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Histone modifications represent an important epigenetic
mechanism for the organization of higher order chromatin
structure and gene regulation. Methylation of position-spe-
cific lysine residues in the histone H3 and H4 amino termini
has been linked with the formation of constitutive and facul-
tative heterochromatin as well as with specifically repressed
single gene loci. Using an antibody, directed against di-
methylated lysine 9 of histone H3 and several other lysine
methylation sites, we visualized the nuclear distribution pat-
tern of chromatin flagged by these methylated lysines in 3D
preserved nuclei of normal and malignant cell types. Optical
confocal serial sections were used for a quantitative evalua-
tion. We demonstrate distinct differences of these histone
methylation patterns among nuclei of different cell types
after exit of the cell cycle. Changes in the pattern formation
were also observed during the cell cycle. Our data suggest
an important role of methylated histones in the reestablish-
ment of higher order chromatin arrangements during
telophase/early G1. Cell type specific histone methylation
patterns are possibly causally involved in the formation of
cell type specific heterochromatin compartments, composed
of (peri)centromeric regions and chromosomal subregions
from neighboring chromosome territories, which contain
silent genes.
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shape and chromatin texture, a parameter for

DNA heterogeneity, have been reported for a
long time, but the underlying genetic and epigenetic
causes of these differences and their functional
implications have remained a puzzle. In 1928 the
concept of heterochromatin was first described by
Heitz (Heitz, 1928), based on his light-microscopic
studies of mosses. Heitz named intensely stained
nuclear areas heterochromatin and less intensely
stained areas euchromatin and predicted that hete-
rochromatic areas were genetically passive and
would not contain genes, whereas euchromatin
implied active or potentially active gene-containing
regions.

To date, heterochromatin is conventionally classi-
fied into two groups: constitutive and facultative
heterochromatin. Constitutive heterochromatin is
mostly found around (peri)centromeric regions and
consists of large (> 1 Mb) arrays of tandemly
repeated sequences. Facultative heterochromatin,
containing single copy sequences as well as a variety
of repetitive sequences, cannot be defined at the
level of characteristic DNA sequences, but it
reflects an epigenetic state of chromatin. The best-
known example is the inactive X in nuclei of female
mammals. Euchromatin can be transformed into
facultative heterochromatin by epigenetic modifica-
tions of DNA and histones. These epigenetic mecha-
nisms include methylation of cytosins at CpG sites,
as well as methylation and acetylation at specific
sites of histone tails (for review see Bird, 2002) and
play an important part in the activation or repres-
sion of gene activity. DNA methylation, histone
hypoacetylation and histone methylation involved in
the formation of facultative heterochromatin are in
principle identical to the epigenetic modifications
seen in constitutive heterochromatin (for reviews
see Bird, 2002; Elgin and Grewal, 2003; Jones and
Baylin, 2002; Lachner et al., 2003; Sims et al.,
2003).

Cell type specific differences of nuclear size,

15



M. Cremer et al.

Nuclei of tumor cells differ in the amount and dis-
tribution of heterochromatin from their normal
progenitor cells. This fact has widely been used in
histopathological diagnosis of tumor cells.
Numerous studies of morphometric, densitometric
and textural chromatin features were performed
with Feulgen stained nuclei to quantitate cell type
specific features of chromatin texture and of
changes that occur during tumor progression (Diaz
et al.,, 1997; Gil et al.,, 2002; Mairinger et al.,
1999; Mulder et al., 1992; Weyn et al., 2000 b).
During the last few years a wealth of information
has accumulated for many tumor types on specific
mutations, chromosomal translocations, gains and
losses of chromosomal subsegments and on gross
genomic instabilities. The application of cDNA-
array techniques has made it possible to also ana-
lyze in detail changes of the expression patterns in
tumor cells in comparison to normal cells. In spite
of these important advancements, we still know lit-
tle about the putative functional links between the
observed differences of chromatin patterns in nor-
mal and malignant cell types and changes of gene
expression patterns that occur during tumor pro-
gression at the molecular and cytogenetic level.

