion chromatograms as pre-
viously described (21).

SAM labeling assay and SAM fluorometry quantification. Cells were
harvested by filtration, and selected reaction monitoring (SRM) analysis
by mass spectrometry was performed as described by Bajad et al. and Zee
et al. (26, 27). To quantify SAM levels, the Bridge-It SAM fluorescence
assay (Mediomics) was used according to the manufacturer’s instructions.

RNA preparation and RNA-seq. RNA was purified using the Dyna-
beads mRNA Direct kit (61011; Ambion, Life Technologies) according to
the manufacturer’s instructions. RNA-seq libraries were prepared using
the ScriptSeq v2 RNA-Seq library preparation kit (SSV21124; Epicentre)
according to the manufacturer’s recommendations, and sequencing was
performed on the Illumina Hi-Seq (50-bp single-end reads) platform.
RNA-seq data were aligned using the software TopHat (28), and gene
expression levels and differences were calculated using Cuffdiff (29).
Reads per million reads sequenced per kilobase of exons in the transcript
(RPKM) values for exit and log-phase samples were normalized to quies-
cence scores, log transformed, and visualized using the Partek Genomics
Suite (Partek Incorporated).

ChIP-seq. Approximately 50 OD600 units of cells were cross-linked in
1% formaldehyde for 10 min at 25°C, quenched by the addition of glycine
to 125 mM for 5 min at 25°C, and washed with water. Cells were resus-
pended in FA lysis buffer (50 mM HEPES [pH 7.5]–150 mM NaCl–2 mM
EDTA–1% Triton X-100 – 0.2% SDS–Mini EDTA-free protease inhibitor
cocktail tablets [Complete; Roche]). One milliliter of silica beads was
added to each tube, and cells were disrupted twice for 3 min each for the
LOG sample and four times for 3 min each for the cells in the quiescent
state (Q), early-exiting cells before DNA replication (E30), and late-exit-
ing cells after the start of DNA replication (E240) at maximum speed with
intermediate incubation at �20°C for 3 min (mini-Beadbeater 96; Bio-
spec). Chromatin was washed twice with FA lysis buffer and sonicated for
30 cycles (30 s on at high level and 30 s off per cycle) (Bioruptor; Diag-
enode). Cellular debris was removed by centrifugation at 14,000 rpm for

Histone Modifications in Cell Cycle Reentry

November 2014 Volume 34 Number 21 mcb.asm.org 3969

http://mcb.asm.org


15 min at 4°C. ChIP was performed as previously described (30); ChIP
using H3K9ac and H4K12ac antibodies for quiescence extracts were com-
pleted with 5-fold the input used for all other ChIP experiments. For each
ChIP assay, 30 �l of protein G-Dynabeads (100.02D; Invitrogen) was
prepared using 5 �g of antibody. Controls with IgG and no antibody were
routinely performed. The ChIP DNA was used to make sequencing librar-
ies using standard Illumina library single-end construction procedures.
Sequencing was performed on the Illumina Hi-Seq (50-bp single-end
reads) platform.

Sequencing analysis. ChIP-seq reads were aligned to the sacCer2 as-
sembly of the S. cerevisiae genome using the Bowtie alignment software
(31). For growth and stress gene box plot analysis, each gene of the respec-
tive group was assigned a score by computing the area under the curve
(AUC) of the ChIP-seq signal over the gene body (H3K36me3) or within
250 bp of the transcription start site (TSS�250bp) (H3K4me3, H3K9ac,
and H3K12ac). Scores for a given locus in a given state were computed by
normalizing the number of tags aligned to the locus by the total number of
bases sequenced per barcoded sample as well as by total histone and locus
length. Box plots were generated in R. Yeast TSS and open reading frame
(ORF) locations were obtained by querying the Ensembl database (www
.ensembl.org).

Gene ontology and Venn diagrams. Gene ontology (GO) analysis was
performed using DAVID (http://david.abcc.ncifcrf.gov/). The GO terms
were clustered using the tool VENNY (http://bioinfogp.cnb.csic.es/tools
/venny/), and Euler diagrams were generated using the EulerAPE drawing
tool (http://www.eulerdiagrams.org/eulerAPE/) and were subsequently
edited for color in PowerPoint 2010 (Microsoft).

RESULTS
Histone methylation does not change globally during reentry
into the cell cycle. Nutrient abundance induces quiescence exit
and stimulates vast changes in cellular metabolism. Presently, the
metabolic state is under intense investigation as a principal regu-
lator of both chromatin and gene expression (8). Indeed, previous
observations showed that global histone acetylation is dramati-
cally altered during nutrient starvation and refeeding (11). During
nutrient-induced quiescence exit, glycolytic metabolism has been
found to be the central driver of bursts of histone acetylation (11).
We investigated the unexplored changes in histone methylation
that may occur upon quiescence establishment and during cell
cycle reentry.

