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Introduction

Polycomb group (PcG) proteins are a set of conserved, essential 
regulatory factors, that through the assembly on key regulatory 
DNA elements, repress the transcription of their target genes.1-3 
They are the best known for regulation of homeotic gene expres-
sion during embryogenesis.4 However, PcG proteins also repress 
the genes whose products are implicated in cellular processes 
like cell cycle control, senescence, X-chromosome inactivation, 
cell fate decision and stem cell differentiation.5-8 PcG proteins 
execute their repressive function in two distinct multiprotein 

Polycomb group (PcG) proteins of the Polycomb repressive complex 1 (PRC1) are found to be diffusely distributed in 
nuclei of cells from various species. However they can also be localized in intensely fluorescent foci, whether imaged 
using GFP fusions to proteins of PRC1 complex, or by conventional immunofluorescence microscopy. Such foci are termed 
PcG bodies, and are believed to be situated in the nuclear intechromatin compartment. However, an ultrastructural 
description of the PcG body has not been reported to date. To establish the ultrastructure of PcG bodies in human U-2 OS 
cells stably expressing recombinant polycomb BMI1-GFP protein, we used correlative light–electron microscopy (CLEM) 
implemented with high-pressure freezing, cryosubstitution and on-section labeling of BMI1 protein with immunogold. 
This approach allowed us to clearly identify fluorescent PcG bodies, not as distinct nuclear bodies, but as nuclear domains 
enriched in separated heterochromatin fascicles. Importantly, high-pressure freezing and cryosubstitution allowed for 
a high and clear-cut immunogold BMI1 labeling of heterochromatin structures throughout the nucleus. The density of 
immunogold labeled BMI1 in the heterochromatin fascicles corresponding to fluorescent “PcG bodies” did not differ 
from the density of labeling of heterochromatin fascicles outside of the “PcG bodies”. Accordingly, an appearance of 
the fluorescent “PcG bodies” seems to reflect a local accumulation of the labeled heterochromatin structures in the 
investigated cells. The results of this study should allow expansion of the knowledge about the biological relevance of 
the “PcG bodies” in human cells.
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complexes: the Polycomb repressive complex 1 (PRC1) and the 
Polycomb repressive complex 2 (PRC2; in mammals also known 
as the Eed-Ezh2 complex).9,10 PRC2 is thought to be involved 
in the initiation of gene silencing by methylation of histone H3 
at lysine 27 (H3K27),11-13 whereas PRC1 is implicated in sta-
ble maintenance of the repressed state of the genes.14,15 PRC1, 
consisting in human cells of HPC1-3, HPH1-3, BMI1, SCML 
and RING1-2 proteins,16 are usually distributed diffusely in the 
nucleus. However, they are also found in intensely fluorescent 
foci, whether imaged using GFP fusion proteins or conventional 
immunofluorescence, with an accumulation of PcG proteins 
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Results

All presented experiments were performed with the U-2 OS cell 
line since these cells contain a number of distinct PcG bodies, 
already studied in several reports in references 21, 24 and 33. U-2 
OS cells stably expressing BMI1-GFP fusion protein33 further-
more allowed us to link the live cell imaging of the localization of 
BMI1-GFP with imaging, at the ultrastructural level, of immu-
nolabeled ultrathin sections. It should be, however, mentioned 
that prior applying the CLEM technique, we tried to identify 
PcG bodies in non-transfected U-2 OS cells via post-embedding 
immunogold labeling procedures. Even though we were able to 
achieve a clean immunogold signal in heterochromatin (Sup. Fig. 
1), we failed to identify distinct PcG bodies.

Correlation of live cell imaging and immunofluorescence. 
With the transfected U-2 OS cells, we correlated BMI1-GFP flu-
orescent signals (Fig. 1A1) with signals from the same cells which 
were immediately fixed and immunolabeled (Fig. 1A2). Within 
the resolution limit of light microscopy, we did not observe any 
major difference between fluorescence patterns generated by the 
two approaches (Fig. 1). At the same time, we compared patterns 
of BMI1 immunolabeling in both normal (non-transfected) U-2 
OS cells and stably transfected U-2 OS BMI1-GFP cells. The 
two patterns were comparable (results not shown) and in agree-
ment with their previous description (e.g., ref. 33). Except for 
an absence of an intranucleolar signal in most cells, the nuclear 
fluorescence consisted of the overall weaker nucleoplasmic signal 
together with several bright PcG foci/bodies of various size. The 
PcG bodies were often situated in a close proximity to nucleoli. 
Individual cells exhibited differences both concerning the num-
ber and size of PcG foci. These results from light microscopy 
were in agreement with the results of previous studies in refer-
ences 21 and 33.