Antibodies specifically directed against epigenet-
ic markers offer new tools to analyze the spatial
arrangement of chromatin on a basis that corre-
lates functional aspects with chromatin topology.
Histone tail methylation can be linked to both
active chromatin (such as metH3-K4, metH3-K36
and metH3-K79) or repressed chromatin (such as
metH3-K9, metH3-K27 and metH4-K20) (for
review see Lachner et al., 2003). MetH3-K9 flags
specifically repressed gene loci as well as constitu-
tive heterochromatin and creates a binding site for
the histone-binding heterochromatin-associated
protein 1 (HP1) (Lachner et al., 2001), which is
essential for establishing constitutive heterochro-
matic domains. MetH3-K27 especially marks the
inactive X (Plath et al., 2003). The organization of
such bulk chromosomal regions can be considered
as the chromosome level function of histone methy-
lation. Mechanisms by which active genes in
euchromatic domains are silenced by lysine methy-
lation mediated processes that have not yet been
fully disclosed can be considered as the gene level
function of histone methylation (for reviews see
Elgin and Grewal, 2003; Lachner and Jenuwein,
2002; Lachner et al., 2003; Sims et al., 2003). In
this paper we report patterns of (hetero)chromatin
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marked by methylated lysines at different positions
of H3 and H4 in different normal and tumor cells
and during defined cell cycle stages. We used an
antibody primarily directed against metH3-K9 but
it was found that it also broadly reacts with other
methylated lysines independent of the respective
lysine position (Perez-Burgos et al., 2004), further
referred to as multi-methyl lysine (MML) antibody.
We demonstrate distinct differences of these pat-
terns among cell types and during cell cycle pro-
gression. We present and discuss approaches
towards a quantitative 3D evaluation of these pat-
terns.

Materials and Methods

Cell material and slide preparation

Human Ilymphocytes and monocytes from a
healthy donor were isolated from peripheral blood
by a Ficoll gradient. These cells were either direct-
ly mounted on a cover slip before further process-
ing (see below), or cultivated for 60 hours after
stimulation with phyto-hemagglutinine in order to
obtain cycling lymphocytes. The cell line Jurkat,
established from a patient with an acute T cell
leukemia (Schneider et al., 1977), has a stable
karyotype with an X/18 translocation and a trisomy
20 (Muller et al., 2004). Primary female human
diploid fibroblasts were obtained from early pas-
sages. Paraffine embedded sections of normal
human colon and colon carcinoma tissue were kind-
ly provided by J. Diebold, University of Munich. The
breast cancer cell line MCF-7 was provided by P.
Meltzer (NIH, Bethesda, MD, USA). M-FISH
analysis of the cell passage used for our analysis
was kindly performed by A. Jauch, University of
Heidelberg and revealed a hypertriploid karyotype
(h = 76) with numerous chromosomal rearrange-
ments.

Adherently growing fibroblasts and MCF-7 cells
were cultivated on coverslips in the appropriate cul-
ture medium until subconfluency. Thirty min before
fixation cells were pulse-labeled with BrdU (5 uM
final concentration) for the later identification of S
phase nuclei. Cells growing in suspension (Jurkat
cells, lymphocytes and monocytes) were allowed to
attach on polylysine—coated slides for 30 min
before fixation. For the preparation of 3D pre-
served nuclei cells were fixed in 4% paraformalde-
hyde/PBS and permeabilized in 0.5% Triton X-
100/PBS for 5 min. Slides were stored in 1x PBS



at 4°C up to a few days until use. Tissue sections
mounted on coverslips were deparaffinized by two
successive 30 min incubations in xylole, rehydrated
in a descending series of ethanol and rinsed in dd
H20. Epitope retrieval was performed by microwav-
ing the tissue for 6x5 min at 700 W in 10 mM Na-
Citrate pH 6.0. After cooling down to room tem-
perature the sections were transferred to PBS and
used for immunostaining.

Assessment of the cell cycle stage

Detection of BrdU was performed as described by
Tashiro et al. (2000). Briefly, after blocking in 5%
bovine serum albumine/PBS for 15 min, cells were
incubated with mouse-anti-BrdU antibodies (Roche)
in 1% BSA, 0.5 x PBS, 30 mM Tris (pH =7.4),0.3
mM MgCl,, 0.5 mM 2-mercaptoethanol and 10
pg/ml DNAse I (Roche). As a secondary antibody
goat-anti-mouse Alexa 488 or goat-anti-mouse
Alexa 350 (Molecular probes) was applied. A mon-
oclonal antibody against the cell cycle related
nuclear protein pKi6é7 (mouse-anti-pKi67, Dianova)
was used for the identification of cells in Go and early
G: phase and visualized with the same secondary
antibody as used for the BrdU detection.

Visualization of heterochromatin by
immunodetection of histone methylation with the
MML antibody

An antibody, named multi-methyl lysine (MML),
raised in rabbit against 4x branched histone 3 pep-
tide, dimethylated at lysine 9 (K9) position was
used. In addition to metH3-K9 this antibody reacts
also with tri-methylated H3-K27 and several other
methylated lysines independent of their respective
positions (Perez-Burgos et al., 2004). Detection
was performed by a goat-anti-rabbit antibody con-
jugated either with Cy3 or Alexa 488 (Molecular
probes).

Visualization of centromeres by immunostaining
with a CREST- antiserum

For the delineation of centromeric regions a
human antibody directed against centromere spe-
cific proteins (Euroimmun) was used and detected
with a Cy3- conjugated anti-human antibody.

