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Histone methylation is unique among post-translational histone
modifications by virtue of its stability. It is thought to be a relatively
stable and heritable epigeneticmark for gene-specific regulation. In
this study, we use quantitative in situ approaches to investigate the
cell cycle dynamics of methylated isoforms of histone H3 lysine 9.
Contrary to the expected stability of trimethylated lysines, our
results for trimethylated lysine 9 (tMeK9) of H3 demonstrate that
the genomic content of this methylation undergoes significant
changes as cells progress through mitosis. Unexpectedly, there is a
loss of tMeK9 that appears to reflect a robust demethylase activity
that is active during the period between anaphase and cytokinesis.
Subsequent investigations of mitoses in tMeK9-deficient cells
revealed defects in chromosome congression and segregation that
are distinct from the increased cohesion at centromeres previously
reported in association with the loss of tMeK9. Collectively, these
results identify a mitosis-specific trimethylation of Lys9 in pericen-
tromeric heterochromatin that functions in the faithful segregation
of chromosomes.

The core histones (H2A, H2B, H3, and H4) are small basic proteins
that form the fundamental building block of chromatin structure, the
nucleosome. They function to compact over 2 m of genomic DNA into
a nucleus with a diameter of�10�m.Collectively, the core histones are
the targets of more than five different types of post-translational mod-
ifications. These includeADP-ribosylation, ubiquitination, phosphoryl-
ation, acetylation, and methylation and involve more than 40 different
amino acid residues (1). The majority of these modifications occur
within the N-terminal tails of the core histones. Most modifications
function in the regulation of gene expression by modulating chromatin
structure and access of regulatory proteins (reviewed in Refs. 2 and 3).
The function of some post-translational histone modifications may be
additionally explained by the existence of protein domains found in
many key regulatory and transcription factors that specifically recognize
and bind acetylated (bromodomain) or methylated (chromodomain)
residues (reviewed in Refs. 4–7).

Histone methylation was originally identified in the mid-1960s (8)
and was shown to result from histone methyltransferases that catalyze
the transfer of methyl groups from S-adenosyl-L-methionine onto the
�-amino group of lysine, arginine, and histidine (9). Histone methyl-
transferases have been found to be specific for either lysine or arginine
residues (10) and the number of methyl groups (e.g. mono-, di-, or tri-
methylations) they attach to the specific amino acid (9) (see also Ref. 11).
Interestingly, although all core histones contain arginine and lysine res-
idues, only histones H3 and H4 are good histone methyltransferase
substrates in vivo. HistoneH3 harbors at least six distinct lysine residues
that can be methylated (Lys4, Lys9, Lys23, Lys27, Lys36, and Lys79),
whereas histone H4 contains at least three target sites (Lys12, Lys20, and
Lys59) (1, 2, 12, 13). Recent studies have revealed that histone methyla-
tion is an essential process required for the developmental regulation of
the metazoan genome (3, 11, 14). For example, methylated Lys9 (H3) is
required for proper heterochromatin protein 1 binding and heterochro-
matin formation (15–19). In contrast, methylated Lys4 (H3) preferen-
tially associates with transcriptionally active chromatin (20–22). Unfor-
tunately, however, many of these previous studies fail to distinguish
between mono-, di-, or trimethylated species. Nevertheless, in the few
studies that have distinguished between various methylation levels,
there do appear to be functional distinctions between them. For exam-
ple, Santos-Rosa et al. (23) demonstrated that dimethylated Lys4 was
enriched in active and inactive yeast genes, whereas trimethylated K4
(tMeK4)5 was only enriched in active genes.
Methylation is known to be much more stable than other posttrans-

lational histonemodifications.Metabolic studies using radiolabeled iso-
topic tracers incorporated into the acetyl-, phospho-, or methyl-groups
covalently attached to histones revealed that acetylation and phospho-
rylation turnover is rapid and can occur within minutes but that meth-
ylation appearsmuchmore stable. In fact, several research groups found
that the methylation turnover rate was not resolved from the turnover
of the histones themselves (24–26). However, more recent results have
specifically demonstrated that arginine methylation can be subse-
quently modified by a deimination reaction to yield citrullination (27,
28). Furthermore, it has recently been shown that LSD1, a nuclear hom-
olog of amine oxidases, specifically demethylates dimethylated Lys4

(29). More recently, it was shown that this demethylase could remove
methylation from mono- and dimethylated lysine 9 (29–31). However,
to date, lysine 9 trimethylation is considered stable (30).
The trimethylation of lysine 9 has previously been shown to be

important in both the regulation of gene expression during interphase
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and chromosome segregation (32). Interestingly, the responsible his-
tone lysinemethyltransferase, Suv39h1, has been shown to be preferen-
tially recruited to pericentromeric heterochromatin during entry into
mitosis (33). In this study, we examined the spatial and temporal
dynamics of lysine 9methylation throughout the cell cycle. Remarkably,
we find striking mitosis-specific changes in tMeK9, which rapidly
increases as cells entermitosis, attainsmaximal levels atmetaphase, and
rapidly decreases as cells exit mitosis. By early G1, the methylation state
is returned to its steady-state interphase levels. These changes in lysine
9 trimethylation were even more dramatic in midgestation mouse
embryos and nonimmortalized mouse primary cultures. Our results
provide the first evidence of changes in histone methylation that pre-
clude the faithful transmission of themethylated lysine residues present
in metaphase chromosomes. Furthermore, analysis of mitotic events in
cells lacking tMeK9 revealed overall increases in chromosome congres-
sion and segregation defects. These defects are distinct from the pre-
ponderance of “butterfly chromosomes” reported previously (32) and
were also observed in cells treated for 2 h with themethylation inhibitor
adenosine dialdehyde.