Correlation of “PcG bodies” fluorescence with DA/DAPI 
staining and DNA immunocytochemistry. We wanted to know 
whether there is an increased density of DNA in the nuclear 
regions/domains that contain PcG bodies. Concerning DNA 
detection, there is a known cytogenetic problem due to the probe 
(e.g., DAPI, antibodies) penetration/epitope accessibility within 
compacted chromatin structures.

To overcome this problem, we first imaged GFP in fixed 
and permeabilized cells and then used the established counter-
staining with DAPI in combination with distamycin A (DA/
DAPI staining).24,34 A co-localization of the PcG bodies with 
an increased DAPI signal in the regions of the PcG bodies was 

termed PcG bodies.17-21 Besides human, respectively mamma-
lian cells, PcG bodies have been described in cells of a num-
ber of other species including Drosophila and Caenorhabditis 
elegans.20,22

The expression levels of PcG proteins vastly differ in human 
cell lines (reviewed in ref. 23). Reflecting the expression level, 
PcG bodies are conspicuous in human osteosarcoma U-2 OS 
cells where their relative sizes differ from 0.2 to 1.5 μm and 
their number varies between six and fourteen per nucleus.18,21 
According to immuno-FISH data and karyotype analysis, these 
variations in expression also apparently result from karyotypic 
differences between cell lines.24 In addition, nuclear positioning 
of PcG bodies is not completely random as the bodies appear to 
be preferentially associated with some loci on particular chromo-
somes.21,24 There are no observable co-localizations between PcG 
bodies and Cajal bodies, gemini of Cajal bodies and possibly also 
PML bodies.21 PcG bodies thus appear to be unrelated to any 
other known nuclear body and are thought to represent a genuine 
structure within the nucleus.

The term nuclear body is used for a nuclear domain that is 
morphologically distinct from its surroundings when observed 
by transmission electron microscopy.25,26 Generally speaking, 
the cell nucleus has a compartmentalized structure made up of 
the chromatin domains and the interchromatin compartment 
(IC). Whereas the chromatin basically consists of euchromatin 
and heterochromatin, the IC is enriched in a number of various 
nuclear bodies.25-31 Nuclear bodies such as nucleoli, Cajal bodies, 
PML bodies and nuclear speckles are well characterized, even at 
the ultrastructural level.26 In this respect, so far less well studied 
are the structures containing transcriptional regulators or RNA-
binding proteins.32 These structures are also termed orphan 
nuclear bodies. This group of bodies includes the clastosome, the 
cleavage body, the OPT domain, the SUMO body, the Sam68 
body, and also the PcG body.32 Even though the PcG bodies were 
described more than 10 years ago, no electron microscopy (EM) 
description of these bodies in human (mammalian) cells has been 
provided to date.

To identify, and to establish the fine structure of the PcG 
bodies in U-2 OS cell line expressing recombinant BMI1-GFP 
protein (U-2 OS BMI1-GFP cells), we used correlative light-
electron microscopy (CLEM) to be able to assign fine structure 
corresponding to the distinct fluorescent foci of the PcG bodies. 
Surprisingly, we were able to identify the “PcG body” with the 
locally higher spatial accumulation of heterochromatin struc-
tures not bearing the characteristics of a nuclear body.

