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Abstract Mammalian heterochromatin protein 1
(HPla, HP1B, HP1y subtypes) and transcriptional
intermediary factor TIF1§ play an important role in
the regulation of chromatin structure and function.
Here, we investigated the nuclear arrangement of
these proteins during differentiation of embryonal car-
cinoma P19 cells into primitive endoderm and into the
neural pathway. Additionally, the differentiation
potential of trichostatin A (TSA) and 5-deoxyazacyti-
dine (5-dAzaC) was studied. In 70% of the cells from
the neural pathway and in 20% of TSA-stimulated
cells, HP1a and HP1p co-localized and associated with
chromocentres (clusters of centromeres), which corre-
lated with clustering of TIF1p at these heterochromatic
regions. The cell types that we studied were also char-
acterized by a pronounced focal distribution of HP1y.
The above-mentioned nuclear patterns of HP1 and
TIF1B proteins were completely different from the
nuclear patterns observed in the remaining cell types
investigated, in which HP1a was associated with chro-
mocentres while HP1B and HP1y were largely local-
ized in distinct nuclear regions. Moreover, a dispersed
nuclear distribution of TIF1p was observed. Our find-
ings showed that the nuclear arrangement of HP1
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subtypes and TIF1p is differentiation specific, and
seems to be more important than changes in the levels
of these proteins, which were relatively stable during
all the induced differentiation processes.
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Introduction

Mammalian heterochromatin protein 1 (HP1) (Eissen-
berg and Elgin 2000) belongs to the class of non-his-
tone proteins that are involved in regulation of
chromatin remodelling and transcription. In mamma-
lian cells, three HP1 subtypes (HP1a, HP1B, HP1y) are
characterized by distinct nuclear distributions: HP1a
mainly associates with the centromeres of interphase
nuclei; HP1p is associated with centromeres to a lesser
extent; and HP1y is often concentrated in euchromatic
loci or in both euchromatin and heterochromatin com-
partments (Horsley et al. 1996; Minc et al. 1999; Niel-
sen et al. 2001; Li et al. 2002). HP1 proteins also bind to
the centromeric regions of metaphase chromosomes
(Minc et al. 1999, 2001; Yamada et al. 1999); however,
the consistent localisation of HP1 proteins at meta-
phase centromeres has not been observed, as this
appears to depend on the cell types and antibodies
used (Wreggett et al. 1994; Minc et al. 1999, 2000, 2001;
Saffery et al. 1999). More precise analyses revealed that
specific molecular domains of HPla and HP1p are
responsible for their association with metaphase and
interphase centromeres. Moreover, in some cell lines,
it was found that all three HP1 subtypes could be local-
ised to both clusters of centromeres (described by
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Alcobia et al. 2000 as chromocentres) and promyelocy-
tic leukaemia (PML) nuclear bodies, but with different
preferences (Everett et al. 1999; Hayakawa et al. 2003).

HP1 proteins are also thought to be important struc-
tural elements associated with heterochromatin-medi-
ated gene silencing (Ekwall et al. 1995; Kellum and
Alberts 1995; Yamaguchi et al. 1998). Several tran-
scriptional regulators have the ability to bind HP1 pro-
teins and thereby silence genes (Nielsen et al. 1999,
2001; Ryan et al. 1999; Lechner et al. 2000). An exam-
ple is the mammalian transcriptional intermediary fac-
tor TIF1B. Co-immunoprecipitation experiments
revealed that TIF1f interacts with all HP1 subtypes,
which was documented in undifferentiated embryonal
carcinoma P19 cells (Nielsen et al. 1999). Co-localisa-
tion of both TIF1B and HPla proteins with centro-
meres was found to be required for the induction of the
parietal and visceral endoderm differentiation path-
ways (Cammas et al. 2002, 2004). This interaction was
probably involved in heterochromatin-mediated gene
silencing (Cammas et al. 2004), as observed for the
sequence-specific transcription factor Ilkaros, which
also associates with centromeres during lymphoid
differentiation (Brown etal. 1997, 1999). This well-
known epigenetic silencing mechanism, known as posi-
tion effect variegation (PEV) in Drosophila, has been
reviewed by Eissenberg et al. (1990), and is responsible
for the silencing of euchromatic loci close to hetero-
chromatic domains (Wakimoto 1998).