MATERIALS AND METHODS

Cell Culture—HeLa (human epithelioid cervical carcinoma), IM
(male Indian muntjac skin fibroblast), and 10T1/2 (mouse fibroblast)
cells were cultured in Dulbecco’s modified Eagle’s medium plus 10%
fetal bovine serum, Ham’s F-10 medium plus 20% fetal bovine serum,
and �-minimal essential medium plus 10% fetal bovine serum, respec-
tively, in a 37 °C incubatorwith 5%CO2. Immortalized embryonic fibro-
blast cell lines from Suv39h1 and Suv39h2 double null embryos were
provided byDr. Thomas Jenuwein and isolated according to established
procedures (34).

Immunofluorescent Labeling—Asynchronous cells were plated onto
sterilized glass coverslips 1 day prior to immunostaining such that they
were 50–80% confluent the following day. Cells were fixed, permeabi-
lized, immunofluorescently labeled, and mounted as detailed elsewhere
(35).
The following primary antibodies were used at the dilutions indi-

cated: anti-mMeK9 (1:200; Abcam), anti-dMeK9 (1:200; Abcam), anti-
tMeK9 (1:200; Abcam), anti-trimethylated Lys27 (1:500; Abcam), anti-
centromeric antigen (1:1000; Dr. G. Chan), and anti-phosphohistone
H3 (Ser10) (1:400; Upstate Biotechnology, Inc., Lake Placid,NY). Appro-
priate secondary antibodies (e.g.mouse or rabbit) conjugated to fluoro-
phores (e.g. Alexa Fluor 488 or Cy-3) were used for visualization of
primary antibodies and were purchased from Molecular Probes, Inc.
(Eugene, OR) or Jackson ImmunoResearch Laboratories, Inc. and used
at dilutions of 1:200.

Generation of 10T1/2 Cells Stably Expressing H3.3-eGFP—10T1/2
cells stably transfected with eGFP histone H3.3 were kindly provided by
Dr. John Th’ng (Northwestern Ontario Regional Cancer Center, Thun-
der Bay, Ontario, Canada).

Adenosine Dialdehyde Treatment—Live cells were treated with 25
mM adenosine dialdehyde (Sigma), a known methyltransferase inhibi-
tor, for either 1 or 2 h. Cells were fixed, permeabilized, and counter-
stained with DAPI, and phenotypic abnormalities were manually
scored.

Immunoblot Analysis—To confirm the availability and accessibility
of allmethylation epitopes and show their temporal regulation through-
out the cell cycle, immunoblot analysis was conducted on protein
extracts isolated from asynchronously growing cells and comparedwith
extracts isolated from mitotically arrested cells. HeLa cells were mitot-
ically arrested using 15 nM nocodazole (Sigma) for 12 h. Alternatively,

cells were arrested at the G1/S-phase boundary by standard double thy-
midine block, washed extensively with PBS, and permitted to progress
for 4 h prior to a 4-h incubationwith either nocodazole (15 nM) orALLN
(40 �g/ml; Calbiochem). Approximately 10 � 106 cells were harvested
as described under “Flow Cytometry,” with all centrifugation steps per-
formed at 4 °C. Following the final PBS wash, cells were lysed in Nuclei
Buffer containing 250 mM sucrose, 200 mMNaCl, 10 mM Tris-HCl (pH
8.0), 2 mM MgCl2, 1 mM CaCl2, 1% Triton X-100, and 1 mM phenyl-
methanesulfonyl fluoride. Nuclei were pelleted and resuspended in
0.4NH2SO4 and placed on ice for 30min. Nuclear debris was cleared by
centrifugation at 14,000 rpm for 10 min. Supernatants were collected
and added to 60 �l of 1 M Tris (pH 8.0) and 40 �l of 10 N NaOH.

The acid-extracted proteins from 2.0 � 105 asynchronously growing
and mitotically arrested cells were resolved on a 15% SDS-polyacryl-
amide gel. Equivalent protein loading was confirmed by either Coomas-
sie Blue staining of a parallel gel or by copper phthalocyanine 3,4�,4�,4�-
tetrasulfonic acid tetrasodium salt (CPTS) staining as described by
Bickar and Reid (36). Proteins were transferred to polyvinylidene diflu-
oride membranes, blocked with 5% nonfat milk, and incubated with the
appropriate antibody overnight at 4 °C. Immunoblots were washed
three times with TBS containing 1% Tween 20 prior to a 1-h incubation
with anti-rabbit horseradish peroxidase (1:10,000; Jackson ImmunoRe-
search Laboratories). Chemiluminescence was performed as described
by the manufacturer (ECL�; Amersham Biosciences).

Flow Cytometry—Asynchronous and subconfluent cells were har-
vested using 0.53 mM EDTA. Cells were pelleted by centrifugation at
1,500 rpm for 5 min and resuspended in PBS. Cells were pelleted and
resuspended two additional times prior to aliquoting 2 � 106 cells per
tube. Cells were pelleted and fixed in 1ml of 70% ice-cold ethanol. Fixed
cells were maintained at 4 °C for up to 1 week prior to analysis. Cell
aliquots were immunostained separately with 100 �l of a 1:200 dilution
of one of the anti-methylation antibodies (listed above) for 30min. Cells
were then washed twice with PBS and incubated with anti-rabbit Alexa
Fluor 488 (1:200; Molecular Probes) for 30 min. Cells were washed as
above, and cell cycle stages were revealed by staining DNA with 60 �M

propidium iodide (PI) for 30 min at 37 °C. Cells were pelleted, washed
once with PBS, and resuspended in 500 ml of PBS prior to flow cyto-
metric analysis using a FACSort (BDBiosciences). Appropriate controls
were utilized and included unstained cells, PI-stained only, anti-rabbit
Alexa Fluor 488 only, and anti-rabbit Alexa Fluor 488 with PI. Figures
were compiled in Adobe Photoshop version 6.0, whereas statistical data
were exported and analyzed as detailed below.