DNA counterstain
Nuclear DNA was counterstained with 1 uM TO-
PRO-3 (Molecular Probes) for 5 min.
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Confocal microscopy and 3D reconstruction of
image stacks

Nuclei were scanned with an axial distance of
250 nm between light optical sections using a
three-channel laser scanning confocal microscope
(Zeiss LSM 410). For each optical section images
were collected sequentially for all three fluoro-
chromes. Stacks of 8-bit gray scale 2D images were
obtained with a pixel size of 66 or 88 nm. Confocal
images were processed with ImageJ
(http://rsb.info.nih.gov/ij/).

Quantitative 3D evaluation
Threshold assessment

If not stated otherwise a fixed threshold was set
manually for each nucleus after visual inspection in
an attempt to segment specific signals from appar-
ent background. All voxels (volume based elements)
with intensity values below the threshold were set to
0 and were not counted in the respective evaluations.

Evaluation of the radial distribution of MML
labeled chromatin

A detailed description of the quantitative 3D
evaluation of the radial distribution i.e the distance
from the nuclear center to the nuclear periphery of
fluorochrome labeled targets in 3D image stacks of
light optical serial sections was published elsewhere
(Cremer et al., 2003). As a first step the geometri-
cal center and the border of each nucleus were
determined using the 3D data set of the DNA-coun-
terstain fluorescence. The segmented nuclear space
was divided into 25 equidistant shells with a thick-
ness of Ar = 1/25 r. In the second step, chromatin
delineated after MML immunostaining was evalu-
ated in the 3D stack representing the respective
color channel. For each voxel located in the seg-
mented nucleus the relative distance rx from the
nuclear center was calculated as a fraction of r. A
shell at a given rx contains all nuclear voxels with a
distance between rx - Ar/2 and rx + Ar/2. For each
shell all voxels assigned to the MML immunostain-
ing were identified and the fluorescence intensities
derived from the respective emission spectrum were
summed up. This procedure yielded for each shell
the individual relative content of MML stained
chromatin. This relative content within a nuclear
shell was plotted as a function of the relative dis-
tance r from the 3D center in the entire set of eval-
uated nuclei. The cumulative frequencies of voxel
intensities plotted against the relative radius were
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tested for significant differences (p < 0.01) with a
two-sample Kolmogorov-Smirnov test.

Definition of objects stained with MML antibodies
The 8 bit image stack visualizing immunostained
metH3-K9 was used for the definition of objects in
the following ways: An object was defined by the
fact that it contained at least ten voxels with a con-
tingent neighborship. Neighborship was defined for
all voxels above threshold sharing at least one com-
mon side by the software Volocity (Improvision,
http://www.improvision.com/), see Figures 5 and 6.
For a program written by S. Stein neighborship was
defined for all voxels sharing at least one common
corner, edge or side (see Figures 4 and 7). The first
definition allows for six neighbors/voxel, the second
definition for 26 neighbors/voxel. Object counting
was done for different threshold settings in intervals
of five gray levels until the maximal threshold of
255 was reached. 3D image reconstructions of
objects were done with the software Volocity.

Assessment of the density of MML labeled chromatin

The average density of MML labeled objects for
a given set of nuclei was estimated in two ways: For
the first approach the sum of voxel intensities
assigned to an object at a given threshold was divid-
ed by the sum of the respective voxels (I/vox). For
the second approach the sum of voxel intensities
assigned to an object at a given threshold was divid-
ed by the total surface area of all objects (I/surf).
The surface of an object is defined by all voxel sides
not attached to other object voxels. This value
(1/um?®) was taken as a parameter of the compact-
ness of objects. To test for significant differences (p
< 0.05) the Mann-Whitney-U test, a distribution-
independent rank test for independent samples was
applied.

Results

MML stained patterns are distinctly different in
different cell types

The characteristic nuclear pattern of chromatin
visualized after immunostaining using the MML
antibody (further referred to as MML chromatin
pattern) and after DNA counterstaining with TO-
PRO-3 in different normal and malignant human
cell types is shown in Figure 1. The upper row dis-
plays the DNA counterstain of a typical confocal
mid-section from nuclei of a monocyte (A), a lym-
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phocyte (B), a leukemic T-cell line Jurkat (C), a
normal fibroblast (D), a normal colon epithelial cell
(E) and a colon adenocarcinoma cell (F). The mid
row represents the MML pattern and the bottom
row the merged image of the respective nuclei. All
nuclei were in a postmitotic state (further referred
to as Go), as revealed by their lack of pKi67 stain-
ing (Gerdes et al., 1984). These examples illustrate
the variability of histone methylation patterns,
ranging from a fairly homogeneous pattern with an
adumbrated peripheral accumulation in Go lympho-
cytes, over a granular pattern seen in fibroblasts, to
patterns, which exhibit few large and distinct clus-
ters in monocytes and normal colon epithelial cells.
The clusters of intensely stained MML chromatin
are not in all cases reflected by a corresponding
high staining intensity of the nuclear counterstain
(e.g. compare panels A and C). The comparison of
MML patterns between representative normal lym-
phocyte nuclei and nuclei from the T-cell derived
leukemic cell line Jurkat revealed distinct differ-
ences. In contrast to the commonly observed pat-
tern of a rather homogeneous distribution of MML
chromatin in normal Golymphocytes, numerous dis-
tinct clusters of MML chromatin were observed in
nuclei of the Jurkat cell line. A more peripheral
accumulation of MML chromatin is seen in the
nucleus of the colon carcinoma compared to nuclei
of normal colon epithelial cells.