It is well known that all HP1 subtypes consist of a
chromodomain (CD) and a chromoshadow domain
(CSD) that are separated by hinge regions (Aasland
and Stewart 1995; Bannister et al. 2001; Cowell et al.
2002; Jacobs and Khorasanizadeh 2002; Li et al. 2002;
Muchardt et al. 2002). The chromodomain of HP1s is
highly selective for histone H3 methylated at lysine 9
(K9) (summarised by Rice and Allis 2001; Cowell et al.
2002). Therefore, the association of HP1 subtypes with
chromocentres corresponds to the fact that pericentro-
meric regions are enriched with trimethylated H3(K9)
(summarised by Rice and Allis 2001; Lachner et al.
2003). These observations imply that HP1 proteins,
H3(K9) methylated regions and chromocentres con-
tribute to functionally and structurally important
nuclear compartments that, in addition, can influence
the transcriptional activity of euchromatic loci (sum-
marised by Lachner et al. 2003).

To understand the differentiation-specific relation-
ships between HP1-TIF1p interphase patterns, and the
affinity of these proteins for chromocentres, we have
studied several differentiation pathways of embryonal
carcinoma P19 cells. These cells are a pluripotent
murine embryonal carcinoma cell line that has been
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widely used as a model system for studying the early
events of embryonic differentiation. Embryonal carci-
noma P19 cells resemble the inner cell mass of the
early embryo and can differentiate into various cell
types according to the culture conditions in vitro. This
cell population can also form chimeras after injection
into mouse blastocysts (McBurney 1993; Andrews
2002). Treatment of these cells with retinoic acid (RA;
0.1-1 pM) in the presence of serum leads to highly
homogeneous differentiation into primitive endoderm:;
however, neuroectoderm/neural cells are clearly visible
when the serum is absent (Jones-Villeneuve et al. 1982;
Pachernik et al. 2005). Recently, these cells were used
as a convenient model for studies of HP1-mediated
heterochromatinisation and HP1 interaction with
nucleosomal core histones (Nielsen et al. 2001).
Despite the fact that all variants of HP1 proteins are
structurally conserved from yeast to humans (Eissen-
berg and Elgin 2000), the interphase patterns seem to
be cell-type specific (Minc et al. 1999; Taddei et al.
2001; Bartova et al. 2005 and data shown here). In our
experiments, we observed the co-localisation of HP1a
and HP1B and more condensed foci of HP1y in the
cells from the neural pathway and in approximately
20% of TSA-stimulated embryonal carcinoma P19
cells. Undifferentiated cells, 80% of TSA-treated cells,
5-dAzaC-treated cells and the cells of primitive endo-
derm were characterised by distinct nuclear positioning
of HP1o and HP1B and by a more dispersed distribu-
tion of HP1y and TIF1p. In cells from the neural path-
way, co-localisation of HP1a and HP1p corresponded
well with the focal distribution of TIF1p close to the
chromocentres; however, these structural modifica-
tions were not accompanied by pronounced changes in
the protein levels. Enhanced accumulation of TIF1
near chromocentres of neural cells could be explained
by the ability of TIF1p to bind to both HP1o and HP1p
proteins (Nielsen et al. 1999), which co-localised in this
cell type. Our data further imply that the nuclear pat-
terns of HP1 proteins, TIF1B and chromocentres are
differentiation-specific, and appear to be functionally
more important than the protein levels, which remain
constant during the induction of differentiation.

Materials and methods

Cell culture and treatments

Mouse embryonal carcinoma P19 cells were purchased
from the European Collection of Cell Cultures, Wilt-

shire, UK. These cells were cultured in tissue culture
dishes pre-treated for 10 min with a 0.1% aqueous
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solution of gelatine. Dulbecco’s modified Eagle’s
medium (D-MEM) containing 10% fetal calf serum,
0.05 uM B-mercaptoethanol, 100 i.u./ml penicillin, and
0.1 mg/ml streptomycin was used. Under serum-free
conditions, the cells were cultured in D-MEM/F12
(1:1) medium supplemented with the ITS supplement
and antibiotics as described above (all from GIBCO
BRL, Chemos CZ, Prague, Czech Republic). To initi-
ate differentiation, the embryonal carcinoma P19 cells
(5 x 10%/cm?) were seeded onto the gelatinised tissue
culture dishes in complete D-MEM medium, 24 h
before the application of experimental conditions.

To induce primitive endoderm differentiation, the
cells were cultivated in a fresh original medium con-
taining 10% serum and 0.2 uM all-trans retinoic acid
(RA; Sigma, Prague, Czech Republic) (S-R). To
induce neural differentiation, the original medium was
replaced by serum-free media with 0.2 uM RA (SF-R).
In both cases, the RA treatment was applied for the
first 2 days, and then the RA-containing media were
replaced with appropriate media without RA. After
two additional days (total of 4 days), the cells turned
into primitive endoderm (S-R) and neural (SF-R) cell
populations (Pachernik et al. 2005). Embryonal carci-
noma P19 cells were also treated with TSA (100 nM)
or with 20 uM of 5-dAzaC in complete D-MEM
medium for 24 and 48 h, respectively. Control and
treated cells were cultivated in standard conditions at
37°C in a humidified atmosphere containing 5% CO.,.