Embryo Immunofluorescence—Embryonic day 9.5 embryos were col-
lected fromCD1mice (Charles River Laboratories), washed in PBS, and
fixed in 4% paraformaldehyde at 4 °C for 18 h. Embryos were cryopro-
tected in 30% sucrose-PBS, mounted in O.C.T. (Tissue-Tek), and sec-
tioned at 14 �m using a Leica CM 1900 cryostat. Sections were imme-
diately fixed in 4% paraformaldehyde for 7min, washed twice for 10min
in PBS, permeabilized for 30min in PBSplus 0.1%TritonX-100, blocked
in PBS plus 0.1% Triton X-100 with 5% heat inactivated sheep serum for
30 min, and incubated overnight at 4 °C with an appropriate primary
antibody. Sections were washed three times for 10min each in PBS plus
0.1% Triton X-100, blocked for 30 min in PBS plus 0.1% Triton X-100
with 5% heat-inactivated sheep serum, incubated with secondary anti-
body (Alexa594-goat anti-rabbit; 1:300; Molecular Probes) for 2 h at
room temperature, washed three times for 5 min each in PBS plus 0.1%
Triton X-100, and mounted with 90% glycerol/PBS/DAPI (1 �g/ml).
Images were collected as detailed above.
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Suv39h1/2 Double Null Immortalized Mouse Embryonic
Fibroblasts—Suv39h1/2 double null (dn) immortalized mouse
embryonic fibroblasts (IMEFs) (D5) and IMEF controls (W8) were
generously provided by Dr. T. Jenuwein (Research Institute of
Molecular Pathology, Vienna, Austria). Cells were cultured in Dul-
becco’s modified Eagle’s medium containing 10% fetal bovine serum
and supplemented with 1% nonessential amino acids (Invitrogen)
and 0.1 mM �-mercaptoethanol (Sigma). Aberrant mitoses were
investigated using an Axioskop 2 plus digital microscope (Carl Zeiss,
Inc.) equipped with a plan-neofluar, oil immersion � 40 (numerical
aperture � 0.75) lens. Asynchronous D5 and W8 cells were seeded
onto coverslips, paraformaldehyde-fixed, and counterstained with
DAPI prior to examination. Based on standard chromosome mor-
phological criteria, mitotic cells were classified as being in met-
aphase, anaphase, telophase, or cytokinesis/early G1. Cells were
manually scored as normal or aberrant phenotypes, and the data
were tabulated. Aneuploidy was investigated by flow cytometry and
was performed as above.

RESULTS

Histone Methylation in Asynchronous Cell Cultures—To explore the
possibility of cell cycle-dependent changes in histone H3 lysine 9 meth-
ylation states, we examined asynchronousHeLa, IM, andmouse 10T1/2
cells by indirect immunofluorescence using a panel of Lys9 methylation
level-specific antibodies (i.e. mono-, di- and trimethylated Lys9). The
antibodies were deemed to be highly specific for the specified epitope
based on indirect immunofluorescence peptide competition assays
(supplemental Figs. 1 and 2A). Asynchronous cells provide representa-

tives of all cell cycle stages on a single slide. A subjective observation of
fluorescence intensities can easily be coupled tomorphological markers
of cell cycle position. This provides a rapid method to survey methyla-
tions for potential cell cycle-dependent changes in abundance and has
been previously used to identify G2- and M-phase-specific changes in
histone H3 phosphorylation at serine 10 (37). Fig. 1 illustrates the vari-
ation in the intensity of immunofluorescent staining of cells stained
with antibodies directed against mono-, di-, and trimethyl modifica-
tions at Lys9 (mMeK9, dMeK9, and tMeK9) of histoneH3. There appear
to be significant changes in methylation when comparing mitotic and
interphase HeLa and 10T1/2 cells labeled with anti-mMeK9, -dMeK9,
and -tMeK9 (Figs. 1 and 2). Whereas an apparent increase in methyla-
tion will occur solely because of the change in DNA density, the relative
change in trimethylation is so dramatic that it is difficult to represent the
interphase cell staining without saturating the images of the mitotic
cells.

Phosphorylation of Serine 10 Does Not Increase tMeK9 Detection by
Indirect Immunofluorescence—Surprisingly, the temporal progression
pattern of tMeK9 closely resembles that of PhosS10, its neighboring
residue. Because there is a possibility that the reactivity of the anti-
tMeK9 antibody may be influenced by the presence or absence of
PhosS10, we sought to establish whether the anti-tMeK9 antibody
would still recognize its cognate epitope in the absence of PhosS10.
Accordingly, we developed a calf intestinal alkaline phosphatase assay
that is performed in situ. Live 10T1/2 cells were permeabilized and
treated with or without calf intestinal alkaline phosphatase, paraform-
aldehyde-fixed, and immunofluorescently labeled with anti-tMeK9.
This procedure displaced metaphase cells from the coverslip; however,
prophase cells remained adhered to the coverslips and exhibited robust
anti-tMeK9 immunostaining in both the presence and absence of
PhosS10 (supplemental Fig. 2B). Furthermore, these prophase anti-
tMeK9 signal intensities were visually more intense than those of inter-
phase cells on the same coverslips (data not shown). These data estab-

FIGURE 1. Spatial localization and progression of various methylated lysine 9 (H3)
residues. Representative low resolution (� 40) digital images of HeLa cells immunofluo-
rescently labeled with antibodies directed against mMeK9, dMeK9, and tMeK9. The white
arrows identify mitotic cells. Note the increased signal intensities of the mitotic cells over
the surrounding interphase cells. The exposure time for the tMeK9 channel was opti-
mized to best present the mitotic signal, and therefore the weaker interphase signals are
extremely faint. Scale bar, 7 �m.

