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The incorporation of histone H3 with an acetylated lysine 56 (H3K56ac) into the nucleosome is important for
chromatin remodeling and serves as a marker of new nucleosomes during DNA replication and repair in yeast.
However, in human cells, the level of H3K56ac is greatly reduced, and its role during the cell cycle is controversial. Our
aim was to determine the potential of H3K56ac to regulate cell cycle progression in different human cell lines. A
significant increase in the number of H3K56ac foci, but not in H3K56ac protein levels, was observed during the S and
G2 phases in cancer cell lines, but was not observed in embryonic stem cell lines. Despite this increase, the H3K56ac
signal was not present in late replication chromatin, and H3K56ac protein levels did not decrease after the inhibition of
DNA replication. H3K56ac was not tightly associated with the chromatin and was primarily localized to active chromatin
regions. Our results support the role of H3K56ac in transcriptionally active chromatin areas but do not confirm H3K56ac
as a marker of newly synthetized nucleosomes in DNA replication.

Background

Histones are small basic proteins that stabilize DNA in the
chromatin form and help to orchestrate tissue-specific gene
expression. The structural conformation and charge of the histo-
nes can be modified by different substituents. These substituents
allow dynamic communication between histone octamers and
DNA. Different histone modifications create harbours for chro-
matin-modifying complexes. The addition of an acetyl group to
the histone structure reduces the electrochemical attraction
between positively charged histones and negatively charged
DNA. The loosened nucleosomes are more accessible to the
DNA recognition motifs of transcription factors. Generally, acet-
ylated histones are associated with chromatin decondensation
and transcriptional activation of the nucleosomes. The structure
of histone H3 is rich in lysines, which can be modified by an
acetyl group. However, nucleosome compactness is not dramati-
cally altered by all histone acetylations. H3 core acetylation at
lysine 56 only modestly influences the nucleosome structure
compared with the N-tail histone acetylations (on lysines 4, 9,
18, and 27).1

Lysine 56 is positioned at the amino-terminal aN-helix close
to the site where the DNA enters and exits the nucleosome.1,2

Lysine 56 acetylation increases the conformation entropy in the

aN-helix and destabilizes the entire protein structure, which
leads to increases in nucleosome breathing, a dynamic condition
in which the DNA is transiently unwrapped from a histone
octamer. H3K56ac also increases the affinity of the chromatin-
remodelling proteins for the chromatin.3 The pathway of
H3K56ac regulation is well defined in yeast, where this modifica-
tion plays an important role in many nuclear processes. H3K56
acetylation is specifically catalyzed by the histone acetyltransferase
(HAT) Rtt109 in complex with the histone chaperone Asf1.4,5

Then, H3K56ac is reintegrated into the new nucleosome during
DNA replication or into freshly repaired chromatin after the
induction of a double-strand break.6,7 Similarly, histone chaper-
ones reload a histone octamer containing H3K56ac onto the
unwrapped DNA during the initiation and elongation steps of
transcription. Thus, in yeast, H3K56ac marks newly synthesized
H3 histones and chromatin segments with high nucleosome
turnover.8-12 Sirtuins are responsible for removing the acetyl
group from the histone structure.13,14

The knowledge that is gained from the yeast system is difficult
to apply to the mammalian cell system because of the many dif-
ferences between these species. Mammalian cells do not express
HATs with high specificity to K56,4,15 and H3K56ac levels are
very low. In mammalian cells, H3K56ac is catalyzed by 3 versa-
tile acetyltransferases: CBP, p300 and Gcn5.16,17 CBP and p300
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alone acetylate various proteins in cells. p300/CBP preferentially
catalyzes the acetylation of N-terminal lysines on histone
H3.16,18 The specificity of p300/CBP for lysine K56 is likely
powered by HAT auto-acetylation and the reorganization of their
catalytic domains. Proper protein folding enables an interaction
between the histone complex and the nucleosome chaperons
ASF1A and ASF1B.16,19-21 Similar to yeasts, sirtuins catalyze the
removal of the acetyl group from K56.16,22 Despite the low level
of this modification in mammalian chromatin, different studies
have identified a role for H3K56ac in cancer progression, DNA
double-strand break repair, the regulation of gene transcription
and pluripotency.16,23-26

H3K56ac levels are elevated in cancer and pluripotent
cells16,27,28 compared with normal tissue. Cancer cells are associ-
ated with aberrant cell cycle regulation. No changes in H3K56ac
levels throughout the cell cycle or its elevations in the S and G2
phases in different cell lines were noted in recent studies that pri-
marily focused on the role of H3K56 in DNA damage and
repair.16,29-31 This variability can be explained mainly by the dif-
ferent specificities of H3K56ac antibodies.32 Thus, we focused
on H3K56ac regulation and its connection with the S or G2
phase and nuclear processes. Therefore, we aimed to reveal the
cell cycle dependency of H3K56ac levels in fast-cycling cell types
(embryonic stem cells, hESCs - CCTL1233,34 and in cancer cell
lines with different nuclear morphologies, including adherent
HeLa and suspension HL-60 lines) using antibody-dependent
and -independent methods.

Results

The number of H3K56ac foci is connected to DNA
replication activity in cancer cells, but not in hESCs

Cellular H3K56ac levels were measured using a K56ac-spe-
cific antibody in 3 different human cell lines (HL-60, HeLa and
CCTL12). H3K9ac is a major competitor for antibodies against
H3K56ac.32 Therefore, the H3K9ac antigen was masked with a
peptide inhibitor of H3K9 before adding the H3K56ac antibod-
ies. In cell nuclei, the H3K56ac signal is distributed in weak, but
sharply localized foci (Fig. 1A). A difference in the density of
H3K56ac foci was observed in individual nuclei. A weak
H3K56ac signal was observed in cytoplasmic areas, possibly due
to non-specific antibody binding. Thus, only the nuclear signal
and the nuclear histone fraction were used for analysis. In yeasts,
H3K56ac regulation is tightly linked to DNA replication; there-
fore, we determined whether the difference in the density of
H3K56ac foci was connected to S phase of the cell cycle. Cells
were incubated with EdU to identify DNA replication activity
(Fig. 1A). In all of the observed cell lines, H3K56ac levels were
elevated in EdU-positive cells (Fig. 1A, 1B and Fig. S1A, S1B).
An increase in the H3K56ac foci was significant in cancer cells,
but not in embryonic CCTL12 cells (U-test, aD0.05; Fig. 1).
These findings indicate a connection between an increase in the
number of H3K56ac foci and DNA replication in cancer cell
lines.