Figure 1 (See opposite page). Correlation of live cell imaging and fluorescence immunocytochemistry, and correlation of “PcG bodies” fluorescence 
with DA/DAPI staining and DNA immunofluorescence. (A1) U-2 OS BMI1-GFP cells were imaged in vivo in gridded Petri dishes. Live cell images are 
shown consecutively: localization of the cells in phase contrast, with the chosen cell of the interest being delineated in the rectangle (overview phase), 
differential interference contrast microscopy of the cell of interest (DIC), and Z-projection of fluorescence of GFP-tagged BMI1 protein in the same cell 
(in vivo GFP). (A2) Subsequently, the cells were aldehyde fixed, permeabilized and immunolabeled with antibodies. Maximum intensity projections of 
BMI1 (BMI1) and GFP (GFP) signals are shown. DNA was counterstained with DAPI (DAPI, middle confocal section). The in vivo fluorescence signal of the 
PcG bodies matches well both the BMI1 and GFP immunofluorescence signals. (B) Counterstaining of the fixed and permeabilized U-2 OS BMI1-GFP 
cells with DAPI in combination with distamycin A (DA/DAPI) to show the co-localization of increased DNA density with the PcG bodies identified with 
an anti-GFP antibody (GFP). The highest intensities of DA/DAPI fluorescence on maximum intensity projection co-localized with the fluorescence of 
the PcG bodies (white arrows). (C) Live cell imaging of the PcG bodies (in vivo GFP) was, after weak fixation accompanied by the use of 2% Triton X-100 
treatment, correlated with the GFP (GFP) and DNA (DNA) immunocytochemistry images. The anti-DNA labeling revealed a high accumulation of DNA 
in the PcG bodies (white arrows).



www.landesbioscience.com Nucleus 221

Figure 1. For figure legend, see page 220.
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frequently not useful for the detection of their respective targets 
in on-section labeling of resin embedded cells.

To identify the PcG bodies per se we correlated the snap-
shots (Z series) from live cell imaging with electron microscopy 
images. Because of the very small thickness of thin sections, we 
had to analyze serial sections in order to identify the EM area 
that fit well with the PcG body fluorescence signal (Fig. 2; for 
on-section immunofluorescence of the BMI1 signal see inserts 
in 3B and C). We never observed a nuclear region/domain with 
a locally increased immunogold label present outside of the het-
erochromatin structures. However, importantly, we found that 
there was a higher local accumulation of heterochromatin fas-
cicles in the nuclear region/domain corresponding to the PcG 
body fluorescence signal (white and yellow arrows in Figs. 2 and 
3; for a more detailed description of the analysis concerning the 
“PcG body” identification see Sup. Figs. 3–5) as compared to 
other nuclear domains seen in the thin sections. Accordingly, we 
cannot use the term “nuclear body” for the description of such 
a nuclear domain. Also, we cannot exactly draw a line delimit-
ing a “PcG body” in thin sectioned nuclei as it is impossible to 
establish which part of a given heterochromatin fascicle still does, 
or does not, belong to the “PcG body” that is defined through 
its fluorescence signal. “PcG bodies” were frequenly associated 
with the nuclear envelope, together with its invaginations (black 
arrows and arrowheads in Figs. 2 and 3), and with nucleoli. In 
this respect, the vicinity of the nuclear envelope and the nucleoli 
are well known to be enriched in heterochromatin that is termed 
perinuclear and perinucleolar heterochromatin, respectively.

Importantly, the morphometric analysis did show that the 
number of gold particles per unit area of heterochromatin outside 
and inside the “PcG body” was about the same. The relative den-
sity of the immunolabeling of heterochromatin outside the “PcG 
body” compared to that inside of the “PcG body” was 1.05 ± 0.24.

Taken together, using this CLEM approach, we identified, 
and established the structure of “PcG bodies” at the ultrastruc-
tural level. Immunogold labeling provided high and clean label-
ing of nuclear heterochromatin structures, and the densities of 
gold particles confined to heterochromatin structures outside 
and inside the “PcG body” were comparable. However, the fine 
structure of “PcG bodies” did not correspond to the nuclear bod-
ies as such,25,26 but to locally accumulated and BMI1 immuno-
gold labeled heterochromatin structures. Generally speaking, 
nuclear regions/domains with higher 3-D (Fig. 2B2) or 2-D 
(inserts in Fig. 3B and C) BMI1 or GFP fluorescence intensity  

observed (Fig. 1B). Our results on the co-localization of PcG 
bodies with the DA/DAPI stained areas are in agreement with 
those of Voncken et al.24

Alternatively, we first visualized PcG bodies in live U2-OS 
BMI-GFP cells, and after fixation, we permeabilized the cells 
with increasing concentrations of TritonX-100 up to 2% fol-
lowed by immunocytochemistry using antibodies to GFP and 
DNA. The 2% detergent concentration allowed for a convenient 
co-localization of the PcG bodies with an increased DNA density 
in the regions of the PcG bodies (Fig. 1C).