MML chromatin patterns change during the cell
cycle

The MCF-7 cell line was analyzed for changes of
the MML chromatin pattern during the cell cycle:
We assessed this pattern for nuclei in Goas defined
by a negative staining of pKi67, for nuclei during
early Gi, identified by a speckled pattern of pKi67
and a faint outlining of the nucleolar space (Gerdes
et al., 1984), and for nuclei in early and mid S
phase defined by their typical patterns of replica-
tion foci visualized by immunostaining of incorpo-
rated BrdU. Replication foci of early replicating
gene rich chromatin are distributed throughout the
nucleus sparing the utmost nuclear periphery and
the perinucleolar regions (Figure 2, panel III B),
whereas the gene poor mid replicating chromatin
forms a typical layer both at the nuclear periphery
and around nucleoli (Figure 2, panel III C),
(0O'Keefe et al., 1992).

Typical examples for each cell cycle stage are
depicted in Figure 2. Panel I outlines one confocal
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Figure 1. Chromatin pattern visualized by MML immunostaining in confocal sections from nuclei of different cell types. For each cell
type one nucleus is displayed after DNA counterstain with TO-PRO-3 (upper row), the corresponding MML pattern (mid row) and the
merged image (bottom row). Bars indicate 5 pm.

early G1

garly 5 phase

Figure 2. Chromatin pattern
visualized by MML immunostain-
ing in nuclei of the MCF-7 cell
line during different cell cycle
stages. Each panel (A-D) shows
a confocal mid-section of a
nucleus and represents a differ-
ent cell cycle stage. Panel | dis-
plays the nuclear counterstain
by TO-PRO-3, panel Il the corre-
) sponding MML pattern, panel Il
Er.i:lliJ neq either pKi67 or BrdU pattern
pHi 67 neg and panel IV the merged image
(MML chromatin in green,
pKi6é7, BrdU or counterstain
respectively in red). For a
detailed description see results.
Bar indicates 5 pm.

mid 5 phase

19



M. Cremer et al.

Figure 3. Simultaneous immunostaining of MML chromatin and centromeric regions in a confocal mid-section of a GO nucleus (upper
row) and an early S-phase nucleus (bottom row) of MCF-7 cells. Panel I: nuclear counterstain with TO-PRO-3, panel Il: centromeres,
panel llI: heterochromatin visualized by metH3-K9, panel IV: merged image of MML chromatin in green, centromeres in red. Arrows
indicate perinucleolar areas of MML chromatin not directly associated to centromeres.

mid-section of the nucleus after DNA counterstain,
panel II shows the MML chromatin pattern of the
corresponding section, panel 111 the pKi67 or BrdU
patterns, respectively, and panel IV the merged
image of MML chromatin with either pKi67 (panel
IV A), BrdU (B and C) or with the nuclear counter-
stain (D). Visual inspection of nuclei from all cell
cycle stages showed a fine granular or reticulated
MML staining with low signal intensity expanding
throughout the entire nucleus. The bulk MML chro-
matin with high signal intensity, however, revealed
distinct differences during the cell cycle. In early G:
(panel II A) numerous diffusely shaped MML chro-
matin clusters are scattered over the entire nucleus.
An overlay of the pKi67 and MML chromatin pat-
terns shows a high degree of colocalization of the
pKi67 signals with these histone methylation sites
(IV A). During early S-phase (panel B) the MML
chromatin is preferentially located close to the
nuclear periphery and around nucleoli. This space is
largely devoid of early replicating chromatin as seen
in the merged image by non-overlapping signals (IV
B). Notably, the MML chromatin pattern seen in
early S-phase is characteristic for chromatin repli-
cating during mid S-phase (0'Keefe et al., 1992).
This observation suggests that the MML chromatin
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pattern in early S-phase anticipates the pattern of
mid-replicating chromatin. The preferential local-
ization around nucleoli and at the nuclear periphery
is maintained during mid-S phase resulting in a par-
tial colocalization or association of MML chro-
matin and mid-replicating chromatin (IV C). After
exit of the cell cycle (Go) MML labeled chromatin is
concentrated in a few large, distinctly shaped com-
pact clusters of high signal intensity in close associ-
ation to the nucleoli and as a few smaller clusters at
the nuclear periphery (IV D).