H3K56ac foci are localized outside of bright EdU-positive
areas and late S phase replicating chromatin

Related analysis of the distribution of the signal showed
that most of the H3K56ac was positioned outside of bright EdU-
positive areas after a pulse (15 min) and long-term (2 h) EdU
incubation (Fig. 1C, Fig. S2, S3). Almost no colocalization
between H3K56ac and bright EdU-positive areas was observed
during the early, middle and late S sub-phases. Prolonged expo-
sure to EdU (6 h) confirmed that EdU incorporation did not
interfere with the H3K56ac signal. The H3K56ac foci preferen-
tially colocalized to regions with reduced EdU staining
(Fig. S2D).

We next determined whether the absence of H3K56ac in
bright EdU-positive areas was caused by the rapid removal of ace-
tyl groups from the newly synthetized chromatin. HeLa cells were
pretreated (24 h) with 2 sirtuin inhibitors, AGK-2 and nicotin-
amide. AGK-2 is specific for SIRT2 at low concentrations
(10 mM, IC50D3.5 mM) and inhibits SIRT1, SIRT2 and
SIRT3 at higher concentrations (50 mM, IC50D50 mM).35 Nic-
otinamide inhibits all members of the sirtuin family.36-38

H3K56ac foci were detected inside bright EdU-positive areas
during the early and middle S sub-phases after the incubation of
HeLa cells with 20 mM nicotinamide and 50 mM AGK-2, not
with 10mM AGK-2 (Fig. 1D, Fig. S4 – S6). H3K56ac did not
colocalize with late replication chromatin, even after sirtuin
inhibition.

The number of H3K56ac foci is greater in S and G2 phase in
cancer cells

After the 2-h EdU treatment, some cells showing a late repli-
cation pattern were presumably in G2 phase at the time of obser-
vation. Hence, we asked whether the number of H3K56ac foci
remained stable through G2 phase. A double thymidine block
was used to synchronize the cell cycle by blocking cells at the G1/
S transition point. The cells were observed to be in S phase at
3 h, G2 at 6 h and G1 at 12 h after the release of the thymidine
block (Fig. 2A). The number of H3K56ac foci was significantly
greater in the S and G2 phases than in G1 phase in the cancer
cell lines (Fig. 2B, C and Fig. S7). The absence of H3K56ac in
mitotic chromosomes showed that during late G2 phase,
H3K56ac is removed from the chromatin (Fig. 2C). Compared
with the cancer cell lines, the number of H3K56ac foci was not
significantly regulated by the cell cycle in CCTL12 cells
(Fig. S7B).

Compared with the number of H3K56ac foci, the H3K56ac
protein level does not fluctuate during the cell cycle

We speculated that the same cell cycle dynamics regulate
H3K56ac protein levels. Histones were isolated from cell nuclei
via acid extraction. Amido Black staining was used to normalize
protein loading (Fig. 3A). Despite the results of the immunofluo-
rescence experiments, the H3K56ac protein level did not signifi-
cantly change during interphase stages (Fig. 3B, C). In the cancer
cell lines, we observed a second band with increased mobility.
The faster band represents N-terminally degraded H3. We next
determined the protein level via mass spectrometry (Fig. 3B, C).
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The ratio of H3K56ac/H3K56
was not significantly changed dur-
ing the cell cycle (Fig. 3D, E).
Average K56ac levels were slightly
higher in the cancer cell lines
(0.10% § 0.09 H3K56ac for
HeLa cells and 0.14% § 0.06 for
HL-60 cells) than in the CCTL12
cells (0.07% § 0.02).

H3K56ac and ASF1A are
loosely bound to chromatin

The rare appearance of the
H3K56ac signal in the cell cyto-
plasm indicates the possibility that
2 H3K56ac states exist. One state
is a part of the chaperone complex
with ASF1A, and the second is
H3K56ac that is incorporated
into nucleosomes. We speculated
that the elevation detected in S
and G2 phase, measured via
microscopy, could be influenced
by an increase of H3K56ac in the
chaperone complex. To evaluate
this hypothesis, HeLa cells were
treated with cytoskeletal (CSK)
buffer (100 mM NaCl, 300 mM
sucrose, 3 mM MgCl2, 10 mM
PIPES, pH 6.8) before fixation.
CSK buffer removed most of the
soluble proteins in the cells. After
the application of CSK buffer, the
number of H3K56ac foci in the
nuclei was decreased by approxi-
mately 10-fold compared with
paraformaldehyde-fixed cells
(Fig. 4A, B). Similar to H3K56ac,
the level of ASF1A was reduced
after CSK treatment. Proteins
with a distribution similar to that
of H3K56ac (p300) or only to the
chromatin-bound form (RNAPII-
pSer5 CTD) were used as a con-
trol for the effect of CSK.
H3K56ac, together with ASF1A,
binds to chromatin less tightly
than active RNA polymerase II
and p300. Hence, we examined
the number of H3K56ac foci after
CSK treatment for each cell cycle
stage in HeLa cells. The number
of H3K56ac foci was not signifi-
cantly changed during the cell
cycle after CSK treatment
(Fig. 4C).