Quiescence establishment in yeast is a gradual process involv-
ing the stepwise acquisition of various quiescence traits, culminat-
ing in the final cessation of proliferation. In order to obtain a
homogenous population of quiescent cells and eliminate contam-
ination of slowly cycling subpopulations, we achieved quiescence,
as previously described (22), by transferring cells from carbon-
exhausted medium into water to ensure complete nutrient starva-
tion prior to the induction of quiescence exit. To investigate and
compare chromatin modification dynamics over the course of this
process, we examined proliferating cells (LOG), cells in the quies-
cent state (Q), early-exiting cells before DNA replication (E30),
and late-exiting cells after DNA replication commenced (E240)
(Fig. 1A). We measured changes in global histone methylation
abundance by Western blotting and stable isotope labeling by
amino acids in cell culture (SILAC)-mass spectrometry (referred
to here as SILAC). We then used chromatin immunoprecipitation
followed by massive parallel sequencing (ChIP-seq) to examine
changes in local genic modification patterns. In each of these ex-
perimental approaches, we compared histone methylation to his-
tone acetylation, which is known to undergo dramatic fluctua-
tions in cell cycle exit and reentry.

First, to confirm that quiescence exit results in the expected
dramatic gene expression changes in our experiments, we per-
formed RNA sequencing. As previously noted by gene expression
microarray analysis (4–6), we observed that during exit from qui-
escence, nutrients trigger a massive transcriptional response that
involves one third of yeast genes. The rapid transformation of the
global gene expression program produces an mRNA transcrip-
tome in the early exit (E30) that closely resembles the transcrip-
tional profile of cycling cells (LOG), as shown in a Pearson corre-
lation matrix (Fig. 1B). Thus, the massive changes in transcription
do not require replication. Following nutrient feeding, a core set
of roughly 500 growth genes is immediately and dramatically up-
regulated (Fig. 1C, top), whereas another group of nearly 500
stress genes is promptly downregulated (Fig. 1C, bottom). As ex-
pected, gene ontology (GO) enrichment analyses indicate that nu-
trient-induced growth genes are involved in processes critically
important for growth, including ribosome biogenesis, rRNA pro-
cessing, and translational regulation (Fig. 1D). In contrast, genes
that are actively transcribed in quiescent cells and become rapidly
downregulated after nutrient feeding are highly overrepresented
in classic stress response categories, such as oxidation-reduction
and response to heat (Fig. 1D).

The induction of growth genes has been shown to correlate
with glucose-dependent increases in histone acetylation (10, 11).
We confirmed by Western blot analysis that transcriptionally rel-
evant histone acetylation levels drop dramatically during quies-
cence and then robustly and rapidly increase after nutrient refeed-
ing as the cells exit quiescence (Fig. 1E, H4K5ac and H4K8ac; Fig.
1F, H3K9ac). Strikingly, Western blot analysis revealed that for all
of the abundant methylation sites relevant to transcription (K4,
K36, and K79), there was no global change during nutrient star-
vation and replenishment (Fig. 1E and F). Thus, in stark contrast
to histone acetylation, which is connected to transcription, global
histone methylation levels remain constant in nutrient-stressed
quiescent cells and do not increase during nutrient-induced cell
cycle reentry.

Histone methylation dynamics are distinct from those of his-
tone acetylation during exit. While Western blot analysis mea-
sures the total relative abundance of specific histone modifica-
tions, this technique is unable to measure either turnover
dynamics or changes in genome-wide distribution of those mod-
ifications. Although the kinetics in exiting cells have not been pre-
viously reported, it has been speculated that turnover dynamics of
various histone modifications correspond to cellular metabolism
(18, 32). To investigate methylation dynamics, we performed
SILAC in quiescent and quiescence-exiting cells. To track and
quantify histone protein turnover, as well as newly acetylated and
methylated histones, we cultured cells in medium with isotopi-
cally heavy lysine ([13C6, 15N2]lysine), glucose ([13C6]glucose), or
methionine ([13C]D3-methionine), respectively, prepared nuclei,
and isolated histones (Fig. 2A, left). While the stable heavy iso-
topes do not perturb the system (21, 33), the rate of label incor-
poration into histone modification pools can be monitored by
tandem mass spectrometry analysis. Specific shifts in the mass-to-
charge (m/z) ratio are used to distinguish unlabeled from labeled
histone peptides and to reveal modification turnover rates when
measured with respect to time of continuous isotopic labeling
(Fig. 2A, right). In contrast to a shift in m/z, the incorporation of
the heavy isotopes generally does not induce a significant shift in
retention time, and thus, histone peptides with light, heavy, or a
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combination of both isotopes generally coelute by reversed-phase
liquid chromatography. By measuring the metabolic rate of la-
beled isotope incorporation into histone modifications, we deter-
mined the residue-specific dynamics of acetylation and methyl-

ation in the context of major transcriptional reprogramming
during quiescence exit.