Taken together, we were able to show that there is an increased 
density of DNA in the nuclear domains that contain PcG bodies.

CLEM of high pressure frozen, cryosubstituted and on-section 
labeled cells. To achieve structural preservation of the PcG bodies 
and high efficiency of the post-embedding immunocytochemistry 
we performed, together with CLEM, high-pressure freezing and 
cryosubstitution of transfected U-2 OS cells (Figs. 2 and 3).

Using this approach, the ultrastructure of the cells was well 
preserved (Figs. 2D, 3A and Sup. Fig. 2). Thin sectioned cells 
exhibited well delineated electron-dense heterochromatin struc-
tures in the form of heterochromatin fascicles termed also large-
scale chromatin fibres.35 In addition, they frequently exhibited 
nuclear envelope invaginations seen in their longitudinal or trans-
verse sections (Figs. 2 and 3, black arrows and black arrowheads), 
this phenomena is typical for cultured, transformed cells.36 The 
immunogold BMI1 label was specifically enriched within hetero-
chromatin fascicles throughout the nucleus (Figs. 2D and 3A; 
see also Sup. Fig. 2) and appeared sometimes to line the hetero-
chromatin borders (insert in Fig. 3A). In contrast, the label in the 
IC and nucleoli (see insert in Fig. 2D) was much lower, and was 
basically missing in the cytoplasm. With respect to the IC label, 
the gold particles were preferentially found in the vicinity of het-
erochromatin structures. The nucleolar label was usually found 
in intranucleolar heterochromatin clumps (insert in Fig. 2D); the 
nucleoli are known to exhibit such heterochromatin structures 
(reviewed in refs. 37 and 38).

Such a clear-cut immunogold signal thus does not necessi-
tate any quantitative evaluation, and is of primary importance 
within the frame of this study. But it has to be mentioned that we 
were not able to achieve, in contrast to immunofluorescence light 
microscopy of fixed, non-embedded cells (Fig. 1A2), a conve-
nient post-embedding on-section labeling with several antibodies 
to GFP. This illustrates a well known fact that the antibodies 
convenient for the fluorescence microscopy of fixed cells are 

Figure 2 (See opposite page). CLEM of high pressure frozen and cryosubstituted cells (the images of the same cell are also shown in Fig. 3; however, 
Fig. 3 encompasses different thin sections and documents images of a different “PcG body” in this same cell). U-2 OS BMI1-GFP cells grown on the 
sapphire discs were clamped in the live cell carrier with the finder grid and imaged face down. After live cell imaging the cells were high-pressure 
frozen, cryosubstituted and immunolabeled with anti-BMI1 antibody. In fluorescence and EM images in Figures 2 and 3, the white and yellow arrows 
point to a nuclear region/domain corresponding to the two GFP “PcG bodies”. Invaginations of the nuclear envelope are designated by black arrows 
and arrowheads. (A) An overview image (merge of fluorescence and phase contrast) to determine the quadrant of interest on the finder grid, (B) higher 
magnification of the quadrant with the cells of interest delineated in the rectangle. (B1) Phase contrast and (B2) maximum intensity projection of fluo-
rescence of the cells from the rectangle. (C) The same two thin sectioned cells seen in the electron microscope. Some of the serial thin sections we also 
processed for on-section fluorescence immunocytochemistry (see inserts in Fig. 3B and C as well as Sup. Figs. 3–5 in the Sup. Material). (D) Anti-BMI1 
immunogold labeling on ultrathin sections (15 nm gold particles). The electron-dense heterochromatin structures (he) are specifically enriched in the 
BMI1 immunogold label while the cytoplasm (cy) rich in ribosomes is devoid of the label. The nucleolus (nu) in the insert of Figure 2D shows two BMI1 
labeled intranucleolar heterochromatin clumps (white arrowheads). The white arrow points to a nuclear region/domain that correlates with (a section 
of) the “PcG body” fluorescence seen in Figure 2B2, with the local accumulation of heterochromatin structures in this domain.
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Figure 2. For figure legend, see page 222.
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bodies” should reflect a local accumulation of the BMI1 labeled 
heterochromatin in the investigated cells.