Figure 1. The level of H3K56ac foci are increased in EdU positive cells. (A) HeLa cells were treated with EdU
for 2 h before the paraformaldehyde fixation. An increased density of the K56ac (red) foci was observed in
the EdU-positive (green) cells. The cell nuclei were counterstained with DAPI (blue). The image represents
one slice of the object in the x,y, x,z and y,z planes. (B) The number of H3K56ac foci was increased in EdU-
positive cells. The chart represents the number of H3K56ac foci in the EdU-positive (gray box plots) and EdU-
negative nuclei (white) in the HeLa, HL-60 and embryonic CCTL12 cell lines. The range of the error bars
encompasses the lowest and highest values (n>50 for each measurement; *P value< 0.05; U-test). (C) The
H3K56ac foci did not colocalize with the bright EdU-positive areas in the HeLa cells. Representative zoomed
images of HeLa nucleus in the early, middle and late S sub-phase are shown (original images in Fig. S2). (D)
The colocalization between H3K56ac foci and the EdU bright areas after sirtuin inhibition in the HeLa cells.
(zoomed images, original images in Figs. S4-S6).
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Next, we addressed whether it is possible to determine the
presence of chaperone-bound H3K56ac in cell nuclei using dif-
ferent protein isolation methods. We compared total protein iso-
lation through RIPA extraction with the extraction of acid-
soluble nuclear proteins (acidic extraction) and denaturing salt
extraction for separation of H3/H4 nucleosome tetramers. Only
a weak H3K56ac signal could be found in the RIPA extract, even
under very high protein loading. This weak signal could not be
analyzed due to the low signal-to-noise ratio. After densitometric
normalization of the H3K56ac signal from the acid and salt
extracts (Fig. 4D) according to the total protein control, no sig-
nificant changes in H3K56ac levels were observed during the cell
cycle (Fig. 4E, F). The acid-extracted H3K56ac was more N-ter-
minally degraded than the salt-extracted fraction. Compared
with H3K56ac, the level of other histone acetylation regulated by
p300/CBP and sirtuins, H3K9ac, was higher in the G1/S, S and
G2 cell cycle phases.

The protein level of p300, but not ASF1A, is correlated with
H3K56ac dynamics during the cell cycle

H3K56ac biogenesis begins with the transfer of the acetyl
group to H3, which is catalyzed by HATs (p300, CBP and
GCN5), with the cooperation of ASF1A or ASF1B. The acetyl
group is removed by the sirtuins SIRT1, SIRT2 and SIRT6.
Hence, we asked whether the expression of the proteins involved
in H3K56ac regulation was connected to the cell cycle-dependent
H3K56ac changes observed in cancer cell lines (Fig. S8A, B).
Similar expression profiles were detected for ASF1A/B and all of
the HATs (p300, CBP and GCN5) in HeLa cells. Gene activity
was reduced in S phase and then increased to a maximum in G2/
M/G1 and the upcoming G1 phase. The maximal expression of
ASF1A and the HATs was also observed in G2/M/G1 in HL-60
cells. Among the sirtuin family members, SIRT1 showed S and
G2 phase-dependent downregulation, and SIRT6 showed G1/S
and S phase-dependent downregulation in HeLa, but not HL-60
cells. The reduction of sirtuin expression could be connected to
the increase in H3K56ac foci in the cell nuclei observed in S and
G2 phase. In addition, SIRT6, ASF1B and cyclin E showed dif-
ferent expression patterns in HL-60 and HeLa cells. However,
western blot analysis revealed no changes in p300 protein levels
during the cell cycle (Fig. S8C). The level of the H3K56ac-mod-
ulating ASF1A chaperone was slightly elevated during the G1/S
transition and G2 phase. Despite the fact that gene expression
did not fully correlate with the detected protein levels, the differ-
ential expression pattern revealed that the genes involved in the
H3K56ac regulation pathway are differentially regulated during
the cell cycle in distinct cancer cell lines.

Sirtuins remove H3K56ac from metaphase chromatin
Using different chemical modulators of the H3K56ac regula-

tory pathway, we investigated whether the change in H3K56ac
levels can affect cell cycle progression. The levels of H3K56ac
and H3K9ac increased after sirtuin family inhibition (Fig. 5A,
5B and Fig. S9A). We also found that the increase in the trun-
cated form of H3K56ac was correlated with the deacetylation
block. Surprisingly, the difference between the number of

Figure 2. The number of H3K56ac foci during the cell cycle. (A) Flow cytometry
analysis of the cell cycle stages. Propidium iodide staining was used to quantify
the DNA in the cell nuclei. G1 andM phases are represented by the left peak and
G2 phase by the right peak. The cells were synchronized into the G1/S transition
point during thymidine blockade. After releasing the thymidine block, the cells
were synchronized into purified populations of S (3 h), G2 (6 h) and G1 phase
(12 h). Themajority of themitotic cells were observed in G2/M/G1 phase (9 h). (B)
HeLa cells were treatedwith thymidine to induce aG1/S phase block. After thymi-
dine release, the number of H3K56ac (green) foci were analyzed every 3 h in the
separate cell cycle phases. Beta-tubulin (red) was used to identify the daughter
cells in early G1 phase. H3K56ac did not localize to the chromatin in mitotic cells.
(C) Thenumber ofH3K56ac foci indistinct cell cycle phases. In theHeLa andHL-60
cancer cell lines, H3K56ac levels were increased in the S (dotted blot) and G2
(white) phases. The error bars represent the maximum and minimum values
(n>50 for eachmeasurement, * P value< 0.05, U-test).
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H3K56ac foci in EdU-positive and EdU-negative nuclei was
reduced after SIRT2 inhibition using 10 mM AGK-2. This
observation was primarily associated with the preservation of
H3K56ac in mitotic chromosomes (Fig. 6D, Fig. S9B). Surpris-
ingly, an activator of SIRT1,39 resveratrol (100 mM), also
increased the level of H3K56ac, H3K9ac and ASF1A. In con-
trast, C646 (10 mM), an inhibitor of p30040 decreased the
H3K56ac level (Fig. 5A and Fig. S9C, D). After C646 treatment,
nuclear deformation, DNA replication inhibition and the
increase in the chromatin condensation was observed in the most
of cells. Surprisingly, the H3K56ac foci level reduction was
observed in EdU-positive cells after C646 inhibition. As a control
for cells in the G1/S transition, the DNA replication inhibitor
aphidicolin was used. Similar to the effects observed after thymi-
dine inhibition, we detected no change in H3K56ac levels after
aphidicolin inhibition (Fig. 5B).