To establish conditions and explore histone methylation by
SILAC, we first examined turnover of both histone protein and

FIG 1 Nutrient availability stimulates histone acetylation and dramatic change in gene expression but does not alter global histone methylation levels. (A)
Schematic of yeast culturing and quiescence exit protocol. Cells are grown in rich medium (LOG) until carbon exhaustion and are then transferred to water to
ensure a completely starved, homogeneous quiescent cell population (Q) prior to nutrient-induced quiescence exit on day 8. The arrow indicates nutrient feeding
and subsequent sampling 30 min and 240 min after nutrient feeding (E30= and E240=, respectively). (B) Pearson correlation matrix of mRNA transcriptomes. In
nutrient-induced cell cycle reentry, changes in global gene expression advance genome-wide transcription to the growth profile of cycling cells. (C) mRNA
sequencing data show that nutrient feeding (arrows) induces vast transcriptional reprogramming in the transition from quiescence to cellular growth. Following
nutrient replenishment, 475 growth genes are drastically upregulated (orange), whereas a core set of 463 stress genes are rapidly downregulated (blue). Data are
clustered by time points into columns and rows; rows represent genes, which are ranked by FPKM (where FPKM stands for fragments per kilobase of transcript
per million mapped reads) values normalized to quiescence sample FPKM and log2 transformed. (D) GO term enrichment analysis shows that growth genes are
involved in processes critical to growth. Stress genes cluster in classic stress response categories. (E and F) Western blot analysis of lysates from yeast over the
course of quiescence exit reveals that total levels of histone acetylation are diminished in quiescent cells and rapidly increase following nutrient replenishment.
In contrast, global histone methylation levels remain stable throughout quiescence establishment and do not increase during quiescence exit.
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histone methylation in proliferating cells. First, to track turnover
of histone proteins in cycling cells, we performed SILAC using
heavy lysine (Fig. 2B). Following the transfer of proliferating cells
to heavy medium, any histones that have incorporated isotopi-
cally heavy [13C6, 15N2]lysine can be distinguished as “newly” syn-
thesized histone proteins. We found that the half-maximal label-
ing time (t1/2) of histone proteins corresponds to approximately
one budding yeast cell cycle of 130 min, confirming by SILAC that
doubling of the histone protein pool occurs once with every cell
division (Fig. 2B).

Next, to examine residue-specific methylation dynamics in pro-
liferating cells, we utilized heavy-methionine SILAC. This method
involves mass spectrometry detection of in vivo incorporation of la-
beled S-adenosylmethionine (SAM), originating from metabolized
exogenous [13C]D3-methionine into endogenous methylation sub-
strates. Heavy methionine was rapidly metabolized to SAM, and we

detected histone methylation labeling within minutes of transfer to
heavy medium (Fig. 2C). We detected ratios of mono-, di-, and trim-
ethylated histone H3 that are consistent with their abundance and
prevalent functions at promoters (K4), over partial gene bodies
(K36), and over entire gene bodies (K79) (Fig. 2D).

Having established SILAC in proliferating cells to study his-
tone modification dynamics, we then applied this method to qui-
escent cells that were induced to reenter the cell cycle by nutrient
feeding. First, as a control for the method, we examined glucose-
dependent histone acetylation in quiescence exit by utilizing
heavy glucose SILAC. By mass spectrometry, we detected a burst
of histone acetylation that occurs immediately after nutrient re-
plenishment, resulting from the glycolytic breakdown of heavy-
labeled [13C6]glucose from fresh medium (Fig. 3A). Specifically,
new histone H3K9/K14 acetylation takes place within minutes
(Fig. 3A, red), thus supporting the turnover dynamics of previ-