This being said we have to discuss two relevant matters. First, 
we provided in Figures 2 and 3, Supplemental Figures 1 and 2 
only static snapshots of the cell at the moment of rapid freezing. 
But chromatin is highly dynamic, and specifically, BMI1 protein 
exhibits high mobility.33 Most chromatin proteins have a high 
turnover on chromatin with a residence time on the order of sec-
onds.51,52 This transient binding is a common property of chro-
matin-associated proteins, but the major fraction of each protein 
is bound to chromatin at steady state.51,52 The immunocyto-
chemical result presented here, with most gold particles localized 
in heterochromatin structures (Figs. 2D, 3A and Sup. Fig. 1), 
describes exactly such a steady state. In other words, low BMI1 
immunogold label found outside of heterochromatin structures 
seems to be in agreement with such a steady state concept.

Second, the ultrastructural immunogold results presented 
here in Figures 2D and 3A (see also Sup. Fig. 1 in the Sup. 
Material) differ from those of the previous study.53 In cultured 
transformed cells of human origin and in somatic rat liver cells, 
the authors mapped BMI1 protein, as well other PRC1 proteins, 
mainly outside of heterochromatin. They established that with 
respect to the BMI1 labeling density of heterochromatin, this 
density was 100 times and 10 times higher over the perichroma-
tin region (region in the vicinity of heterochromatin) and over 
the IC, respectively.53 The likely explanation could be that differ-
ent cells and different antibodies were used in the two studies. In 
a reconciliation tone, even though the present immunogold label 
was mostly found in heterochromatin, it was sometimes lining 
the periphery of heterochromatin structures, and the low label 
in the IC was preferentially found in the vicinity of heterochro-
matin. But at the same time, the strength of the present study is 
based on the high and clear-cut immunogold labeling of hetero-
chromatin structures throughout the whole nucleus.

Through the previous comment we touched the third mat-
ter. We were dealing here with heterochromatin structures since 
such electron-dense structures are morphologically well definable 
(Figs. 2 and 3). How about euchromatin structures? The peri-
chromatin region is considered to encompass transcriptionally 
active genes,53 i.e., euchromatin structures. The aim of the pres-
ent study was to establish the fine structure of the “PcG body”, 
and based just on the BMI1 immunogold labeling results, it is 
anyway impossible to speculate in whatever terms on euchroma-
tin structures.

The current models of the “PcG body” arise mainly from the 
biochemical and fluorescence microscopy studies (reviewed in 
refs. 54 and 55). PcG bodies have been compared to transcription 

(including that of the “PcG bodies”) seen in the fluorescence 
microscope find thus their counterpart in the nuclear regions/
domains with higher local accumulations of the thin sectioned 
(and BMI1 2-D immunogold labeled) heterochromatin fascicles 
seen in the EM (see also Sup. Figs. 3–5).

We ultrastructurally identified “PcG bodies” by additional 
CLEM approaches in which the chemical fixation of cells was 
performed. Since we consider only the above mentioned results 
as representing the convenient description of the “PcG body” 
(reviewed in refs. 39–46), we document the two additional 
approaches in the Supplemental Material (Sup. Figs. 6 and 7). 
In summary, chromatin structures exhibit extraordinary sensi-
tivity to enviromental factors, including the processing of cells 
for microscopy. While the resolution power of the fluorescence 
approaches we used does not allow for the detection of significant 
structural chromatin changes accompanying the processing of 
cells, such changes are put in evidence by electron microscopy.

Discussion

PcG bodies have been so far identified only by fluorescence 
microscopy as distinct accumulations of PcG proteins of the 
PRC1 (e.g., refs. 17 and 18). With a help of CLEM, we were here 
able to ultrastructurally identify the “PcG bodies” in thin sec-
tioned U-2 OS cells expressing BMI1-GFP proteins. Further, we 
were also able to describe the well preserved structure of the “PcG 
body” together with its reference nuclear space. Importantly, the 
transfected cells and BMI1 commercial antibody used in this 
study were explored and characterized in several previous studies 
(e.g., in refs. 24, 33 and 47).

To establish the fine structure of the “PcG body” we used the 
HPF followed by the cryosubstitution, nowadays the method of 
choice for the best preservation of cellular ultrastructure, and 
the basis for an achieving of convenient on-section labeling (e.g., 
refs. 48–50). This approach revealed that PcG fluorescence sig-
nals do not correspond to a nuclear body, but to a nuclear region/
domain containing a local accumulation of the heterochromatin 
fascicles. This finding is supported by the immunofluorescence 
results documenting an increased density of DNA in the nuclear 
regions/domains that contain fluorescence “PcG bodies”.