Inhibition of sirtuin activity is associated with a delay in the
cell cycle

The cell cycle distribution of cells was analyzed after 24 h of
drug treatment. Significant changes in the cell cycle distribution

were noted after resveratrol and C646 administration, but not
after the addition of sirtuin inhibitors (Fig. 5C). Similarly, the
ratio between EdU-positive and EdU-negative cells was not dra-
matically affected by inhibition of H3K56ac deacetylation with
sirtuin inhibitors (Fig. 5E). The effect of H3K56ac inhibition/
activation on cell cycle progression was determined by adding the
inhibitors following release from the thymidine block (Fig. 5F).
After 12 h, the non-treated cells reached G1 phase. However,
nicotinamide delayed cell cycle progression in a concentration-
dependent manner. These results suggest that SIRT2 inhibition
alone and the presence of H3K56ac in mitotic chromosomes did
not influence cell cycle progression. However, the inhibition of
other sirtuins and H3K56ac overexpression after nicotinamide
inhibition resulted in a cell cycle delay. Resveratrol, C646 and
aphidicolin blocked the cell cycle in G1/S or S phase.

H3K56ac does not participate in the repair of dsDNA breaks
induced by radiation

In mammalian cells, H3K56ac is associated with dsDNA
break repair,16,29-31 a process that, similar to DNA replication,
requires a high rate of nucleosome recovery. In our study,

Figure 3. The level of the H3K56ac protein during the cell cycle. (A) Acid-extracted CCTL12 histones were separated on a short Tris-Tricine gel and Amido
Black stained. The locations of the major forms of the core histones are noted. (B) Western blot analysis of H3K56ac at different time points after release
from the thymidine block. We did not observe a significant change in the H3K56ac level during the cell cycle in HeLa, HL-60 or CCTL12 cells. In the cancer
cell lines, a second band with a lower molecular weight appeared. The band represents the H3 histone after N-terminal degradation. (C) The charts show
the level of H3K56ac normalized to the total protein (n=3). The total protein was visualized by Amido Black staining. (D) The charts show the relative ratio
of H3K56ac and unacetylated H3K56 in different cell cycle phases obtained by mass spectrometry. H3K56ac was not significantly changed during the
cell cycle stages in any of the 3 cell lines. The range of the error bars encompasses the standard deviation values (n D 3). (E) An example of the chro-
matographic profile of the SRM transitions for the native (YQKSTELLIR) and acetylated (YQK[Ac]STELLIR) forms of the peptide.

www.tandfonline.com 3855Cell Cycle



Figure 4. For figure legend, see page 3857.

3856 Volume 14 Issue 24Cell Cycle



double-strand DNA breaks were induced in HeLa cells by radia-
tion (3 Gy). Then, the cells were incubated with CSK buffer after
0.5, 1, 2, and 3 h. H3K56ac did not colocalize with the phos-
phorylated histone isoform H2A.X (H2AXp), a marker of
dsDNA repair (Fig. S10).

H3K56ac foci colocalizes with areas of active transcription
The localized and focal distribution of the H3K56ac signal

suggests that this modification is connected to transcriptionally
active chromatin regions. H3K56ac is excluded from pericentro-
meric and highly condensed chromatin regions. To assess the
presence of H3K56ac in transcriptionally active areas, we marked
the sites of active transcription using RNAPII-pSer5 CTD anti-
bodies. Primary and secondary antibodies against the rare
H3K56ac antigen were added prior to RNAPII-pSer5 CTD
identification to minimize antigen masking. RNAPII-pSer5
CTD produces a heterogeneous pattern, with mutual exclusivity
to pericentromeric heterochromatin regions, primarily in the
nucleus and the nucleolar envelope. The overlap of H3K56ac
foci with RNAPII-pSer5 CTD-positive areas was measured using
the Overlap Map algorithm in Acquiarium software (CBIA,
Brno, Czech Republic). Partial overlap with RNAPII-pSer5
CTD-positive areas was observed for the majority of nuclear-
localized H3K56ac foci (Fig. S11). An antibody against
p300 and CSK buffer were used to determine whether the
H3K56ac loci were associated with p300. H3K56ac foci were
observed to be highly colocalized with the p300-enhanced terri-
tories and were preferentially localized to transcriptionally active
chromatin.

To further confirm the role of H3K56ac in transcriptional
regulation, we inhibited the activity of RNAPII using a-amanitin
and juglone (Fig. 6). The presence of H3K56ac and ASF1A in
the nucleus was not influenced by a-amanitin, which inhibits
RNAPII-dependent transcriptional elongation. This result con-
trasts with those obtained using fast-acting juglone, which blocks
the assembly of the pre-initiation complex.41 Even after a modest
loss of the RNAPII-pSer5 CTD signal, the H3K56ac loci showed
no nuclear localization. Similarly, we observed a reduced level of
ASF1A associated with the appearance of large foci. Together,
these data suggested a possible link between H3K56ac and tran-
scriptional activity. Moreover, disrupting the formation of the
functional preinitiation complex by juglone leads to rapid loss of
the nuclear localization of ASF1A and H3K56ac.

Discussion

Core histone modifications were unnoticed for many years
after the histone code was revealed. The major contributing fac-
tor to the inconspicuousness of H3K56ac is the rarity of this
modification in mammalian cells. Compared with H3K56ac-
overproducing yeast, the evolutionarily advanced eukaryotes
upgraded the ancestral H3K56ac-specific HAT regulatory system
to the more versatile p300/CBP, with a wide variety of interact-
ing partners. In our work, we aimed to generate a basic descrip-
tion of H3K56ac levels and nuclear distribution during the cell
cycle. To determine the level of H3K56ac, we used different
methodical approaches with or without specific antibodies. As a
model for studying H3K56ac, we chose rapid-cycling cancer
and embryonic stem cell lines.