FIGURE 2. High resolution images of various lysine methylation epitopes in mouse
cells. Representative digital images of 10T1/2 cells immunofluorescently labeled with
antibodies directed against mMeK9, dMeK9, and tMeK9. For reference purposes, at least
one mitotic cell (indicated by an arrow) has been included for signal intensity compari-
sons with the interphase cells. The DAPI channel has been included, and pericentromeric
heterochromatin is visible as DAPI intense staining regions. Scale bar, 3 �m.
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lish that the phosphorylation status of Ser10 is not responsible for the
observed increase in antibody staining of trimethylated lysine 9.

Histone H3.3 Does Not Replace H3 Trimethylated at Lysine 9 during
Mitotic Exit—During interphase, tMeK9 has been shown to be dis-
placed from chromatin through the incorporation of histone H3.3 via
the replication-independent nucleosome assembly pathway (38).
Although this process is likely to be restricted to interphase cells, one
recent report demonstrated a small amount of histone H2B exchange
duringmitosis (39). Thus, it is possible that the incorporation of histone
H3.3 occurs specifically during exit from mitosis. To test this hypothe-
sis, we generated 10T1/2 cells stably transfected with eGFP-histone
H3.3 and examined their association with pericentromeric heterochro-
matin during the earliest stages of G1, when the interphase nuclei are
still decondensing. At this point, the incorporation of histone H3.3 is
expected to be maximal if the loss of tMeK9 is dependent upon H3.3
incorporation. Fig. 3 shows deconvolved images of two daughter nuclei
in early G1. DNA is shown in red, and eGFP-H3.3 is shown in green.
Note that at this stage of early G1, these cells still partially maintain
their metaphase chromosome organization. The arrows indicate
regions of pericentromeric heterochromatin, which are easily recog-
nized by their distinctive morphology in mouse fibroblast cell lines.
There is no significant incorporation of histone H3.3 into pericen-
tromeric heterochromatin.

Epitope Accessibility Is Not Responsible for Changes in Trimethylated
Lys9 Abundance during Metaphase—Perhaps the most obvious expla-
nation for the indirect immunofluorescence results detailed above is the
mitotic dissociation of proteins (e.g. heterochromatin protein 1), which
may bind to, and mask, a subset of the epitopes during interphase or
mitosis. This hypothesis can be easily examined by immunoblotting
protein preparations isolated at specific cell cycle stages, where any such
proteins will be displaced during SDS-PAGE. To establish that changes
in epitope accessibility are not responsible for themethylation dynamics

observed, immunoblotting was performed on acid-extracted proteins
isolated from asynchronous or mitotically enriched populations.
Approximately 55.2 � 0.8% of asynchronous HeLa cells were in G0/G1,
16.9� 0.8% in S-phase, and 26.7� 1.2% in G2/M as determined by flow
cytometry. Following overnight treatment with nocodazole, a 3.4-fold
increase in the proportion of cells in G2/M was observed (91.1 � 1.6%),
whereas those in G0/G1 (3.6 � 1.3%) and S-phase (5.4 � 0.6%) were
decreased markedly. Microscopy was used to confirm that the cells had
accumulated in prometaphase (data not shown). Equivalent protein
amounts from the two populations were resolved by SDS-PAGE and
immunostained to assess cell cycle-associated differences in the meth-
ylated Lys9 derivatives (Fig. 4). Similar results were obtainedwithmitot-
ically enriched populations generated by a double thymidine block fol-
lowed by either nocodazole orALLN treatment (data not shown). These
results confirm that there are significant increases in the abundance of

FIGURE 3. Localization of eGFP-histone H3.3 in postmitotic daughter nuclei. Mouse 10T1/2 cells stably expressing a histone H3.3-eGFP fusion protein were imaged in culture by
indirect immunofluorescence following the addition of Hoechst 33342 to the tissue culture medium. A pair of daughter cells is shown as three-dimensional maximum intensity
projections of deconvolved 200-nm z-sections. xy (main), xz (bottom), and yz (right) images are shown in each panel. Each cell is illustrated as a row of images containing the DNA image
(red, left panels), the merged channels (middle panels), and the eGFP-histone H3.3 image (right panels). The arrows indicate the positions of pericentromeric heterochromatin.

FIGURE 4. Qualitative assessment of the abundance of various methylated lysine
residues at different cell cycle stages. Immunoblot analysis of nuclear proteins iso-
lated from asynchronously growing (A) or mitotically arrested (M) cells were resolved on
15% SDS-polyacrylamide gels and probed with the antibodies indicated (top). Shown
here are representative results from one of three separate experiments. The upper panel
(Ab) contains the antibody signal, whereas the lower panel (CPTS) confirms equivalent
protein loading by CPTS staining. Qualitative comparisons of methylation signal inten-
sities can only be made within each given antibody treatment.
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mMeK9 and tMeK9 during mitosis. By this approach, the change in the
methylation status of dMeK9 appeared to be minimal.

GlobalHistoneMethylationDynamics throughout theCell Cycle—To
better characterize the cell cycle-associated methylation dynamics in
asynchronous HeLa cells, we examined each of the three Lys9 methyla-
tion epitopes by flow cytometry (Fig. 5). If Lys9 methylation is indeed
stable, we would expect to observe only a 2-fold increase in total meth-
ylation over the course of a cell cycle with the principle methylation
intensity decrease coinciding with the 4 to 2 N reduction of the genome
during cytokinesis. These relationships are more apparent when
expressed as mean intensities for the different stages of the cell cycle
(G0/G1, S-phase, and G2/M) after normalizing for DNA content (sup-
plemental Table 1). When expressed this way, the mMeK9 shows a
doubling of the labeling intensity when progressing from the 2 N (PI
intensity � 200) to 4 N (PI intensity � 400). The dMeK9 remains rela-
tively constant across the cell cycle. In contrast, the tMeK9 isoforms of
histone H3 reach peak intensities in G2/M (PI intensity � 400) that are
greater than expected based on the change in DNA content. Similar
results were obtained for 10T1/2 cells (data not shown). Because the
G2/M peak contains primarily G2 cells, any change that is confined to
cells in prophase through metaphase would not be reflected in the
prominent G2/M cluster. For example, when histone H3 is phosphoryl-
ated at serine 10 or 28, a small number of cells are found to have inten-
sities higher than the main G2/M cluster (data not shown). A similar
observation can be made in the tMeK9 plot (region circled on the two-
dimensional plot) by flow cytometry. Nonetheless, this reflects a limita-
tion of flow cytometry that is overcome when fluorescence microscopy

is used to quantify cell cycle-dependent changes in fluorescence
intensity.
Although the results depicted in Fig. 5 and presented in supplemental