Immunostaining of the interphase nuclei

The cells were fixed on microscope slides with 4%
formaldehyde for 10 min at room temperature (RT),
permeabilised with both 0.1% Triton X-100 for 8 min
and 0.1% saponin for 12 min (Sigma, Germany), and
washed twice in PBS for 15 min. We then incubated the
preparation in 1% BSA (dissolved in PBS) for 1 h at
RT. The slides were washed for 15 min in PBS, and
incubated with anti-HPla (clone 15.19s, #05-689,
Upstate, USA), anti-HP1p (#07-333, Upstate, USA),
anti-HP1y (clone 42s2, #05-690, Upstate, USA) and
anti-C-terminus of TIF1f (#sc-19168, Santa Cruz, CA).
Each antibody was diluted 1:200 (1:100 for TIF1p) in
1% BSA dissolved in PBS, and then incubated over-
night at 4°C. The cells were washed twice in PBS for
5 min, and incubated for 1 h with the appropriate sec-
ondary antibody. We used anti-rabbit IgG-FITC
(#F0511, Sigma, Germany), donkey anti-goat IgG-
FITC (#sc-2024, Santa Cruz, CA) and goat anti-mouse
IgG;-Alexa Fluor 594 (Molecular Probes, USA). Sec-
ondary antibodies were diluted 1:200 in 1% BSA dis-
solved in PBS. Immunostained cells were washed three

times in PBS for 5 min, and counterstained with DAPI
(4',6-diamidino-2-phenylindole, 0.2 pg/ml) or TO-
PRO-3 (0.04 pg/ml) (Molecular Probes, USA). Inter-
phase nuclei were analysed using Nipkow disk confocal
microscopy, and 100 nuclei were acquired in three
independent experiments.

Image acquisition

The images of immunostained cell nuclei were
acquired by a Nipkow disk confocal system consisting
of an argon/krypton laser (Innova 70, Coherent) with
an acousto-optical tuneable filter (AOTF, Brimrose)
for wavelength selection, and a confocal head (QLC
100; VisiTech International) connected to a Leica
DMRXA epi-fluorescence microscope (LEICA) with a
Piezo-controlled z-movement (Physic Instrumente).
The scanning system was driven by FISH 2.0 software
(Kozubek et al. 1999) running on a personal computer.
The images were captured with a fully programmable
digital CoolSnap CCD camera (Photometrix, Tucson,
AZ). The magnification of the objective lens was 100x
(NA =1.3). For embryonal carcinoma P19 adherent
cells, 70 optical sections, with axial steps of 0.1 pm,
were scanned. Three-dimensional projections were
done using Andor iQ software (ANDOR Technology,
version 1.0.1). The average distances of chromocentres
(the weight centre of each chromocentre was calcu-
lated) from the nuclear weight centre, normalised to
the local nuclear radius, were calculated using FISH 2.0
software according to Bartova et al. (2005). The data
from the FISH 2.0 analysis were exported to Sigma
Plot 8.0 software (Jandel Scientific, California) to per-
form the final mathematical evaluation. Statistical anal-
ysis was performed using the bio-statistical software
Statistica (StatSoft, Czech Republic) and tested for
conformity to a normal distribution. As our results
were pronouncedly asymmetric and did not correspond
to normal distributions, the Mann—Whitney U test was
applied to all data. Asterisks (shown in Fig. 6f) indicate
statistically significant differences from the control
value at the level P > 0.05.

Western blotting

Cells were washed with PBS and lysed in sodium dode-
cyl sulphate (SDS)-lysis buffer (50 mM Tris—HCI, pH
7.5;1% SDS; 10% glycerol). The protein concentrations
were determined using the DC Protein assay kit (Bio-
Rad, Bio-Consult, Czech Republic). Lysates were sup-
plemented with bromophenol blue (0.01%) and B-mer-
captoethanol (1%), and equal amounts of total proteins
(10 pg) were subjected to SDS-PAGE. After being elec-