H3K56ac immunofluorescent staining produces a well-sepa-
rated pattern of sharply bordered foci, enabling their automatic
counting by software. The cancer cell lines studied here with on-
going DNA replication activity have a higher number of
H3K56ac foci than in hESCs. The separation of the cells into
distinct cell cycle phases confirmed the persistence of the number
of foci from S to G2 phase. A similar distribution was observed
in mammary epithelial cells by flow cytometry analysis.42 The
difference in the H3K56ac level between the cancer and hESC
cells can be explained by the functional and morphological differ-
ences between these cells. The chromatin of pluripotent stem
cells is a highly dynamic structure with reduced heterochromatin
areas.43,44 Moreover, hESCs exhibit a typical, short G1 phase
and different regulation of the G1/S transition checkpoint.45

The microscopic images represent the sites of local H3k56ac
accumulation but not the basal level of protein modification.
The discrepancy between the microscopic and proteomic analyses
could be explained by different normalization methods. The
number of H3K56ac foci per nucleus was measured by image
analysis, whereas the ratio of H3K56ac to total protein (or H3)
levels was determined by proteomic analysis. After histone acid
extraction, the loading of total protein is not dependent on the
levels of histones in the nucleus.

Proteomic analysis showed that the H3K56ac foci level does
not correlate with small, non-significant changes in the protein
level. In mammalian cells, the level of H3K56ac is significantly
lower than in yeasts.27,46 Approximately 0.04% to 0.2%32 of H3
histones are acetylated on H3K56ac. This level of modification is

Figure 4. (see previous page) H3K56ac and ASF1A are not tightly connected to chromatin. (A) HeLa cells were incubated with CSK buffer before formal-
dehyde fixation. After the CSK buffer treatment, the level of H3K56ac and ASF1A in the nucleus was decreased. We did not observe any change in the dis-
tribution of the RNA Polymerase CTD domain (phosphorylated on serine 5) or p300. (B) The H3K56ac foci level (red) at different stages of the HeLa cell
cycle. As a control for CSK buffer efficiency, we used the nuclear staining of p300 (green). (C) The chart indicates the number of H3K56ac foci in the HeLa
cell nuclei after CSK treatment at different time points after the release from the thymidine block. The error bars represent the maximum and minimum
values (n>50 for each measurement). (D) The difference between H3K56ac, H3K9ac and the total protein after acidic and salt extraction of histones. (E)
The nuclear histones were concentrated by acid extraction. A small, non-significant increase in the H3k56ac level was observed during G2 phase (6 h).
The H3K9ac level decreased at 9 h after release of the thymidine block. The charts indicate the changes in the H3K56ac levels during cell cycle progres-
sion in the histones isolated by acid extraction (n=3). The error bars represent the the standard deviation values (n=3). The antigen intensity was normal-
ized to the total protein. The total protein was visualized by Amido Black staining and was used as a loading control. (F) The chromatin fraction of the H3
and H4 histones was isolated by salt extraction. No significant changes in H3K56ac levels were observed. The H3K9ac level decreased at 9 and 12 h after
release of the thymidine block. The total protein was used as loading control. The charts represent the changes in the H3K56ac levels during cell cycle
progression in the histones isolated by acid extraction (n=3).
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very low in contrast to the approximately 25% rate observed in
yeast.16,27,47 In mammalian cells, the relationship between DNA
replication and H3K56ac was determined using the S phase
increase in the H3K56ac protein level and H3K56 point

mutation studies.30,31 Regardless, similar to our observation, the
H3K56ac protein levels were not cell cycle dependent.29 More-
over, another study demonstrated that the regulation of the
H3K56ac levels during the cell cycle is dependent on cellular

Figure 5. Cell cycle changes after inhibition or activation of the H3K56ac regulatory pathway. (A, B) Inhibition of sirtuin activity in HeLa cells (AGK-2, nico-
tinamide) induced an increase in H3K9ac and truncated form of H3K56ac without influencing ASF1A levels. The SIRT1 activator resveratrol induced an
increase in H3K9ac levels together with ASF1A. C646, a p300/CBP inhibitor, reduced H3K56ac levels. No changes in H3K56 levels were observed after
DNA replication inhibition by aphidicolin. (C) Increased and decreased H3K56ac levels are both connected to cell cycle perturbations in HeLa cells. The
graph represents the proportion of cells in the different cell cycle stages. (D) Increased and decreased H3K56ac levels are both connected to the inhibi-
tion of DNA replication in HeLa cells. The cells were treated with EdU for 2 h. The chart represents the ratio of the EdU-positive, EdU-negative and mitotic
cells. After 24 h of treatment with resveratrol and C646, the number of EdU-positive cells was reduced. At least 500 cells were analyzed for each inhibitor.
(E) The number of H3K56ac foci (red) in the EdU-positive (green) and -negative cells was similar after SIRT2 inhibition. The cells were treated with AGK-2
for 24 h. No noticeable difference between the EdU-positive (green) and -negative cells was observed. H3K56ac localized to mitotic chromosomes after
sirtuin inhibition. After 24 h of SIRT2 inhibition, H3K56ac (red) colocalized with the mitotic DNA (blue). (F) A delay in the cell cycle progression in HeLa
cells after inhibition or activation of the H3K56ac regulatory pathway. HeLa cells were synchronized using a double thymidine procedure. After release
from the thymidine block, the cells were treated with different inhibitors for 12 h. Cell cycle progression was measured by staining with PI and flow
cytometry. Twelve hours is sufficient time to reach G1 phase in the control cells treated with DMSO. SIRT1-3 inhibition by AGK-2 does not affect cell cycle
progression. A cell cycle delay was observed after sirtuin inhibition by nicotinamide. G1/S and S phase arrest was observed after the HeLa cells were
treated with resveratrol and C646. Aphidicolin, a DNA replication inhibitor, was used as the G1/S phase arrest control.
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aging. IMR90 cells displayed an increase of H3K56ac during S
and G2 phase in early passages, but the reduced level of the mod-
ification did not change in the later passages.48 Moreover,
H3K56me, but not H3K56ac, interacts with the PCNA protein.
PCNA binds to H3K56ac during G1 phase, which impairs
PCNA recruitment to the chromatin.49 Moreover, thymidine
and aphidicolin blocked DNA replication but did not induce
changes in H3K56ac levels during cell cycle progression. The
inhibition of H3K56ac deacetylation also did not result in a
large-scale increase in H3K56ac staining in the nuclear chroma-
tin, but only an increase in the number of well-defined foci. This
result indicates that the H3K56ac level is not a marker of the
newly associated nucleosomes during DNA replication, as has
been shown in yeast.8,9