FIG 2 SILAC-mass spectrometry analysis of histone protein and methylation dynamics in proliferating cells. (A) Method of SILAC-based quantitative mass
spectrometry. Cells are cultured in medium containing labeled heavy isotopes (e.g., [13C]D3-methionine to track methylation). Isotope incorporation (orange)
into histone peptides or modification pools is monitored by tandem mass spectrometry analysis. Specific shifts in the mass-to-charge (m/z) ratio are used to
distinguish unlabeled from labeled histone peptides or modifications and reveal turnover dynamics when measured over time (e.g., a 4-Da shift per methyl
group). (B) SILAC with [13C6]-L-lysine in proliferating cells shows relative distributions and half-max labeling time of newly synthesized H3, H4, and H2A
peptides, confirming doubling of the histone pool with every cell division (�130 min). (C) Methyl-SILAC with heavy [13C]D3-methionine in proliferating cells
shows rapid incorporation of [13C]D3-methionine into histone methylation of H3K36 (y axis represents total methylation labeling; e.g., 0.9 denotes 90%
labeling) (D) SILAC mass spectrometry reveals the percentage of unmodified and mono-, di-, and trimethylated histone H3 at residues K79, K36, and K4 in
proliferating cells.
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FIG 3 Histone methylation, unlike histone acetylation, remains static during quiescence exit. (A) [13C6]glucose-SILAC shows an immediate nutrient-induced
increase in labeling of histone H3 acetylation (H3K9/K14ac1*). N-terminal histone H2A acetylation is mediated cotranslationally and becomes labeled only late
in exit, concurrently with alanine labeling of newly synthesized histone proteins. (B) Methyl-SILAC during quiescence exit shows that all H3 K4, K36, and K79
methylation states remain remarkably static during nutrient-induced cell cycle reentry, and new methylation occurs only late in exit concomitantly with histone
protein synthesis. (C) Mass spectrometry confirms rapid labeling of cellular SAM pools by [13C]D3-methionine in proliferating cells (log0= and log30=) and upon
nutrient replenishment in quiescent cells when histone methylation remains static. (D) Levels of methyl donor SAM were assessed. Cellular SAM levels are
slightly lowered in quiescence but rise during early quiescence exit to levels characteristic of cycling cells. (E) Mass spectrometry shows that the overall levels of
the corresponding methylated H3 peptides remain constant.
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ously reported Western blot analyses that showed rapid increases
in histone acetylation (Fig. 1E and F) (11).

We found that labeling of N-terminal histone H2A acetylation
occurs only several hours into exit (Fig. 3A, blue). N-terminal
acetylation is a prevalent and highly conserved eukaryotic protein
modification that is mediated cotranslationally; hence, our data
indicate that histone protein synthesis commences late in exit and
is concurrent with DNA replication. Consistent with this observa-
tion, label incorporation into the histone protein pool via alanine
residues also occurs very late upon cell cycle return (Fig. 3A, gray).
These data demonstrate the absence of a slowly cycling subpopu-
lation of cells and indicate homogeneity of the quiescent popula-
tion.

We then examined histone methylation dynamics with methyl-
SILAC as the cells reentered the cell cycle. Intriguingly, histone
methylation remains remarkably static throughout quiescence
exit. This trend was true of all H3K4, K36, and K79 methylation
states, representing all of the abundant transcriptionally linked
histone methylation sites in yeast (Fig. 3B). Indeed, de novo his-
tone methylation occurs only late during cell cycle reentry, well
after the burst of histone acetylation (compare Fig. 3B to A). We
again confirmed that histone proteins are synthesized late in exit,
as assessed in the above-described experiment by heavy-glucose
SILAC (Fig. 3A, gray) and in the one described here by heavy-
lysine SILAC (data not shown). Thus, new histone methylation
occurs coincidentally with histone protein synthesis late in exit,
when cells resumed replication.

We wanted to test a trivial explanation for the lack of change of
methylation compared to acetylation in the early exit. It is possible
that saturation of in vivo SAM pools with exogenous [13C]D3-
methionine is slower than saturation of in vivo acetyl-CoA pools
with exogenous [13C6]glucose in yeast cells undergoing quies-
cence exit. This would result in an apparently lower rate of pulse-
labeling of methyl groups compared to acetyl groups. To address
this, we tested by mass spectrometry of SAM whether [13C]D3-
methionine was rapidly taken up and incorporated into SAM
pools during refeeding. We found that heavy labeling of SAM
occurs early in exit by 30 min (E30= in Fig. 3C) and is comparable
to labeling of SAM in cycling cells during log growth (log30= in Fig.
3C). We further confirmed that cellular SAM levels in cells exiting
quiescence are similar to proliferating cells (Fig. 3D). While the
SAM concentration is slightly lower in quiescent cells, cellular
SAM pools readily rise during early exit to levels typical for cycling
cells (Fig. 3D), at a time when massive transcriptional changes
occur in the absence of novel histone methylation, as shown by
heavy-methyl SILAC (Fig. 3B). In addition to the absence of dy-
namic increase in histone methylation upon quiescence exit, we
also noted by mass spectrometry that overall levels of the corre-
sponding methylated peptides are constant (Fig. 3E), validating
our findings by Western blot analysis (Fig. 1E and F).

The SILAC analysis shows that histone methylation is surpris-
ingly static during quiescence exit and is wholly different from
histone acetylation, which is dramatically induced during massive
changes in gene expression. New histone methylation appears
only late, concurrent with replication and concomitant histone
protein synthesis.