The approach we used also allowed for a high and clear-cut 
immunogold BMI1 label of heterochromatin fascicles through-
out the nucleus. Importantly, the densities of gold particles per 
unit area of the thin sectioned and 2-D labeled heterochromatin 
structures were comparable, whatever was the chosen hetero-
chromatin area within the nucleus, either inside or outside of the 
“PcG body”. Accordingly, the appearance of the fluorescent “PcG 

Figure 3 (See opposite page). CLEM of a high pressure frozen, cryosubstituted and serially sectioned cell. (A) Anti-BMI1 immunogold labeling of 
heterochromatin structures (15 nm gold particles) of the same cell as in the Figure 2D, but a different thin section is shown in (A). The yellow arrow 
points to the nuclear region/domain that correlates with (the section of) the “PcG body” fluorescence seen in Figure 2B2 with the local density of 
heterochromatin structures being enriched in this domain. The heterochromatin structures are specifically enriched in the BMI1 immunogold label. 
Gold particles are sometimes situated towards the periphery of the heterochromatin structures (insert). (B–E) Four consecutive serial sections from the 
same area as shown in (A). In (B and C), the thin sections were first used for on-section immunofluorescence mapping of the BMI1 protein (inserts; note 
that the intensity of the “PcG body” in Fig. 3B is higher than that in Fig. 3C) to identify the position of the “PcG bodies”, and subsequently observed in 
the electron microscope (for a detailed analysis of the ultrastructural identification of the “PcG body”, see Sup. Figs. 3–5 in the Sup. Material). The two 
remaining serial thin sections (D and E) were on-section immunogold labeled for the BMI1 protein. Nucleolus (nu), cytoplasm (cy) and invaginagions of 
the nuclear envelope (black arrowheads) are designated in (A–E).
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Figure 3. For figure legend, see page 224.
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Correlation of “PcG bodies” fluorescence with DA/DAPI 
staining and DNA immunocytochemistry. For staining of the 
U-2 OS BMI1-GFP cells with DAPI (Sigma) in combination 
with distamycin A-HCl (Chemos), the cells were fixed with 4% 
formaldehyde in 0.2 mM PIPES (pH 7.2) for 10 min, permea-
bilized with 0.3% TritonX-100 for 5 min and washed several 
times in PBS. Then the cells were counterstained with DA/
DAPI according to protocol of Schweizer and Ambros.34 Briefly, 
the cells were incubated in 0.2 mg/ml distamycin A-HCl for 15 
min, rinsed in McIlvaine’s buffer (pH 7.0), counterstained with 
0.2 μg/ml DAPI for 15 min and rinsed again.

Concerning the DNA detection, live cell images of U-2 OS 
BMI1-GFP cells were taken and correlated with the immuno-
cytochemical images of GFP (anti-GFP antibody, Abcam) and 
DNA (anti-DNA antibody, Progen) taken after 2% formaldehyde 
in PBS (pH 7.2) fixation for 10 min and permeabilization with an 
increasing concentrations of TritonX-100 (from 0.3% up to 2% 
TritonX-100) for 5 min and several washes in PBS. In the immu-
nocytochemical approach, the cells were incubated with diluted 
mouse monoclonal anti-DNA (1:30) and rabbit polyclonal anti-
GFP (1:300) in 1% (w/v) BSA in PBS containing 0.5% Tween20 
for 2 h, washed and incubated with secondary goat anti-mouse 
and goat anti-rabbit antibodies conjugated with cy5 or TRITC 
(Jackson ImmunoResearch Laboratories) in PBS for 90 min. The 
results with the 2% concentration of TritonX-100 provided an 
evidence that there is an increased density of DNA in the nuclear 
regions/domains that contain PcG bodies.

In both approaches, the coverslips were then mounted using 
a Polyvinyl alcohol mounting medium with DABCO. The cells 
were imaged using a confocal microscope Leica TCS SP5 with 
63x/1.4 NA oil immersion objective.