Nevertheless, our results do not reject the connection between
H3K56ac and the DNA replication process. Replication origins
are the starting points for DNA replication. Replication origins
are primarily located in proximity to tissue-specific transcription-
ally active genes. ChIP RNA-Seq showed high levels of H3K56ac
at the replication origins.50 The replication origins could be the
possible link between H3K56ac and DNA replication. The loss

of H3K56ac could induce condensation of these areas and S-
phase arrest. Curcumin inhibition of p300 induced cell cycle
arrest at the G2/M phase, which is associated with the initiation
of senescence-associated heterochromatin foci during S phase.51

To assess the influence of the H3K56ac on cell cycle progres-
sion, we inhibited H3K56ac acetylation and deacetylation. After
sirtuin inhibition, we observed a concentration-dependent delay
in cell cycle progression. More interestingly, we also observed an
increased level of the N-terminally degraded H3K56ac product
in acid-extracted H3 histones. Histone degradation could be an
additional mechanism to restore H3K56ac abundance in the
absence of sirtuin activity. Other H3K56ac modulators, resvera-
trol and C646, induced cell cycle arrest at the G1/S phase. Sur-
prisingly, an activator of SIRT1 increased H3K56ac and
H3K9ac levels. The reverse effect is explained by the resveratrol-
dependent activation of Tip60 and the increase of the nicotin-
amide and histone acetylation levels in cells.52 Our results
showed that both H3K56ac inhibition/activation may be con-
nected to S phase arrest. p300/CBP and sirtuins exhibit many
regulatory functions that hinder the direct connection between
the H3K56ac level and cell cycle regulation. Moreover, the cell
cycle is regulated by their direct interaction with non-histone
proteins.53-55

The appearance of increased H3K56ac degradation in acidic-
extracted histones and the discrepancy between the number of
foci and the protein level suggest the existence of free and chaper-
one-bound H3K56ac. The existence of chaperone-bound
H3K56ac is supported by the cytosolic release of H3K56ac after
CAF-1 chaperone knock-down.16 When HeLa cells were washed
in CSK buffer, it revealed that H3K56ac and ASF1A were not as
firmly bound to the chromatin as RNAPII and p300. Although
the recruitment of p300/CBP and RNAPII to the promoter is a
very rapid and dynamic event, the entire complex may remain on
the promoter for several hours, even in the case of transient tran-
scription.56 This finding correlates with the high turnover of
H3K56ac and indicates the possibility that the chaperone-bound
fraction exists in the nucleus. We next determined the changes in
the H3K56ac level in the histones in the nuclear and chromatin
fractions. We did not observe any significant difference between
the acid- and the salt-extracted histones, with the exception of
the increase in the degraded H3 product. We expected the
H3K56ac level to be reduced in the S and G2 phases in the salt-
extracted compared with the acid-extracted histones. The non-
significant decrease observed in G2, but not in S phase, does not
support our hypothesis that the increase in H3K56ac foci is a
result of an increase in the chaperone-bound fraction.

The cleavage of the N-terminal part of H3 histone was cata-
lyzed by glutamate dehydrogenase. The histone clipping is pri-
marily associated with euchromatin.57 We only observed this
possible histone clipping in cancer cell lines, but not in hESCs.
This fact corresponds with the previously mentioned study that
did not observe H3K56ac clipping in chicken brain and liver
cells, but only in HeLa cells.57 Our observation is consistent with
highly dynamic nature of H3K56ac in the nucleosome. Salt
extraction of the chromatin-bound H3/H4 showed a lower ratio
of the degraded H3K56ac than in the acid isolation. However,

Figure 6. H3K56ac levels after the inhibition of transcriptional activity
using a-amanitin and juglone. HeLa cells were treated with the RNA
polymerase II inhibitors a-amanitin and juglone. H3K56ac foci, ASF1A
and RNAP II Ser5-CTD levels were analyzed by fluorescence microscopy.
A decrease in the RNAP II Ser5-CTD, but not ASF1A and H3K56ac, signal
was observed after a-amanitin treatment; this result is in contrast to that
observed after juglone. Juglone induced the loss of H3K56ac foci in the
HeLa cell nuclei. A decrease in the intensity and the presence of large
ASF1A and RNAP II Ser5-CTD foci was observed. The image represents
one slice of the object in the x,y, x,z and y,z planes.
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the isolation processes have very different protocols, with longer
sample handling and non-denaturing conditions in the acid
extraction. Even with the use of protease inhibitors during the
nucleus isolation procedure, it was almost impossible to deter-
mine whether the shortened H3 form was produced artificially or
naturally by histone clipping.

The localization of histone H3K56ac outside of the bright,
late S phase EdU-positive areas in the nucleus, as well as the
loose binding, corresponds with the well-defined role of
H3K56ac in transcriptional regulation. The distribution of
H3K56ac negatively correlates with that of H3K56me3.58

H3K56me3 is a marker of heterochromatin and is localized
to the bright EdU-positive areas. The bright EdU-positive
areas, similar to the intense DAPI-positive areas, were local-
ized to pericentromeric heterochromatin. The intensity of
H3K56me3 is higher in EdU-negative cells than in EdU-pos-
itive cells.58 In our study, H3K56ac was highly colocalized
with RNAPII-pSer5 CTD- and p300-positive transcription-
ally active areas. Neither inducing the proteasomal degrada-
tion of the largest RNAPII subunit, RPB1,41 nor inhibiting
transcriptional elongation with a-amanitin had any effect on
H3K56ac levels. The inhibition of preinitiation complex
assembly with juglone pointed to a link between H3K56ac
foci and transcriptionally active areas. Juglone inhibits the
transcription preinitiation complex by modifying sulfhydryl
groups. However, juglone is an inhibitor with a broad spec-
trum of targets, inhibiting the activities of other proteins
such as the peptidyL-propyl isomerase Pin1,59 pyruvate decar-
boxylase and glutathione-S-transferase. More specific inhibi-
tors would help clarify the connection between the loss of
H3K56ac and the inhibition of preinitiation complex assem-
bly. Moreover, the loss of H3K56ac foci and the reduced
level and reorganization of ASF1A were observed after
juglone treatment. Our observations agreed with chromatin
immunoprecipitation studies in which increased K56 acetyla-
tion was observed on the promoters of genes with very high
transcriptional activity, such as histones or tissue-specific
genes.27,29 However, the reduction of transcriptional activity
could be connected to H3K56ac promoter occupancy.26 Pro-
moter-bound H3K56ac can serve to stabilize the open chro-
matin conformation of promoters. Oct4, a master regulator
of cell pluripotency, directly interacts with H3K56ac in
nucleosomes. The H3K56ac-OCT4 complex can stabilize the
initiation complex and sustain a high turnover rate for the
transcription of pluripotency-related genes.60