Histone methylation is redistributed genome-wide during
quiescence and exit. We were surprised that histone methylation
remains static in the backdrop of massive metabolic and transcrip-
tional change. While genome-wide histone acetylation patterns

have been investigated in nutrient-stressed cells (11), the histone
methylation status of growth and stress genes during quiescence
and exit is unknown. We investigated the genome-wide distribu-
tion of histone modifications during quiescence and exit, focusing
on two core groups of genes that have been previously described
by microarray analysis as prominently transcribed during growth
and during nutrient stress (5, 6, 34), which we confirmed by our
RNA analysis (Fig. 1C and D).

We performed ChIP-seq in the same time course to examine
and compare histone acetylation and histone methylation. His-
tone acetylation at growth genes becomes greatly diminished in
quiescence (Fig. 4A, left). When these growth genes are induced
upon nutrient replenishment, H3K9ac (Fig. 4A, left) and
H4K12ac (Fig. 4B, left) rapidly increase at these loci. In contrast,
H3K9ac and H4K12ac in quiescent cells are enriched at stress
genes that are induced upon nutrient starvation and then dimin-
ish in E30, E240, and LOG samples (Fig. 4A and B, right). Thus,
our findings confirm observations previously made under similar
conditions of nutrient limitation and environmental stress (10).

We then analyzed genome-wide enrichment patterns of
H3K4me3 and H3K36me3, which are associated with active gene
expression. While overall global methylation levels remained sta-
ble, as shown by Western blot analysis and mass spectrometry
(Fig. 1F and 3E), we detected genome-wide shifts in the methyl-
ation status of growth and stress genes when we compared cells
that had gone through the long process of establishing the quies-
cent state: note that the dotted and red lines (LOG and E240) are
distinct from the blue and orange lines (Q and E30) (Fig. 4C and
D). Specifically, histone methylation at growth genes is decreased
during quiescence (Fig. 4C and D, left), whereas methylation at
stress genes is increased (Fig. 4C and D, right). Strikingly, this new
methylation pattern established during quiescence remains
largely intact through early exit (i.e., the Q and E30 lines are very
similar) despite the enormous changes in transcription and his-
tone acetylation that occur after refeeding (Fig. 1). We do note
that, at stress genes, H3K4me3 drops partially at E30, which might
be related to the downregulation of these genes as the cells leave
quiescence. Importantly, new histone methylation at growth
genes occurs only during late exit (E240), when the cell cycle is
fully engaged (Fig. 4C and D, left). To confirm these genome-wide
methylation data, we performed ChIP qRT-PCR in a time course
for H3K4me3 and H3K36me3 for individual growth and stress
genes (data not shown).

The clear quantitative contrast between genome-wide acetyla-
tion and methylation is most easily visualized by box plot analysis
(Fig. 5). H3K9ac drops at stress genes between Q and E30 and
increases at growth genes between Q and E30. In contrast,
H3K4me3 and K36me3 remain constant at both stress and growth
genes between Q and E30. Importantly, these ChIP-seq findings
for histone methylation agree with our methyl-SILAC data show-
ing that catalytic histone methylation is altered late (at E240) but
not early (at E30) after quiescence exit (Fig. 3B).

Indeed, further analysis of the ChIP-seq histone modification
profiles at growth genes confirms stark dissimilarities during exit.
The dynamic histone acetylation profiles at these genes correlate
with gene expression changes upon nutrient-induced cell cycle
reentry (Fig. 1C and 6A). In proliferating cells, such a correlation
is also found between histone methylation and growth gene ex-
pression (Fig. 1C and 6B, left). However, the altered methylation
profiles in the quiescent state (Q) remain unchanged in the early-
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FIG 4 Histone methylation is redistributed as proliferating cells enter quiescence but remains static in early exit from quiescence. Average ChIP-seq enrichment
of H3K9ac (A), H4K12ac (B), H3K36me3 (C), and H3K4me3 (D) over scaled bodies (from the transcriptional start site [TSS] to the transcriptional termination
site [TTS]) of all growth and stress genes characterized in Fig. 1 reveals differences between histone acetylation and methylation levels at these two distinct gene
groups during quiescence establishment and exit. The histone modification ChIP signal was normalized to the H3 ChIP signal.
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exit (E30) samples: even though both acetylation and expression
of growth genes are greatly increased in the early-exit samples,
their methylation profiles remain unchanged (Fig. 6B, right) and
do not correlate with gene expression in the early-exit samples
(Fig. 6C).