Topological relationship between MML chromatin
patterns and centromeres

In addition to the antibody against MML chro-
matin, MCF-7 cells were co- immunostained with a
CREST antiserum that specifically binds to cen-
tromeric proteins such as CENP-A and CENP-B
(Moroi et al., 1980) and thus delineates the kinteo-
chores of centromeres (Figure 3). Panel I shows the
nuclear DNA counterstain of a confocal mid-sec-
tion, panel 11 the corresponding centromeric regions
visualized by the CREST antiserum, panel III the
MML chromatin pattern and panel IV the merged
images of a Go nucleus (A) and an early S phase
nucleus (B). Nuclei in Go were identified by the lack
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Figure 4. Quantitative 3D evaluation of radial distribution of
MML labeled chromatin in 25 concentric shells after immunos-
taining in MCF-7 GO nuclei (red), MCF-7 G1 nuclei (green) and
MCF-7 S-phase nuclei (blue). The abscissa denotes the relative
radius r of the nuclear shells, the ordinate the normalized sum
of intensities in the voxels assigned to the color channel for
MML chromatin. For normalization the area underlying each
curve for the different series (total relative content of MML
stained chromatin) was set to 100. Bars indicate standard devi-
ations of the mean.

of immunostaining with pKi67 antibodies and
nuclei in early S-phase by the typical pattern of
incorporated BrdU (not shown). The nuclei
revealed the typical MML chromatin patterns,
described above for Goand early S-phase (compare
Figure 2). In Gonuclei all clusters of centromeric
kinetochores were closely associated to large MM L
chromatin clusters, which were located either
around nucleoli or at the nuclear periphery. All
MML labeled chromatin that was not associated
with a centromere was seen as a fine granular pat-
tern in the nucleus. In early S-phase, all cen-
tromeres were again found either at the nucleoli or
at the nuclear periphery, within MML labeled chro-
matin compartments. However, a large fraction of
intensely stained MML chromatin, not directly
associated with centromeres was found in a ring
shaped manner around the nucleoli and less dis-
tinctly at the nuclear periphery (Figure 3B,
arrows). This suggests that the bulk of perinucleolar
MML stained chromatin observed in early S-phase
corresponds only to a minor fraction to the consti-
tutive heterochromatin of centromeres.

Approaches towards a quantitative 3D evaluation
of the MML chromatin pattern

In an attempt to establish a quantitative 3D eval-
uation procedure to discriminate the different
MML chromatin patterns observed during different
cell cycle stages, the following parameters were
analyzed in 3D images: (i) the radial distribution of
MML chromatin clusters, e.g. their distribution as
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a function of their distance from the nuclear center,
(ii) the number of MML chromatin clusters (fur-
ther referred to as objects) at different threshold
levels, (iii) the density of MML chromatin objects
expressed either by the mean ratio of the intensity
per voxel from all voxels assigned to an object or by
the mean ratio of the intensity per surface assigned
to an object. These parameters are exemplified
below for MCF-7 nuclei.

i) Radial distribution of MML chromatin using
fixed threshold levels

Prior to the evaluation of the radial distribution a
threshold level of gray value was set manually for
each individual nucleus with the objective to define
chromatin that was unequivocally assigned to
MML chromatin clusters. The threshold for differ-
ent nuclei varied between 90 and 120. Figure 4
shows the curves for the radial distribution of MIML
labeled chromatin for the different cell cycle stages
of the MICF-7 cell line. For each cell cycle stage 11
to 20 nuclei were evaluated. In each graph the nor-
malized chromatin content, represented by its
voxel-intensity weighted fluorochromes is plotted
against the relative radius of the nucleus (for
details see methods). These curves thus explore the
positioning of MML chromatin with regard to the
distance from the geometrical center of the nucle-
us. The MML chromatin pattern in G: nuclei close-
ly resemble a Gaussian distribution, with its maxi-
mum at around 65% of the relative radius, where-
as the pattern in Gonuclei shows two small peaks,
the first around 62% and the second around 86%
of the relative radius. With a maximum at around
52% of the relative radius, S-phase nuclei show the
most internal position of MML chromatin, reflect-
ing the accumulation around internally located
nucleoli. Despite the remarkable differences of
these patterns observed in different cell cycle stages
by visual inspection, the two-sided Kolmogorov-
Smirnov did not reveal significant differences.