In conclusion, although the distribution of H3K56ac was sig-
nificantly altered during the cell cycle in human cancer cell lines,
these changes were not connected to the extensive reconstitution
of replicated chromatin as previously demonstrated for yeasts.
The connection between this histone modification and transcrip-
tional regulation was supported by the existence of a fraction of
H3K56ac that was loosely bound to chromatin and the localiza-
tion of H3K56ac foci outside of heterochromatin. Our findings
illustrate the highly dynamic behavior of this very rare histone
modification and provide insights into the regulation of
H3K56ac in human cells.

Materials and Method

Cell culture and cell cycle synchronization
The HL-60 cancer cell line (ECACC, Salisbury, UK) was cul-

tured in RPMI-1640, and HeLa (ECACC) cells were cultured in
EMEM medium; both media were supplemented with 10% FCS
(PAN – Biotech, Aidenbach, Germany ), and the cells were
maintained at 37�C in a humidified atmosphere containing 5%
CO2. The hESC CCTL12 cell line was kindly provided by the
Department of Biology (Faculty of Medicine, Masaryk Univer-
sity, Czech Republic). The CCTL12 cells were cultivated as a
monolayer on Matrigel (BD Biosciences, CA, USA) in condi-
tioned media (KD DMEM, KOSR, L-Glut, NEAA, Pen/Strep,
2-mercaptoethanol, and FGF (Life Technologies, CA, USA),
after a one-day cultivation with mouse embryonic fibroblasts sup-
plemented with fresh L-glutamine and bFGF.34 For our analysis,
we used cells in passages 30–55.

To synchronize the cell cycle, the cells were seeded at 5£104

cells per 1-cm2 dish surface or 1£106 cells per 1 ml of media for
the HL-60 suspension. The cells were treated with 2 mM thymi-
dine (20 h for cancer cell lines and 16 h for CCTL12), washed,
and cultivated for 8 h in medium w/o thymidine. The cells were
inhibited again by the addition of 2 mM thymidine for 19 h
(cancer cells) or 16 h (CCTL12 cells). After release from the thy-
midine block, the cells were analyzed for each 3 h. For the cell
cycle analysis, the 1£ PBS-washed cells were fixed with ice-cold
95% ethanol and rehydrated by washing in 1£ PBS. Interfering
RNAs were removed by RNase treatment. The DNA content
was visualized by propidium iodide. The cell cycle distribution
was measured by a FASC Diva II (BD Biosciences), and the data
were evaluated using Flowing Software 2 (Terttu Terho, Turku
Center for Biotechnology, http://www.flowingsoftware.com/).

To activate or inhibit the proteins that regulate H3K56ac,
HeLa cells were treated with different inhibitors for 24 h before
analysis. AGK-2, nicotinamide, resveratrol and C646 (Sigma,
MO, USA) were used to activate or inhibit, respectively, the pro-
teins that regulate H3K56ac regulation. Aphidicolin, a DNA
polymerase inhibitor, was purchased from Serva (Heidelberg,
Germany).

Immunofluorescent staining
To label the DNA replication activity, we used the Click-iT�

EdU Alexa Fluor� 488 Imaging Kit (Life Technologies) accord-
ing to the manufacturer’s protocol, with 2 h of EdU incubation.
The cells were fixed with 4% paraformaldehyde and permeabi-
lized in 0.5% Triton/1£ PBS. Non-specific antigen interactions
were blocked by 5% non-fat dry milk/0.1% Tween before incu-
bation with the antibodies. Rabbit anti-H3K56ac (1:400), anti-
ASF1A (1:400; Cell Signaling, MA, USA), mouse b-tubulin
(1:500), RNA polymerase II CTD p-Ser (1:1000), p300 (1:100;
Abcam, UK) and H3K9ac inhibition peptides (1:200; Cell Sig-
naling) were incubated with the cells overnight at 37�C in a
moist chamber. The antibodies were visualized by goat anti-rab-
bit Alexa 555 and goat anti-mouse Alexa 488 (Cell Signaling).
The nuclei were counterstained in DAPI solution and sealed in
VECTASHIELD.
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The chromatin-bound H3K56ac histone fraction was ana-
lyzed by a combination of CSK buffer (100 mM NaCl,
300 mM sucrose, 3 mM MgCl2, 10 mM PIPES, pH 6.8) treat-
ment with immunohistochemistry. After washing with 1£ PBS,
the cells were incubated with 1£ CSK/0.1% Triton for 10 min/
RT and then fixed with 4% paraformaldehyde/1£ CSK for
15 min before beginning the immunostaining protocol.

Histone isolation and protein gel blotting analysis
For acid isolation of the histones, we used a protocol described

by Shechter et al.61. The cell nuclei were isolated in ice-cold
hypotonic Extraction buffer: 10 mM Tris-HCl, pH 8.0/1 mM
KCl/1.5 mM MgCl2/1 mM DTT with complete proteinase
inhibitors (Roche). The histones were extracted from the chro-
matin with ice-cold 0.2 M H2SO4 overnight, and the extract sol-
utions were subjected to sample preparation prior to mass
spectrometric analysis.

For salt extraction of the histones, we modified the protocol
described by Rodriguez-Collazo, et al.62. To wash out the
nuclear proteins, smaller volumes of the washing buffer were
used. During washing, the chromatin pellet was pinned to the
tube bottom using a needle.