We then investigated histone acetylation and methylation in
another group of environmentally regulated genes that was previ-
ously found to exhibit highly dynamic and stress-responsive his-
tone acetylation induced by H2O2 treatment (35, 36). Again, we
found that histone acetylation is rapidly increased at E30 upon
nutrient replenishment, whereas histone methylation remains
static and does not follow these dynamics (data not shown). As a
control, we determined that neither histone acetylation or meth-
ylation changes at nutrient-insensitive genes during early exit
(E30) (data not shown).

We then examined methylation patterns over 1-kilobase win-
dows genome-wide in Q, E30, E240, and LOG samples by scatter-
plot analysis. As expected from the box plot analysis, methylation
patterns are highly correlated between E240 and LOG and be-
tween Q and E30 but are very different between Q and LOG (Fig.
7A, top). Prominently, the correlation of genome-wide H3K36
methylation between Q and E30 (Fig. 7A, top right) is strikingly
contrasted by the highly dissimilar H3K9 acetylation patterns be-
tween Q and E30 cells (Fig. 7A, lower right).

We further investigated the relationship of histone methylation
enrichment to different gene families, examining H3K36me3 during
LOG, Q, E30, and E240 using unbiased gene ontology (GO) en-
richment analysis. We queried GO terms that link to the top meth-
ylated genes; we found that LOG cells and E240 cells share catego-
ries that are related to cell growth and proliferation (Fig. 7B, left,
red and gray circles). Remarkably, genes that are methylated in Q
and E30 share GO terms associated with stress (Fig. 7B, left, blue
and orange circles), despite their decidedly distinct expression and
histone acetylation profiles. In contrast, GO terms that link to the
top acetylated genes in Q do not overlap GO terms associated with
genes that are acetylated in early exit (E30) (Fig. 7B, right).

Thus, by ChIP-seq, we uncovered genome-wide changes in
histone methylation that are obscured in Western and SILAC
analyses. First, our genome-wide analysis revealed that during
quiescence establishment, stress genes become methylated when
their expression is induced, whereas growth genes experience ex-
tensive methylation losses when they are not transcribed. Second,
during exit, ChIP-seq revealed two key features of the location of
dynamic histone methylation changes determined by SILAC: (i)
quiescence-specific methylation patterns remain remarkably in-
tact through early exit (E30), but (ii) they change in the course of

FIG 5 Box plot analysis shows distinct dynamics of histone acetylation and
methylation at growth and stress genes during the early exit. H3K9ac drops at
stress genes (A) between Q and E30 and increases at growth genes (B) between
Q and E30. In contrast, H3K4me3 and K36me3 remain constant at both stress
and growth genes between Q and E30.

FIG 6 Scatterplot analyses demonstrate distinct dynamics of histone acetylation and methylation at growth genes. (A and B) Scatterplots contrasting the
enrichment of H3K9ac (A) and H3K36me3 (B) at growth genes: histone acetylation correlates well between LOG and E240 cells (A, orange) but not between Q
and E30 cells (A, blue). In contrast, histone methylation correlates well not only between the LOG and E240 time points (B, orange) but also between Q and E30
(B, blue), which shows that histone methylation remains static in early exit. (C) Growth gene expression levels (y axis) and H3K36me3 enrichment (x axis) do not
correlate in the early exit from quiescence when growth genes are induced and methylation remains stable. Each dot represents one growth gene.
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replication initiation at E240, when de novo histone methylation
occurs exclusively at growth genes. These results, taken together
with our SILAC analyses described above, underscore the differ-
ences in the roles of histone methylation and acetylation in the
dramatic gene expression changes following quiescence exit. His-
tone acetylation rapidly responds to metabolic state, but histone
methylation remains stable through quiescence exit and under-
goes genome-wide redistribution, with de novo growth gene meth-
ylation being linked to the initiation of cellular replication.

DISCUSSION

The epigenome is hypothesized to provide an interface between
the cellular environment and gene expression. One of the most
important environmental factors that must be synchronized with
gene transcription is the availability of caloric energy. Indeed, glu-

cose-derived acetyl-CoA is thought to function as a modulator of
histone acetylation and growth-related gene expression (10). Pre-
vious studies suggest that histone acetylation is exquisitely respon-
sive to the nutritional state of cells. In fact, our findings from
SILAC demonstrate that certain histone acetylation sites and, by
default, their acetylation enzymes operate as bona fide energy sen-
sors, providing unequivocal evidence that nutrients induce an im-
mediate histone acetylation response, driven by external glucose
(Fig. 3A).