@ Springer



378

Histochem Cell Biol (2007) 127:375-388

trotransferred onto a polyvinylidene difluoride mem-
brane (Immobilon-P, Sigma, Czech Republic), proteins
were immuno-detected using appropriate primary and
secondary antibodies and visualised by ECL + Plus
reagent (Amersham Pharmacia Biotech, Czech Repub-
lic) according to the manufacturer’s instructions. The
following primary antibodies were employed: anti-HP1a
(clone 15.19s2, #05-689, Upstate, USA), anti-HP1p
(#07-333, Upstate, USA), anti-HP1y (clone 42s2, #05-
690, Upstate, USA), rabbit polyclonal antibody against
total histone H3 (#06-755, Upstate, USA), anti-acetyl-
H3(K9) (#06-942, Upstate, USA) and anti-C-terminus
of TIF1B (#sc-19168, Santa Cruz, CA). The level of
lamin B was studied using an appropriate goat poly-
clonal antibody (#sc-6217, Santa Cruz, CA). The levels
of differentiation markers such as Oct-4, Endo-A and
IIIB-tubulin were determined using the following anti-
bodies: mouse monoclonal antibody against Oct-3/4
(C10) (#sc-5279, Santa Cruz, CA), rat monoclonal anti-
body against mouse endoderm-specific cytokeratin
Endo-A (TROMA-I, Developmental Studies Hybrid-
oma Bank, University of lowa) and mouse monoclonal
antibody against human neuron-specific class III3-tubu-
lin isotype, which cross reacts with the mouse homo-
logue (TU-20, provided by Pavel Draber, Institute of
Molecular Genetics, Prague, Czech Republic). After
immuno-detection, each membrane was stained with
amidoblack to confirm equal protein loading.

Agarose gel electrophoresis

Genomic DNA was isolated from control and 5-
dAzaC-treated cells using the Blood & Cell Culture
DNA Mini kit (#13323, Qiagen, Bio-Consult, Czech
Republic), and 1 pg DNA was digested with 375 units
of methylation-sensitive Hpall restriction enzyme.
Incubation was for 16 h at 37°C. The reaction was
stopped by heat inactivation for 20 min at 65°C. The
DNA fragments were separated by electrophoresis on
0.9% NuSieve agarose gel (Cambrex, USA) and
stained with ethidium bromide (1 pg/ml).

Transfection of cells with an expression vector
encoding GFP-HP1

Individual plasmids encoding GFP-HP1la, GFP-HP1p3
and GFP-H1y (a generous gift from the Laboratory of
Receptor Biology and Gene Expression, the National
Institutes of Health, Bethesda, USA) were inserted into
Escherichia coli DH5a for amplification. Plasmid DNA
was isolated by Qiagen Large-Construct kit (#12462,
Qiagen, Bio-Consult, Czech Republic) and this purified
DNA was used for electroporation of embryonal
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carcinoma P19 cells as described by Pachernik et al.
(2005). These experiments were performed to compare
nuclear patterns of exogenously expressed GFP-HP1
proteins with patterns of endogenous HP1s.

Results

Characteristics of differentiation pathways of mouse
embryonal carcinoma P19 cells

The morphology of embryonal carcinoma P19 cells was
studied in progenitor cell population (Fig. 1a), after
TSA and 5-dAzaC treatments (Fig. 1b, c¢) and during
selected differentiation pathways (SR in panel d and
SF-R in panel e). As can be seen in Fig. 1a, undifferen-
tiated embryonal carcinoma P19 cells grew in compact
colonies, clearly visible under the light microscope. In
comparison with these control cells, TSA induced a
fibroblast-like cell shape (Fig.1b), while 5-dAzaC-
treated cells adopted a more flattened shape (Fig. 1c).
In the next experiments, the well-defined protocols for
differentiation of embryonal carcinoma P19 cells (Pac-
hernik et al. 2005) were used. After RA treatment in
the presence of serum (S-R) (Fig. 1d), the cell popula-
tion became more flattened and the cells were dis-
persed on the surface of the culture dishes, while RA
alone in the absence of serum induced the neural mor-
phology (SF-R) (Fig.le). Cell differentiation into
primitive endoderm (S-R in Fig. 1d) was additionally
verified by the detection of primitive endoderm-spe-
cific markers such as cytokeratin Endo-A (Fig. 1f), and
a high level of neuron-specific IIIB-tubulin was
observed in neural cells (Fig. 1g). The analysis of differ-
entiation markers by Western blotting (Fig. 1h)
revealed high levels of Oct-4 protein (used as a marker
of pluripotency) in undifferentiated embryonal carci-
noma P19 cells, while both S-R and SF-R differentia-
tion pathways were characterised by a lack of Oct-4.
Testing the level of Oct-4 in the cells treated with TSA
and 5-dAzaC, we observed a remarkable decrease in
Oct-4 with TSA treatment and a slight reduction after
5-dAzaC treatment. These findings indicate that TSA,
and to some extent 5-dAzaC, may have some differen-
tiation potential; however, loss or decrease in Oct-4
(see Fig. 1h) does not necessarily imply that TSA and
5-dAzaC have differentiation activity.