The 0.2 M H2SO4 histone extracts were processed by the
FASP method using the original protocol63 with several modifi-
cations. Briefly, the samples were mixed with 8 M urea and
0.1 M DTT in 0.1 M Tris-HCl (pH=8.5) and transferred to an
ultrafiltration unit (Microcon 30 kDa, Millipore). After one
wash with 8 M Urea in 0.1 M Tris-HCl (pHD8.5), the proteins
were alkylated by 55 mM IAA (30 min in the dark, RT). Then,
the proteins were washed twice with 8 M Urea in 0.1 M Tris-
HCl (pHD8.5) and twice with 50 mM ABC. The proteins on
the filter were digested with ArgC protease overnight at 37�C.
The peptides were eluted from the filter unit by 50 mM ABC.
The peptide mixture was dried under a vacuum. The peptides
were subjected to an acid extraction procedure (sonication of the
gel in 50 ml of 50% CAN ACN and 2.5% FA) and transferred
together with isotopically labeled peptides to autosampler vials
containing PEG prior to LC-MS/MS analysis.

For the western blot analysis, the histones in 0.2 H2SO4 were
precipitated by trichloroacetic acid, washed with 50 mM HCl/
acetone followed by 100% acetone and dried. The dried histone
samples were reconstituted in water. The histone concentrations
were determined by the A280 and BCA methods and separated
on 15% PAGE or Tris-Tricine ELFO according to a previously
described protocol.61,64 After transfer, the H3K56ac antigen was
detected by incubation with rabbit anti-H3K56ac (1:500, Cell
Signaling), H3K9ac (1:1000, Cell Signaling), the C-terminal
part of H3 (1:5000, Cell Signaling), ASF1A (1:1000, Cell Signal-
ing), and GAPDH (1:5000, Cell Signaling) in combination with
H3K9ac inhibition peptide (1:500, Cell Signaling) overnight/
4�C. The total proteins were visualized by Amido Black staining.

RNA isolation and quantitative RT-PCR
The cellular RNA was isolated with QIAShredderTM and

RNase Mini Kits (Qiagen) according to the manufacturer’s

protocol. The RNA quality and quantity were analyzed using a
spectrophotometer and RNA electrophoresis. The cDNA was
synthesized using M-MuLV RT (Finnzymes) and random non-
amers (Sigma). The RT-PCR primers used to determine the
genetic expression of the proteins that regulate H3K56ac are
summarized in Table S1. The level of gene expression was
detected using the FastStart Universal SYBR Green Master (Rox;
Roche), and the amplified DNA length was determined by melt-
ing curve analysis and DNA electrophoresis.

Mass Spectrometry

The peptides were injected into the nanoLC-MS system,
which consists of an Ekspert nanoLC 425 system (Eksigent) cou-
pled with a QTrap 6500 mass spectrometer (AB SCIEX). Prior
to LC separation, the peptides were concentrated and desalted
using a trapping column (100 mm £ 30 mm) filled with
3.5 mm X-Bridge BEH 130 C18 sorbent (Waters). After washing
the trapping column with 0.1% FA, the peptides were eluted
(flow rate 300 nl/min) from the trapping column onto a Picofrit
ProteoPepTM II C18 column (5 mm particles, ID 75 mm £
length 10 cm; New Objectives) using the following gradient pro-
gram (mobile phase A: 0.1% FA in water; mobile phase B: 0.1%
FA in 100% acetonitrile): the gradient elution started at 5% of
mobile phase B and increased from 5% to 18% during the first
20 min, followed by an increase to 45% in the 50th min, which
then increased linearly to 95% of mobile phase B in the next
2 min and remained at this state for the next 8 min. The equili-
bration of the trapping column and the column was performed
prior to the sample injection into the sample loop.

The eluted peptides were introduced into a 6500 QTRAP MS
system via electrospray ionization using a NanoSpray� III (AB
SCIEX), with temperature of 150�C, spray voltage of 2800 V
and ion source gas 1 of 15. The SRM transitions of the specific
H3 peptide YQKSTELLIR that contains lysine 56 and its acety-
lated form were monitored with the Q1 and Q3 setting of unit
resolution in the high mass mode. The development of the SRM
method and the analysis of the mass spectrometric raw data were
performed using the Skyline software tool (http://proteome.gs.
washington.edu/software/skyline).65 All statistical analyses were
performed using Excel 2010 (version 14.0, Microsoft Office).
The details regarding the transitions for the native and
synthetized isotopically labeled peptides are summarized in
Table S2.

Computational Analysis

Image acquisition was performed using a Zeiss S100 micro-
scope (Carl Zeiss MicroImaging) with a CARV confocal unit
(Atto Instruments). The images were captured with a Micromax
1300-YHS camera and a cooled CCD chip (Princeton Instru-
ments, USA). The camera resolution was 1300£1030 pixels.
The pixel size of the images was 124£124 nm.
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To quantify the number of fluorescent H3K56ac foci inside
the nuclei, image analysis and image acquisition were performed
using the Acquiarium software (CBIA, Masaryk University). The
cell nuclei were segmented based on their overall shape. The
rounded HL-60 nuclei were segmented using a method pub-
lished by Raimondo et al.66 based on a morphological top-hat
operation followed by Otsu intensity thresholding. The HeLa
and CCTL12 nuclei were less spherical; to segment them, we
took the result of the intensity thresholding in the central image
plane, followed by the dilation operation from mathematical
morphology to segment the entire flattened nucleus.

To detect the signals corresponding to the H3K56AC foci, we
first deconvolved the foci images using the Huygens software to
better visually separate neighboring foci. After the deconvolution,
we used the method proposed by Matula et al.67 A morphologi-
cal HMax transform was computed after the initial noise was
suppressed using a Gaussian blur. This transform identifies the
local intensity maxima whose height exceeds a specified thresh-
old. The EMax image is then defined as the regional maxima of
the result. After the computation of the EMax transform, the
connected components exceeding the size limit for fluorescence
spots or those located outside of the nucleus mask obtained by
the initial segmentation were discarded. The remaining compo-
nents then corresponded to the individual H3K56ac foci.
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