Histone methylation also has an important role in gene regu-
lation in all eukaryotes. Chemically, methylation is more stable
than acetylation and is known to be less dynamic in cells. Hence, a
key question is whether histone methylation responds to nutri-
tional status. Like histone acetylation, histone methylation is spec-
ulated to be synchronized with metabolic information in order to
regulate gene expression (8, 18, 37). Here, we performed a com-
prehensive investigation of methylation profiles during quies-
cence exit, when cells undergo a dramatic shift in gene regulation
as a result of the drastic change in metabolic state from nutrient
starvation into regrowth. We observe that histones become en-
riched for acetylation at certain genes both globally (by Western
blot) and locally (by ChIP-seq). Indeed, similar observations have
constituted a paradigm for how metabolic changes can alter the
epigenome (10, 11). Our rigorous examination, additionally by
SILAC, fully confirms that histone acetylation responds immedi-
ately to increased nutrition after starvation. Thus, this nutrient-
induced transition from quiescence to proliferation represents an
ideal scenario to examine signaling from the metabolic state to
histone methylation.

Histone methylation as an epigenetic memory mark during
metabolic shifts in cell cycle reentry. To investigate histone
methylation during quiescence exit, we used three approaches: (i)
Western blot analysis with methyl-specific antibodies, as was pre-
viously used to demonstrate global changes in histone acetylation
(11); (ii) quantitative mass spectroscopy using heavy-labeled pre-
cursors to distinguish new histone methylation immediately fol-
lowing refeeding; and (iii) ChIP-seq with methyl-specific antibod-
ies, as was previously used to examine site-specific acetylation in
metabolic cycling yeast (10). Interestingly, we found that histone
methylation, irrespective of the residue or methylation states, is
exceptionally stable and is uncoupled from rapid changes in the
metabolic state as cells exit quiescence (Fig. 3B). Western blotting
and SILAC showed that the overall global levels of methylation do
not change and do not turn over as the cells emerge from quies-
cence. Furthermore, ChIP-seq revealed that there are no localized
changes in genomic distribution during quiescence exit until cell
replication commences. In contrast, these same approaches pro-
vide clear evidence that histone acetylation is dynamic: new acet-
ylation is detected by SILAC immediately following refeeding and
well before replication (Fig. 4). Finally, ChIP-seq shows that acet-
ylation is rapidly enriched at genes that are induced and depleted
at genes that are repressed.

Thus, our observations revealed that yeast cells that return to
the cell cycle under nutrient-rich conditions exhibit a strikingly
stable methylation landscape despite major metabolic and tran-
scriptional reprogramming. Historically, histone methylation has
been thought to be a static modification, based on studies that
have demonstrated similar turnover rates for methyl groups and
histone proteins (38, 39); however, in the past decade, the notion
that histone methylation is enzymatically irreversible has been

FIG 7 Histone methylation patterns show correlation genome-wide during
quiescence exit. (A) Genome-wide ChIP-seq enrichment correlations can be
seen between proliferating cells (LOG) and cells in late quiescence exit (E240)
for both H3K36me3 and H3K9ac. The H3K36me3, but not H3K9ac, enrich-
ment pattern is highly correlated in quiescence (Q) and early exit (E30). Each
dot represents a 1,000-bp window of the genome. (B) Genes enriched for
H3K36me3 in proliferating cells (LOG) and genes methylated in late exit cells
(E240) cluster into shared GO categories (data not shown; categories are re-
lated to growth, e.g., regulation of translation, ribosome biogenesis, and nu-
clear export). Genes that are methylated in quiescent (Q) and early-exit (E30)
cells also share GO categories (related to stress, e.g., cell death and response to
abiotic stimuli). Genes enriched for H3K9ac in quiescent cells (Q) cluster into
stress categories that are not shared by genes that are acetylated in E30, E240, or
LOG (data not shown). Genes that are acetylated in E240 and LOG cluster into
shared categories that are linked to ribosome biogenesis and translational
regulation.
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challenged by the identification of numerous HDMs, specifically,
the lysine-specific demethylase 1 (LSD1) and Jumonji C demethy-
lases (40–42). Remarkably, both domain classes of HDMs require
high-energy metabolic cofactors—flavin adenine dinucleotide
(FAD) and 	-ketoglutarate, respectively. Thus, the coenzymes of
both HMTs and HDMs are positively regulated by high energy
levels, an apparent paradox that likely imposes further regulation
should these enzymes be integrated in metabolic control. In con-
trast, HATs and HDACs are regulated by high and low energy
levels, respectively, adapting histone acetylation to dynamic met-
abolic processes through acetyl-CoA generation and the cellular
redox state.

Our results confirm that histone acetylation quickly drives
growth gene transcription in relation to transient caloric availabil-
ity when emerging from quiescence, whereas histone methylation
remains surprisingly static during the early exit (Fig. 8). We can-
not exclude the possibility that metabolic fluxes directly modify
methylation later, i.e., during cell replication when we detect new
methylation. Thus, histone methylation may not play a role in the
initial reactivation of growth genes but may function in the late
cell cycle reentry to provide transcriptional marking and coordi-
nate gene expression following genome replication. This is a par-
ticularly intriguing possibility, given our observation of de novo
methylation late after quiescence exit.