(ii) Number of MM L chromatin objects defined at
different threshold levels

In addition we assessed the number of MML
stained objects. In such an analysis, one has to keep
in mind that the threshold level for complex struc-
tures with a wide range of intensities is inevitably
chosen arbitrarily and that different settings of the
threshold level strongly influence the outcome of
such an analysis. Figure 5 exemplifies this for one
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nucleus. Figure 5 A shows a mid-section of the raw
images of a Go MCF-7 nucleus after immunostain-
ing with the MM L antibody. As typically seen in this
cell type, besides a number of sharply outlined large
clusters with high signal intensity, a network of low
intensity signals, sometimes forming ring like struc-
tures expands throughout the nucleus. These low
intensity signals may reflect background, but they
may also represent specific signals possibly reflect-
ing small regions containing genes that are con-
trolled by histone methylation. In panels 5 B-F the
same nucleus is displayed with different threshold
levels, marking voxels above the respective thresh-
old in red (left-hand row). The resulting 3D objects
after applying the object definition rules (see
Materials and Methods) are shown in the right-
hand row. Note that not every voxel above the
threshold contributes to an object. While the num-
ber of marked voxels decreases constantly with
increasing threshold levels, the number of objects
initially increases at very low threshold levels until
a maximum is reached (B-C). Thereafter the num-
ber of objects gradually starts to decrease with
increasing threshold levels (C-E). Single objects,
which consist of areas with heterogeneous intensi-
ties, can fall apart into several objects with increas-
ing threshold levels, if they consist of voxels with
heterogeneous intensities (compare objects marked
with an arrow or an arrowhead in panels E and F
of Figure 5). Figure 6 illustrates for three individ-
ual nuclei taken from cells at different cell cycle
stages how the number of objects depends on the
threshold value. The curve progression for the Go
and the S-phase nucleus is much steeper compared
to the G: nucleus. This indicates that these mainly
large objects of Go and S-phase nuclei had a high
degree of homogeneity, which decreased steadily in
size over a wide range of thresholds and only at very
high levels in number. In contrast, the more hetero-
geneous objects of G: nuclei tended to fall apart
with higher thresholds compensating for a decrease
of object numbers at these higher thresholds.

(iii) Density of chromatin clusters visualized by
MML immunostaining

In a further attempt to establish quantitative
approaches that do not depend on one arbitrarily
fixed threshold level, the average density of all seg-
mented object voxels, either expressed by the inten-
sity/voxel or by the intensity/surface (see methods
part) was calculated over a wide range of threshold
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Figure 5. Segmentation of objects at different threshold levels.
(A) mid-section of a raw image from confocal serial sections of
a MCF-7 GO nucleus. (B-F) the same nucleus is displayed with
different threshold levels. Voxels above the respective threshold
are marked in red on the left side images, the corresponding
objects in varying colors on the right side images. Note that not
all voxels above threshold contribute to an object due to the
object definition as described in the methods part. For this par-
ticular nucleus an object maximum is obtained at a threshold
around 50. The object number is the same at threshold levels
110 and 140 (E and F). This is due to a splitting of one larger
object into several ones (marked by arrows) and the disappear-
ance of objects between threshold levels 110 and 140 (marked
by arrowheads).
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Figure 6. Number of objects counted along threshold levels (gray values 15 to 255) of an MCF-7 GO nucleus (A), an early G1 nucleus
(B) and an early S-phase nucleus (C). Panel | shows a projection of 4 confocal mid-sections from each nucleus, encompassing 1pm of
its central part, panel Il the number of objects in each nucleus plotted against the threshold levels. In panel lll the objects of the entire
nucleus are displayed in 3D at threshold levels marked by an asterisk in the graphs.

levels. This procedure was performed for each cell
cycle stage of MCF-7 cells using the same set of
nuclei described above for the evaluation of the
radial distribution of MML chromatin (compare
Figure 4). As shown in Figure 7 A the average
intensity/voxel including all voxels assigned to an
object was largely identical for all cell cycle stages
over the entire range of threshold levels, demon-
strating that the mean voxel intensity remains con-

stant during the cell cycle. However, when the inten-
sity/surface was plotted against threshold levels,
(Figure 7 B), distinct differences between the cell
cycle stages were found. The different values for Go
nuclei compared to S and G: nuclei mirror the dif-
ferent degree of compactness in MML chromatin
clusters during the respective cell cycle stages. The
higher values for Go compared to S phase and G:
nuclei indicate that objects in Go have the highest
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Figure 7. Evaluation of the density of objects. (A) the mean
intensity/voxel averaged over all nuclei of a series is plotted
against the threshold level. The ratio intensity/voxel increases
with higher threshold levels since objects with a low intensity
are eliminated. The decline of the curve at very high threshold
levels is due to the fact that values are averaged over all nuclei
within one series. At very high threshold levels some of the
nuclei do not more display any objects, reducing the mean inten-
sity/voxel. (B) The mean intensity/ surface averaged over all
nuclei of a series is plotted against the threshold level.

and in Gi the lowest compactness. Using the Mann-
Whitney-U test the distribution curve for each cell
cycle stage was significantly different (p = 0.01).