Table 1 are consistent with cell cycle-coupled changes inmethyl histone
content, the variability within any given cell cycle population compli-
cated a direct interpretation of these results. To better understand the
cell cycle relationship for each modification, analysis of variance of
unweighted means was calculated (Table 1). Similar results were
obtained in HeLa cells (data not shown). In all cases, the null hypothesis
(H0), that all cell cycle stages exhibit similar mean signal intensities, was
rejected. This indicates that at least one cell cycle population mean for
each epitope investigated differs significantly from the others. To exam-
ine whether these differences were statistically significant, pairwise
Tukey-Kramer multicomparison post-tests were performed for each
methylation epitope. For all epitopes and between all groups (e.g.G0/G1
and S-phase, G0/G1 and G2/M, and S-phase and G2/M), statistically
significant differences (p	 0.05)were observed (data not shown). These
results validate the previous observations and clearly establish that
unique cell cycle dynamics occur formono-, di-, and trimethylated Lys9.

Quantitative ImagingMicroscopy Identifies Mitosis-specific Methyla-
tion andDemethylationCycles inCyclingCells—The results above dem-
onstrate that the most striking changes in methylation occur in G2/M.
To precisely define the temporal progression throughout G2/M, quan-
titative image microscopy was performed (35, 40). In this approach, we
were able to resolve, with high temporal resolution, the different stages
of mitosis (Fig. 6). The results for mono-, di-, and trimethylated lysine 9
are shown in Fig. 7.

FIGURE 5. Cell cycle-dependent progression patterns of methylation epitopes as demonstrated by flow cytometry. Asynchronous HeLa cells were ethanol-fixed, counter-
stained with PI to reveal cell cycle status, and independently immunofluorescently labeled with mMeK9 (A), dMeK9 (B), and tMeK9 (C) antibodies. The G0/G1, S-phase and G2/M
populations are indicated for the PI-only control (D) and can be extrapolated to all other graphs. Shown here is one of three replicates. Each panel plots the fluorescent signal intensity
(log scale) of the methylation antibody in arbitrary units against the PI or DNA fluorescence intensity in arbitrary units. The inset in each panel has been included to demonstrate that
the cells were actively cycling and provides relative cell counts at each cell cycle stage (G0/G1, S-phase, and G2/M). The arrow in C (tMeK9) identifies the G2/M subpopulation with
increased signal intensity that is encircled.
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We identified a similar temporal progression pattern for all three Lys9

methylation epitopes: increased normalized methylation signal intensi-
ties correlated with the entry of cells into mitosis. Normalized methyl-
ation TSI reached maximum abundance at metaphase and began to
decline as cells entered anaphase. The normalizedmethylationTSI con-
tinued to decrease throughout the later stages of mitosis, until basal
steady-state levels were attained by late telophase or early G1. Within
this group, the largest difference in normalized methylation TSI
between interphase and metaphase occurred with tMeK9, where a 4.0-
fold difference was observed (supplemental Table 2). The smallest dif-
ference observed was for dMeK9 at 1.3-fold, whereas the difference for
mMeK9was 1.4-fold. This was not an artifact of the condensation proc-
ess, since several other histone methylations tested in this assay (e.g.
dMeK4 and tMeK4) did not reveal any appreciable increase or decrease
in normalized methylation TSI (data not shown). Subsequent analyses
of variance (Table 2) and Tukey-Kramer multicomparison post-tests

(supplemental Table 3) statistically validated the relationships charac-
terized above and confirmed that dramatic changes in the abundance of
tMeK9 accompany the entry and the exit of cells from mitosis.

Dynamic Methylation of Lysine Residues in Developing Mouse
Embryos and Primary Tissue Cultures—To extend our tissue culture
observations to an in vivomodel system, the Lys9 methylation status of
cells from midgestation mouse embryos (embryonic day 9.5) and non-
immortalized primary tissue cultures was examined. In both cases, cell
cycle-dependent changes in methyl modifications paralleled tissue cul-
ture results (data not shown) and also revealed unique developmental
correlations for several of the epitopes (see Ref. 41). Perhaps the most
striking observationwas that the cell cycle-dependent changes observed
for tMeK9 in the tissue cultures were more dramatic within the mouse
embryo tissue sections. As detailed above, robust tMeK9 staining
occurred between prophase and metaphase (Fig. 8). Upon entry into
anaphase, the abundance of tMeK9 began to decline until basal levels
were reached in interphase. Upon quantification, ratios of Norm-
tMeK9 signal intensities between metaphase (0.1464) and either early
G1 (0.02502) or interphase (0.02044) were 5.85 and 7.16, respectively,
which represents an�15-fold increase in total tMeK9when considered
independent of DNAnormalization. These results demonstrate that the
dynamic changes in tMeK9 observed inmitosis are not specific to tissue
culture cells and that the differences appear to be exacerbated in vivo in
midgestation embryos.