Furthermore, our results show that histone methylation is in-
dicative of transcriptional potential but not necessarily current
transcriptional activity. Indeed, we confirm that enrichment of
H3K4me3 at promoters correlates with gene activity in proliferat-
ing yeast (43, 44); however, we also show that H3K4me3 does not
directly correlate with gene expression in the quiescent cell state,
(i.e., we detect H3K4me3 at both active stress genes and inactive
growth genes). In fact, previous observations in mammalian cells
showed that H3K4me3 is actually present at a majority of promot-
ers and is not strictly predictive of transcriptional activity (45, 46).

In summary, we find that acetylation is lost nearly completely
at growth genes during quiescence and— driven by metabolic
state—is very rapidly reinstated in early exit. In contrast, full rem-
ethylation at growth genes occurs only at the time of cell replica-
tion following quiescence exit. Accordingly, although diet, exer-
cise, and circadian rhythms are all known to readily manipulate
histone acetylation to maintain metabolic homeostasis, they may
not easily modify long-term histone methylation.

Histone methylation in the context of altered metabolism in
cancer and stem cell populations. It is interesting to compare our
results with recent investigations of histone methylation in higher
eukaryotic cells in the context of proliferative states. In many can-
cers, deregulated histone methylation has been implicated in
tumorigenesis (47, 48). In a variety of tumors, the metabolic en-
zymes isocitrate dehydrogenase 1 (IDH1) and IDH2 were found
to bear mutations that result in neomorphic activities that gener-
ate 2-hydroxyglutarate (2HG) (49). As an oncometabolite, 2HG
inhibits a family of Jumonji C domain histone demethylases
(JHDMs) and is thought to disrupt gene expression patterns
through alterations in the histone methylation landscape (49).

In addition, recent findings suggest a mechanistic link between
reprogrammed cancer metabolism and an altered methylation
landscape (50). Certain cancer cells aberrantly express high levels
of the metabolic enzyme nicotinamide N-methyltransferase
(NNMT) and exhibit global methylation defects when methio-
nine is limited. Under these conditions, the increased catalytic
capacity of NNMT may drain cellular SAM pools by creating sta-
ble 1-methylnicotinamide and thereby impair histone and other
protein methylation (50). However, it is unclear when, during the
cell cycle, elevated NNMT activities may actually affect histone
methylation and how broad alterations in the methylation land-
scape eventually promote oncogenesis. Therefore, in order to de-
velop novel therapeutic approaches that target cellular metabo-
lism and alter the tumor epigenome, it is key to understand how
chromatin may be metabolically regulated in noncancerous cells.

Interestingly, histone methylation not only may be influenced
by metabolic alterations in tumors but also may be manipulated
by metabolic adaptations in stem cells, where methylation has
critical functions in transcriptional regulation and self-renewal
(51, 52). Current evidence suggests that the pluripotency of mouse
embryonic stem cells (mESCs) is dependent on their distinct
mode of threonine catabolism and its effect on SAM metabolism
and H3K4me3 (20). When proliferating mESCs are cultured in
threonine-depleted medium, SAM levels become lowered and
H3K4me3 levels— but not levels of other methylation— decrease,
which results in slowed growth and increased differentiation (20).
However, as threonine dependency is specific to mouse ESCs, it
remains unclear whether histone methylation is similarly influ-
enced by metabolic activities in other stem cell populations, like
human ESCs or adult human stem cells. Notably, histone methyl-

FIG 8 Schematic model for the distinct dynamics of histone methylation and acetylation during quiescence establishment and exit. The methylation landscape
is changed genome-wide in cellular quiescence. In nutrient-induced cell cycle reentry, this methylation pattern remains strikingly intact, in contrast to dynamic
histone acetylation, which is linked to gene transcription. Upon cell cycle return, the methylation landscape is restructured only very late in conjunction with
genome replication and ensuing cell division.
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ation may be under metabolic influence only at specific times, e.g.,
when quiescent adult human stem cells are induced to return to
the cell cycle and initiate cell replication for clonal expansion.

From our findings in the yeast model, histone methylation may
also have functions distinct from those of histone acetylation in
the orchestrated cell cycle reentry in induced stem cells, fibro-
blasts, or lymphocytes. Unlike acetylation, methylation may reg-
ulate gene expression independently of the metabolic milieu dur-
ing early cell cycle return. Rather, it may function as an epigenetic
marker of cellular transcriptional identity during genome replica-
tion and cell division.
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