High-pressure freezing and freeze substitution. U-2 OS cells 
were grown on 1.4 mm sapphire discs (Leica Microsystems) in 
Petri dishes. Only a single sapphire disc was placed in a given 
Petri dish. Samples were then dipped into cryofiller, 20% BSA 
(Sigma) in CO

2
 independent medium supplemented with 

L-glutamin (GIBCO, Invitrogen) and the addition of 10% FCS 
(GIBCO), transferred into the rapid loader under a stereomicro-
scope and frozen. For the high-pressure freezing (HPF) the Leica 
EM PACT2 with the rapid transfer system (Leica EM RTS) was 
used.

Frozen samples were then processed using a freeze substitu-
tion apparatus (Leica EM AFS2) equipped with an automatic 
processor (Leica EM FSP). As a freeze substitution medium, 
0.1% uranyl acetate (10% stock solution in methanol) in 
aceton (EM grade, Polysciences) was used. Cells were freeze 
substituted at -90°C for 48 h. Thereafter, the temperature 
was raised to -50°C (5°C per h). The samples were then kept 
in the freeze substitution medium for 24 h. After freeze sub-
stitution, the cells were washed with acetone and gradually 
infiltrated with increasing concentrations of Lowicryl HM20 
monostep (Electron Microscopy Sciences) in acetone (2 h with 
25% HM20, 3 h with 50% HM20, 3 h with 75% HM20, 
4 h with 100% HM20, 8 h with 100% HM20). During all 
steps of substitution, washing and infiltration the automatic 
processor agitated the samples using a syringe. Lowicryl used 

factories in these models.54 This presumption raises from the fact 
that Polycomb mediated gene silencing involves chromosome-
kissing events, and that such events occur at PcG bodies. Similar 
kissing phenomena are thought to be induced also by the active 
or activation-prone genes and occur at the structures like tran-
scription factories or splicing speckles.54 Coming up from the 
expectation that the “PcG bodies” are typical nuclear bodies 
and the fact that the light microscopy does not allow to study 
the reference space in details, the “PcG bodies” have been, in 
such models, situated in the IC (reviewed in refs. 31 and 54). 
In the present study, the essence of “PcG bodies” was, at the 
EM level, associated with the locally accumulated and immuno-
gold labeled heterochromatin structures, and not with a nuclear 
body situated in the IC. It should be also mentioned here that 
the progress in the field of PcG proteins has been initiated and 
is, with a great success, being carried out in the Drosophila 
model (reviewed in refs. 56–58), and results obtained with this 
model organism can be to greater or lesser extend transposed to  
human cells.

The present results are related just to the transfected U-2 OS 
cell line. If such results are confirmed in other human cell lines, 
they will, in a straightforward way, help to expand the knowl-
edge with respect to the biological relevance of the “PcG body” 
observed in human cells.

Materials and Methods

Cell culture. U-2 OS cell line of human origin (human osteosar-
coma cell line) and U-2 OS cell line stably expressing BMI1-GFP 
were cultured in Dulbeco’s modified Eagle’s medium (GIBCO) 
supplemented with 10% fetal bovine serum (GIBCO) and 1% 
penicillin/streptomycin sulfate (PAA Laboratories) under normal 
conditions.

Correlation of live cell imaging and immunofluorescence. 
U-2 OS BMI1-GFP cells (kindly provided by Dr. Maarten van 
Lohuizen, Amsterdam) grown on the gridded Petri dish were 
imaged for PcG bodies using a confocal microscope Leica TCS 
SP5 with 40x/1.25 NA oil immersion objective. After acquir-
ing a Z-series of cells with a distinct, point-like GFP signal, the 
cells were fixed with 4% formaldehyde in 0.2 mM PIPES (pH 
7.2) for 10 minutes, permeabilized with 0.3% TritonX-100 for 
5 minutes and washed several times in PBS. Nonspecific sites 
were blocked with 5% normal goat serum (NGS; Sigma) in 
PBS. The cells were incubated with mouse anti-BMI1 (1:300, 
Clone F6, Upstate) and rabbit anti-GFP (1:300, Abcam) anti-
bodies in 1% (w/v) BSA in PBS containing 0.5% Tween20 for 
1 hour, then washed and incubated with secondary goat anti-
mouse and goat anti-rabbit antibodies conjugated with TRITC 
or FITC (Jackson ImmunoResearch Laboratories) in PBS for 
45 min. DNA was counterstained with DAPI (4',6-diamidino-
2-phenylindole, Sigma). Gridded Petri dishes were then mounted 
using a Polyvinyl alcohol mounting medium with DABCO 
(BioChemika, Fluka). Immunofluorescence images were taken 
with the Leica TCS SP5 confocal microscope. Non-transfected 
U-2 OS cells were processed for immunofluorescence in the same 
way as transfected cells.
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5% NGS, 15 nm gold-conjugated secondary antibodies (goat 
anti-mouse) diluted in 1.2% BSA in PBS (1:3, Aurion or 1:10, 
Jackson ImmunoResearch) were reacted with sections for 45 
minutes at room temperature. For immunofluorescence on resin 
sections with the TRITC-conjugated goat anti-mouse secondary 
antibody (diluted 1:100), the same protocol was used.