Cells Lacking tMeK9 Exhibit a Wide Range of Abnormal Mitotic
Phenotypes—Previous investigations by Peters et al. (32) demonstrated
that deletion of the histonemethyltransferases responsible for tMeK9 in
mice, namely Suv39h1 and Suv39h2, resulted in an increase in ploidy
(e.g. 4 and 8N).However, the underlying defectmanifesting in increased
genomic instability was not examined in the Suv39h1/2 dn primary
mouse embryonic fibroblasts (MEFs). Nevertheless, Peters et al. (32) did
observe a failure of the centromeres to segregate properly during mito-
sis in vivo and frequently observed a so-called “butterfly” chromosome
morphology. To further address the functional role of tMeK9 in chro-
mosome congression to, and chromosome segregation from, the met-
aphase plate, we examined mitoses in cells lacking tMeK9 within peri-
centromeric heterochromatin. We examined mitotic events in control
(W8) and Suv39h1/2 dn (D5) IMEFs. Cells lacking Suv39h1/2 have pre-
viously been shown to be devoid of tMeK9 staining in pericentromeric
heterochromatin (32). We confirmed this phenotype with our anti-
tMeK9 antibody (Fig. 9). We examined these cells for aberrant pheno-
types associated with metaphase, anaphase, telophase, and cytokinesis/
early. Aberrant mitotic phenotypes attributed to the lack of
pericentromeric tMeK9were observed at allmitotic stages and included
an increase in misaligned chromosomes in metaphase, nondisjunction
in anaphase, lagging chromosomes in telophase, and the appearance of
micronuclei at cytokinesis or early G1 (Fig. 10). Next, we manually

TABLE 1
Analysis of variance of unweighted means for methylated histone epitopes in 10T1/2 cells as measured by flow cytometry

Epitope Groupa SSb dfc MSd F ratioe p value Reject H0
f

mMeK9 BG 818,700 2 409,400 10,340 	0.0001 Yes
WG 693,100 17,499 39.61

dMeK9 BG 124,000 2 62,020 1329 	0.0001 Yes
WG 793,900 17,008 46.68

tMeK9 BG 65,760 2 32,880 758.9 	0.0001 Yes
WG 735,700 16,979 43.33

a Defines whether or not the analysis is between groups (BG) or within the groups (WG).
b Sum of squares.
c Degrees of freedom.
d Mean square.
e Calculated by MSBG/MSWG.
f The null hypothesis (H0) is rejected if the p value is 	0.05.

FIGURE 6. Temporal and spatial progression pattern of tMeK9 through mitosis.
Asynchronously growing HeLa cells were paraformaldehyde-fixed, immunofluores-
cently labeled with anti-methylated lysine 9 and anti-centromeric antigen (ACA), and
counterstained with DAPI. Images were collected as z-series, and only a single represent-
ative plane is presented. The tMeK9 signal intensity differences are qualitative between
all images, since only that channel was collected using identical exposure times. Scale
bar, 3 �m.
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scored the normal and aberrant phenotypes in both D5 (Suv39h1/2 dn
IMEFs) and W8, and the results are summarized in Table 3. In all cell
cycle stages investigated, between 3.3- and 5.2-fold increases in aberrant
phenotypes were observed in the D5 cells as compared with the W8
controls (Table 3). The greatest increase in aberrant phenotypes
occurred in telophase (5.55-fold increase), where lagging chromosomes
were most frequently observed, whereas the smallest increase in aber-
rant phenotypes was associated with anaphase (3.33-fold increase). Sur-
prisingly however, we did not observe any of the butterfly chromosomes
that Peters et al. (32) describe for the lymphocytes of the Suv39h-defi-
cient mice; nor did we observe a large increase in ploidy (i.e. 4 or 8 N).
Rather, we observed significantly greater numbers of misaligned and
lagging chromosomes, which would lead to greater levels of aneuploidy.

These findings were further substantiated by comparative flow cytom-
etry performed between D5 and W8 cells labeled with PI, which
revealed an overall increase in aneuploidy occurring within the D5 cells
(data not shown).

Protein Methylation Is Required during Entry into Mitosis—We used
an additional approach to confirm the requirement for protein methy-
lation, particularly the generation of tMeK9 during late G2, in chromo-
some segregation. After 2-h treatment with 200 �M adenosine dialde-
hyde, a competitive inhibitor of S-adenosylmethionine that inhibits
protein methyltransferases, we observed a 2.5-fold reduction in histone
H3 lysine 9 trimethylation in mitotic cells (supplemental Fig. 3A). Some
mitotic cells were almost completely devoid of histone lysine 9 tri-
methylation near centromeres (supplemental Fig. 3C). We also exam-

FIGURE 7. Quantitative comparisons of normalized methylation signal intensities at specific cell cycle stages. Quantitative image microscopy was performed on 10T1/2 cells
immunofluorescently labeled with each methylation antibody: mMeK9 (A), dMeK9 (B), and tMeK9 (C). For each antibody, cells were first classified as belonging to one of nine distinct
cell cycle stages: interphase (I), early G2 (EG2), late G2 (LG2), prophase (P), prometaphase (PM), metaphase (M), anaphase (A), telophase (T), and early G1 (EG1). Depicted here are the
mean normalized methylation signal intensities (represented as the mean methylation total intensity/mean DAPI total intensity) at each specific cell cycle stage � S.E.

TABLE 2
Analysis of variance tests for the normalized methylation intensities as measured by quantitative imaging microscopy

Epitope Groupa SSb df c MSd F ratioe p value Reject H0
f

mMeK9 BG 10.24 8 1.28 5.263 	0.0001 Yes
WG 101.6 418 0.243

dMeK9 BG 14.33 8 1.791 3.746 0.0003 Yes
WG 192.7 403 0.478

tMeK9 BG 33.9 8 4.237 86.26 	0.0001 Yes
WG 27.41 558 0.049

a Defines whether or not the analysis is between groups (BG) or within the groups (WG).
b Sum of squares.
c Degrees of freedom.
d Mean square.
e Calculated by MSBG/MSWG.
f The null hypothesis (H0) is rejected if the p value is 	0.05.