Discussion

The observed MML chromatin pattern in Go
nuclei of several normal and malignant cell types
ranged from a fairly homogeneous distribution in
normal lymphocytes to distinct cluster formation in
monocytes, MCF-7 cells and Jurkat cells. In these
cell types a dimorphic pattern of low intensity
structures and of larger clusters with high signal
intensity was observed. The latter were most promi-
nent in the MCF-7 Go nuclei.

The transition from a homogeneous pattern in nor-
mal lymphocytes to the pronounced cluster forma-
tion observed in nuclei of the Jurkat cell line, which
was established from a T-lymphocyte leukemia is
striking. It remains speculative to what extent dif-
ferences of MIML chromatin patterns reflect the
chromosome level or gene level function of histone
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methylation (see introduction). High-intensity MM L
positive chromatin clusters, which are in addition to
the di-methylation of H3-K9 probably also the result
of a strong tri-methylation of H3-K27 and H4-K20
(Peters et al., 2003) may comprise both centromer-
ic heterochromatin and surrounding facultative het-
erochromatin. The low intensity signals may repre-
sent a large number of smaller chromatin regions
containing gene loci that are controlled by histone
methylation of different lysines.

The distinct differences of MML chromatin pat-
terns observed in Go nuclei from different cell types
raise the question, whether these differences reflect
cell type specific arrangements of chromosome ter-
ritories (CTs). Present studies of CT arrangements
in various normal and malignant cell types indicate
highly variable neighborhoods of homologous and
heterologous chromosomes (Bolzer et al., 2004;
Cremer et al., 2001; Lesko et al., 1995; Sun and
Yokota, 1999). In the light of these findings we con-
sider it unlikely that cell type characteristic MM L
chromatin patterns can be explained as a conse-
quence of cell type specific CT neighborhoods. In
contrast to the high variability of CT neighbor-
hoods, radial arrangements of CTs, defined as the
distance from the nuclear center are highly non-
random. These radial arrangements of CTs are size-
correlated in fibroblast nuclei (Bolzer et al., 2004;
Sun et al., 2000), but gene density correlated in
nuclei such as lymphocytes and numerous others
including MCF-7 cells (Boyle et al., 2001; Cremer
et al., 2003; Kozubek et al., 2002) with a prefer-
ential location of gene poor CTs at the nuclear
periphery and a preferential location of gene dense
CTs in the nuclear interior. The quantitative evalua-
tion of MML marked chromatin in MCF-7 cells,
however, did not reveal a pronounced peripheral
position. This was due to the major fraction of
MML label found in large clusters around the
nucleoli. These clusters contain also centromeric
heterochromatin. Since centromeric regions are
highly methylated at H3-K9 (Lachner and Jenu-
wein, 2002), an essential fraction of the MML
chromatin pattern is reflected by the positions of
centromeres. In Go lymphocytes the MML staining
pattern was more intense in the nuclear periphery,
which is in agreement with the peripheral location
of centromeric heterochromatin in lymphocyte
nuclei (Weierich et al., 2003). Possibly, major clus-
ters of MML chromatin comprise higher order het-
erochromatin compartments built up from cen-



tromeric heterochromatin and facultative hete-
rochromatic chromosomal subregions from neigh-
boring CTs.

Little attention has been paid so far to changes of
pattern formation of MML chromatin during and
upon exit of the cell cycle. Our study demonstrates
a profound change of the MML chromatin pattern
in MCF-7 cells between early Gi1 and S phase and
after exit of the cell cycle. These changes were
remarkable by visual inspection and confirmed by
quantitative evaluation. This result raises several
questions:

1. Do the observed cell cycle changes result from
local changes in the level of methylation of H3-K9
and other methylated lysines in chromatin configu-
rations that are stably positioned during inter-
phase? Direct evidence for this assumption is lack-
ing. Histone methylation is considered to be a very
stable modification and potentially an irreversible
epigenetic mark since histone demethylases have
not been discovered so far. However, stably methy-
lated histones might be removed by histone
exchange eliminating their epigenetic potential
(Sims et al., 2003).