The quantitative evaluation of the density of the post-embed-
ding immunogold labeling in heterochromatin was estimated by 
comparing the outside, with respect to the inside, of the “PcG 
bodies” in thin sectioned cells by counting the number of gold 
particles per unit area of heterochromatin. In the case of the 
“PcG body” domain, attention was paid that the evaluated het-
erochromatin area in thin section is a part of the “PcG body”, 
as judged from its immunofluorescence image. For the chosen 
heterochromatin domains outside of the “PcG body”, attention 
was paid to only include the heterochromatin area distant from 
any “PcG body” identified by fluorescence microscopy. The ratio 
of these two estimates gave us information about how much of 
the immunogold labeling was found per heterochromatin area 
outside the “PcG body” compared to heterochromatin inside the 
“PcG body”. Statistical measurements were obtained by averag-
ing these ratios over six sectioned “PcG bodies”.

In all control immunocytochemical experiments, the pri-
mary antibodies were omitted resulting in negligible background 
signals.
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for low temperature embedding was bubbled with a stream 
of dry nitrogen to remove oxygen, which can interfere with 
the polymerization process. Polymerization was performed at 
-50°C for 26 h and followed by gradual warming to 20°C over 
a 14 h period (with a slope 5°C/h). Final hardening process of 
resin blocks was performed at 20°C for 24 h. The polymeriza-
tion ran under a UV lamp (a component of the Leica EM FSP).

Correlative light-electron microscopy (CLEM). U-2 OS 
cells expressing BMI1-GFP were grown on sapphire discs in Petri 
dishes. A sapphire disc was placed into a gold-coated live cell car-
rier (1.5 mm in diameter, 140 μm deep; Leica Microsystems) 
with the cells facing up. On top of this system, a molybdenum 
finder grid (1.48 mm; Leica Microsystems) was clamped. Such 
a sandwich was flipped over and transferred into a Fluorodish 
(World Precision Instruments, Inc.) with CO

2
-independent 

medium containing 10% FCS. After acquiring a Z series using 
the inverted Leica TCS SP5 confocal microscope using a long 
working distance, 63x/1.3 NA glycerol immersion objective, the 
sandwich was frozen. Frozen samples were processed in the freeze 
substitution apparatus with the mounted automatic processor 
according to the protocol described above.

Polymerized blocks were then removed from the plastic flow 
through rings (accessories for the AFS2, Leica). To release the 
carrier from the block, the residual resin was trimmed, and the 
blocks were dipped into liquid nitrogen and attached to a 40°C 
razor blade. Blocks prepared for CLEM experiments had the cells 
on the surface and the finder grid deeper. A pyramid was made 
to only leave the quadrant in which the cell of the interest was 
located as described by Verkade.50 Serial ultrathin sections (70 
nm) cut with Leica Ultracut S ultramicrotome were collected on 
nickel slot grids coated with formvar-carbon film. Ultrathin resin 
sections not further stained with heavy metal salts were then 
viewed with a FEI Tecnai G2 Sphera electron microscope.

Immunolabeling on resin sections. With respect to on-sec-
tion immunolabeling, the BMI1 monoclonal antibody was pur-
chased from Upstate (Millipore), TRITC-conjugated and 15 nm 
gold-conjugated secondary antibodies from Aurion and 18 nm 
gold-conjugated antibody from Jackson ImmunoResearch. NGS 
pretreated sections were incubated for 1 h at room temperature 
with a primary antibody (diluted at 1:35) in PBS with 2% BSA 
and 0.5% Tween 20 (Sigma). After a second treatment with 
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