FIGURE 8. tMeK9 dynamics during mouse
embryonic neural tube development. A three-
dimensional image was collected of the neural
tube of an embryonic day 9.4 mouse embryo
stained with anti-tMeK9. The three-dimensional
image was subjected to deconvolution and is pre-
sented as a two-dimensional projection. DNA is
counterstained with DAPI (red), and tMeK9 label-
ing is in green. Shown here is the developing neu-
ral tube with the lumen localizing to the central
black region devoid of cells. Note the dramatic
increase in tMeK9 staining in mitotic cells com-
pared with extremely weak staining in interphase
cells. Cells at different stages of the cell cycle,
either mitotic (M) or interphase (I), are indicated by
the arrows.

Dynamic Changes in Histone Lysine Methylations

8894 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 281 • NUMBER 13 • MARCH 31, 2006

 by guest on July 21, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


ined cells for mitotic defects following treatment with a general inhibi-
tor of protein methylation, adenosine dialdehyde. An �4-fold increase
in the number of misaligned and lagging chromosomes was observed
following as little as 1 h of incubation with the methyltransferase inhib-
itor, and this increased to an average of 6.7-fold. This result was
obtained from counting over 300 mitotic cells/experiment, following a
2-h incubation with the drug. The defects in chromosome alignment,
however, appeared more severe than what was observed in the mouse
double null embryonic fibroblast cell lines. Many chromosomes tended
to accumulate at the spindle poles (supplemental Fig. 3B, right).
The increased severity of the alignment defects could indicate the

presence of compensatory mutations in the embryonic fibroblast cell
lines that were necessary to maintain the stability of the cell line. It is
equally likely that additional important protein methylations take place
specifically during this small window of the cell cycle as cells prepare for
entry into mitosis. The trimethylation of histone H4 at lysine 20 is one
protein methylation that is a particularly strong candidate. This meth-
ylation is also normally enriched in chromatin found near centromeres
(see supplemental Fig. 3B, left), and histoneH3 lysine 9 trimethylation is
required for the efficient targeting of this methylation to the facultative
heterochromatin found near centromeres (42). We found that histone
H4 lysine 20 trimethylation was also inhibited, although to a lesser

degree than histone H3 lysine 9 trimethylation (supplemental Fig. 3A).
Lysine 20 trimethylation is also depleted in the pericentromeric hetero-
chromatin of the double null cell lines (42) (data not shown). Thus, the
treatment with the methylation inhibitor does not differ significantly
from the knock-out cell line in this respect. Interestingly, the steady-
state levels of histone H4 lysine 20 trimethylation were relatively stable
during entry into mitosis (supplemental Table 2). The reduction in the
abundance of this modification following a 2-h treatment with adeno-
sine dialdehyde indicates that this methylation may nonetheless be
quite dynamic throughout this stage of the cell cycle. Thus, theremay be
other protein methylations, in addition to lysine 9 trimethylation, that
are occurring during the G2 assembly of the centromere and kineto-
chore complex.

DISCUSSION

Histone methylation is commonly considered a stable epigenetic
mark whose overall pattern and density are transmitted to daughter
cells during cell division (15, 18). We examined this hypothesis by
exploiting the advantages of quantitative imagemicroscopy to precisely
define the relationship between the cell cycle and the relative concen-
tration in situ of histone Lys9 methylations. We documented unex-
pected dynamics in global methylation as cells progressed through the

FIGURE 9. Suv39h1/2 dn IMEFs are devoid of tMeK9 in pericentromeric heterochromatin. Asynchronous control (W8; A–C) and Suv39h1/2 (D5; D–F) IMEF cells were immun-
ofluorescently labeled with anti-tMeK9 (B and E), and the DNA was counterstained with DAPI (A and D). The merged images are shown in C and F, with red and green representing DAPI
and anti-tMeK9, respectively. High resolution images of the mitotic cells are included in the insets of C and F. Identical exposure times were employed in all channels during acquisition
and emphasize the dramatic loss of tMeK9 within the pericentromeric heterochromatin of D5 cells (E and F). The arrows indicate the positions of mitotic cells. Scale bars in A and D,
8 �m; scale bars in C and F, 2 �m.
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cell cycle in both mammalian tissue culture systems and mouse embry-
onic tissue sections. Specifically, there was a global increase in mMeK9,
dMeK9, and tMeK9 all during the initial stages (late G2 to promet-
aphase) of mitosis that reached their maximal densities as chromo-
somes congressed to the metaphase plate. Although reported to be
unchanged during mitosis, Fischle et al. (43) showed by quantitative
mass spectrometry methods that lysine 9 trimethylation was increased
about 2-fold in nocadozole-arrested cells versus unsynchronized popu-
lations. This increase occurred amid a greater than 100-fold increase in
the amount of histoneH3 containing both trimethylation at lysine 9 and
phosphorylation at serine 10. Our results demonstrate that this methy-
lation is rapidly lost as cells exitmitosis, returning to basal levels by early
G1. Furthermore, by extending our mammalian tissue culture results to
mouse embryonic tissue sections, we find that these cell cycle-depend-
ent changes also occur in vivo.
To date, there have been very few studies examining the cell cycle

regulation of histone methylation levels. Histone H4 lysine 20 methyla-
tion is reported to increase as cells enter mitosis, and this is dependent
upon the activity of the PR-Set 7 (44–46). Apart from lysine 20 meth-
ylation, most of our current understanding of methylation dynamics