2. Are cell cycle changes of MM L patterns caused
by large-scale changes of higher order chromatin
arrangements during the cell cycle? Live cell obser-
vations of Hela cells encompassing an entire cell
cycle revealed, that — with the exception of the
early Gi-phase (see below) — the position of chro-
mosome territories and most chromosome subdo-
mains are constrained within a range of about 1 pm
from late G: until the end of Gz (Walter et al.,
2003). Further studies are indicated to test
whether the large-scale stability of CT arrange-
ments during the cell cycle is a general feature of
mammalian cell nuclei. If this should be the case,
the observed changes of the MML chromatin pat-
terns during interphase in MCF-7 cells cannot be
explained as a consequence of major changes of CT
arrangements. Furthermore, studies of DNA-repli-
cation during S-phase provided evidence that repli-
cation foci do not undergo large-scale movements
during S-phase. Instead replication factors are
recruited to rather stably positioned chromatin foci
(Leonhardt et al., 2000). However, while these
observations argue against large scale movements
of most chromatin from mid G:to late G, they do
not exclude more expanded and possibly directed
movements of a subset of defined subchromosomal
regions. Centromeres provide a case in point. It has
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recently been shown for a number of cell types, such
as stimulated lymphocytes, lymphoblastoid cells,
fibroblasts and a neuroblastoma cell line, that cen-
tromeres undergo major movements during the cell
cycle and upon exit of the cell cycle (Go transition)
(Solovei et al., 2004). In all cell types studied, cen-
tromeres were mostly found in the nuclear interior
and partly at the nuclear periphery during early Gs,
while in late Gi most centromeres were seen as
clusters at the periphery. This location was main-
tained through S-phase. Upon exit of the cell cycle
(Go cells) centromeres were found in clusters at the
nuclear periphery. A systematic quantitative analy-
sis of centromere movements during the cell cycle
in MCF-7 cells is still lacking. Since we found cen-
tromeric chromatin always in close association with
MML labeled chromatin as demonstrated for a Go
and an early S-phase nucleus, changes of MML
chromatin patterns during the cell cycle may be
explained in part by the dynamic behavior of cen-
tromeric chromatin.

3. The observed changes of MML chromatin pat-
terns during the cell cycle lead to the question of a
possible functional relevance. The remarkable asso-
ciation of MML chromatin sites and pKi67 during
early Gi may reflect the necessity of chromosome
territories to home in to their final nuclear location
and to establish a polarized orientation of CTs to
expose chromosomal subregions with different
transcriptional activityin a spatially correct manner
(Sadoni et al., 1999; Walter et al., 2003). It has
been shown that pKi67 interacts with HP-1, a pro-
tein that is recruited at metH3-K9 heterochromatin
sites. A transient colocalization of HP-1 and pKi6e7
in heterochromatin foci was observed during
telophase and early G: (Kametaka et al., 2002;
Scholzen et al., 2002) suggesting a possible dock-
ing mechanism for heterochromatin in the newly
developing nucleus. On the other side HP-1 inter-
acts with the lamin B receptor, an integral compo-
nent of the inner nuclear membrane (for review see
Lachner and Jenuwein, 2002). During mitosis, HP-
1 largely dissociates from chromosomes and
reassembles at the polar surfaces of anaphase chro-
mosomes (Kourmouli et al., 2000), whereas p-Ki-
67 remains closely associated around chromosomes
during this period. It is tempting to speculate that
the pKi67/HP-1/metH3-K9 complex plays a role in
reestablishing heterochromatin domains during
telophase/early G: in a coordinated way with the
HP-1 mediated binding of metH3-K9 marked hete-
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rochromatin to the newly formed lamin B at the
nuclear envelope (Schermelleh, 2003).

The present data emphasize the importance of
further studies of nuclear architecture changes cor-
related with specific epigenetic chromatin modifi-
cations such as histone methylations at defined
lysine positions. So far studies are still based to a
large part on the qualitative assessment of the
staining patterns observed in light optical nuclear
sections. To overcome the subjectivity involved in
such studies, the development of bioimaging
approaches, which guarantee an impartial quanti-
tative analysis of chromatin pattern formation with
specific epigenetic marks in space and time is a
demanding but requisite task. From the technical
point of view a major obstacle for quantitative eval-
uations of fluorescently labeled objects in a nucleus
is the need of setting a threshold in order to dis-
criminate specific, segmented signals from unspe-
cific background. This problem becomes crucial
when numerous targets with complex structures
and a wide range of signal intensities have to be
segmented in the same nucleus. Both, automatic
and interactive approaches for segmentation have
their drawbacks (for review see Gil et al., 2002). A
high threshold level may assure that no unspecific
background signal is included in the evaluation. On
the other hand, low intensity signals, which would
be eliminated by a high threshold setting, may in
fact be specific signals, which should not be ignored
since they may have important functional implica-
tions. The importance of utilizing the full range of
intensities has been shown by Fay et al. (1997) for
an accurate quantitative analysis of the nuclear dis-
tribution of nascent RNA and the splicing factor
SC-35. Approaches that are not limited to a fixed
threshold and allow analyses along all levels of
threshold settings should therefore preferably be
implemented.
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