was obtained during the late 1960s and early 1970s using radioactive
tracers in methyl donors, including S-adenosyl-L-methionine and
methionine. The labeled methyl donors were added to living cells and
incorporated into histone N termini at lysine residues, and label turn-
over was investigated. By following the amount of radiolabel incorpo-
rated into each histone and determining the rate at which it was lost, the
turnover of the radiolabeledmodifications was calculated. Although the
analysis of histonemethylationwas limited to the study of the individual
histone subtypes (e.g.H3 orH4) and not the specific residue or level (e.g.
mono-, di-, or trimethylation), these studies did reveal evidence for
methylation turnover as well as a potential peak in histonemethyltrans-
ferase activity that corresponds with G2- and M-phase (47, 48). An
enzyme, LSD1, was recently reported to be responsible for the removal
of dimethylation (29, 31). Although this enzyme cannot remove trim-
ethylation from lysine, a second family of proteins, protein hydroxy-
lases, may be capable of removing trimethylation from lysines (49).
Geneticmodulation of Suv39h1 expression levels directly impacts the

abundance of tMeK9 localizing within the pericentromeric heterochro-
matin and adversely affects the fidelity ofmitosis. For example, Suv39h1
overexpression, accompanied by experimentally induced increases in
tMeK9, is associated with defects in mitotic progression and chromo-
some segregation (50). Conversely, mice lacking Suv39h1/2, which do
not exhibit tMeK9 within pericentromeric heterochromatin, exhibit
increased genomic instabilities and cancer predispositions that presum-
ably arise by increases in ploidy (e.g. 4 or 8 N) (32, 51). Althoughmitotic
spreads of cells isolated from spontaneously arising lymphomas in
Suv39h1/2-deficient mice were found to contain an abundance of but-
terfly chromosomes (32, 52), neither the underlying mechanism(s)
responsible for the mitotic defect nor the specific function(s) of this
mitotic methylation have been characterized previously.When we ana-
lyzed the mitotic progression in Suv39h1/2 dn IMEFs, the absence of
pericentromeric tMeK9 correlated with an increase in abnormal mito-
ses. However, these aberrant phenotypes were distinct from those
described by Peters et al. (32, 52). For instance, we observe chromosome
misalignment, nondisjunction, and lagging chromosomes more fre-
quently in Suv39h1/2 dn IMEFS (D5) than in control IMEFs (W8) as
well as in HeLa cells treated for 2 h with the protein methyltransferase
inhibitor, adenosine dialdehyde. The simplest interpretation of our
results is that tMeK9 dynamics are essential for some aspect of centro-
mere/kinetochore structure or function or essential for the mainte-
nance of chromosome cohesion during initial mitotic stages. Our
results are consistent with the established requirement for tMeK9 in the
recruitment of cohesin subunits to centromeric repeats in fission yeast,
where abrogation of tMeK9 has been shown to lead to premature sister
chromatid separation and chromosome missegregation (53, 54).
The robust loss of histone methylation as cells exit mitosis was par-

ticularly unexpected, since this methylation has not been shown previ-
ously to turn over. We investigated an alternative mechanism of

TABLE 3
Mitotic aberrations in Suv39h1/2 dn IMEFs

Stage Categorya
IMEF control (W8) Suv391/2�/�

Difference
Percentage Number of cells Percentage Number of cells

% % -Fold
Metaphase N 96.14 523 84.36 151

A 3.86 21 15.3 28 4.05
Anaphase N 95.83 161 85.51 62

A 4.17 7 14.49 10 3.33
Telophase N 96.53 195 76.03 105

A 3.47 7 23.97 25 5.55
Cytokinesis/ N 95.88 489 84.89 389
Early G1 A 4.12 21 15.11 64 3.43

a N, normal phenotype; A, aberrant phenotype.

FIGURE 10. Typical abnormal mitotic phenotypes observed in the absence of tri-
methylated lysine 9 (H3). High resolution (� 100) digital image micrographs of repre-
sentative abnormal mitotic phenotypes associated with the lack of trimethylated lysine
9 (H3) in Suv39h1/2 dn IMEFs. Suv39h1/2 dn IMEFs were fixed and counterstained with
DAPI to reveal mitotic abnormalities. Depicted here are two-dimensional projections of
misaligned chromosomes during metaphase (A), nondisjunction during anaphase (B),
lagging chromosome during telophase (C), and lagging chromosomes and the appear-
ance of micronuclei in cytokinesis or early G1 (D).
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replacement, the possibility that replication-independent nucleosome
assembly or histone replacement could potentially account for the
decrease in tMeK9 we observe as cells exit mitosis. Outside of S-phase
or DNA replication, the unincorporated pool of histone H3 is predom-
inated by the histone H3 sequence variant H3.3 (55, 56). In rapidly
growing tissue culture cell lines and short lived but terminally differen-
tiated cells in vivo, histone H3.3 is known to accumulate in regions of
chromatin that are transcriptionally active (26, 57, 58). In longer lived
postreplicative cells, such as neurons, histone H3.3 can become the
predominant histone H3 incorporated into chromatin (55). Therefore,
replication-independent nucleosome assembly or histone replacement
provides the only known mechanism of tMeK9 removal. Recently, Jan-
icki et al. (38) demonstrated that H3.3 in vivo could replace tMeK9-
containing H3 but only upon transcriptional activation. Although the
replacement of preexisting chromatinized histoneH3with histoneH3.3
is an event thought to be both transcription-dependent and restricted to
interphase, we examined the possibility that a previously unknown
replacement of chromatinized histone H3 with histone H3.3 within
pericentromeric heterochromatin may occur during this brief period of
mitosis. As expected, we found no evidence for the presence of histone
H3.3 in pericentromeric heterochromatin, consistent with a previous
report demonstrating that histone H3.2 is the major histone H3 species
present in the pericentromeric heterochromatin of mice (59). Thus, the
loss of tMeK9 as cells exit mitosis is most easily explained by a demethy-
lation event that is particularly robust during this very brief period of the
cell cycle (�15–30 min). A further characterization of the demethyla-
tion and its functional significance must await the identification of the
enzyme or enzymes responsible.
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