Histone hyperacetylation and DNA hypomethylation
induced in embryonal carcinoma P19 cells

The effect of TSA, as an inhibitor of histone deacety-
lases (HDAC:), on the histone acetylation state was
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Fig.1 Morphology of embryonal carcinoma P19 cells studied
during histone hyperacetylation, DNA hypomethylation and dur-
ing endoderm and neural differentiation pathways. a Control
mouse embryonal carcinoma P19 cells growing in clusters.
b Embryonal carcinoma P19 cells treated with the HD AC inhibi-
tor TSA were characterised by fibroblast-like morphology.
¢ DNA hypomethylation by 5-dAzaC induced a flattened mor-
phology. d Four days of cell cultivation with retinoic acid, dis-
solved in medium with serum (S-R), induced an endodermal phe-
notype. e Retinoic acid in medium without serum (SF-R) induced

verified by Western blotting. In comparison with the
control, an extensive TSA-dependent increase in
H3(K9) acetylation was observed, accompanied by a
slight decrease in the level of histone H3 (Fig. 2a).
DNA demethylating effects of 5-dAzaC were dem-
onstrated by enhanced cleavage of total genomic DNA
with Hpall restriction enzyme. Hpall is sensitive to
cytosine methylation at CCGG recognition sites. In the
absence of Hpall we observed intact, high molecular
weight DNA on agarose gels (Fig. 2b). After Hpall
restriction, a pronounced low-molecular-weight DNA
fraction became visible in the samples from 5-dAzaC-
treated embryonal carcinoma P19 cells (Fig. 2b).
Additionally, we tested the level of acetylated
H3(K9) and the total level of H3 in 5-dAzaC-treated

a neural population. f To verify the specific differentiation path-
way, cytokeratin Endo A (Endo-A), a specific primitive endo-
derm factor, was labelled in S-R cells. Staining of cell nuclei with
DAPI is shown in the insert. g IIIB-tubulin is a characteristic
marker of neural populations. The presence of IIIB-tubulin was
verified using immunocytochemistry. Staining of cell nuclei by
DAPI is shown in the insert. h Differentiation markers such as
Oct-4, Endo-A and I1IB-tubulin were analysed by Western blot-
ting, and the levels of all proteins were normalised to the total
protein levels

cells, and in endoderm and neural populations. No
changes in the levels of acetylated H3(K9) and histone
H3 were found in the S-R and SF-R differentiation
pathways (Fig. 2a). However, after 5-dAzaC treatment,
we observed a decreased level of acetylated H3(K9),
probably as a consequence of the reduced level of total
histone H3 (Fig. 2a).

Distribution of HP1 proteins in nuclei
of undifferentiated embryonal carcinoma P19 cells

A number of cell types similar to embryonal carcinoma
P19 cells are characterised by co-localisation of HP1a
with chromocentres (Everett etal. 1999; Hayakawa
etal. 2003). Formation of chromocentres was also

@ Springer



380

Histochem Cell Biol (2007) 127:375-388

Fig. 2 Histone and DNA A
methylation analyses.
a Changes in global histone

Histone analysis

B
DNA methylation analysis

H3(K9) acetylation and levels
of total histone H3 after TSA
and 5-dAzaC treatments, and
during S-R and SF-R differen-
tiation of embryonal carci-
noma P19 cells. Data from

CONTROL
TSA

5-dAzaC

L
OL

+ 5-dAzaC

2
w w

I CONTR
| 5-dAzaC
+ CONTR

Hpall

Western blotting were norma-
lised to the total nuclear pro-

D - e

AcH3(K9) kb

tein levels. Triplicate

20 -

experiments using Western
blotting were performed and

o == | Histone H3

the representative results are
shown in panel a. b Agarose
gel analysis of non-restricted
(=) and Hpall-restricted (+)
genomic DNA isolated from
the control and from 5-dA-
zaC-treated embryonal carci-
noma P19 cells.
Hypomethylated DNA is
shown after 5-dAzaC treat-
ments as a low-molecular
weight smear

observed in embryonal carcinoma P19 cells after DAPI
counterstaining (Fig. 3a, e, i). Densely stained chromo-
centres were associated with 100% of HPla foci, as
shown in Fig. 3a and b (merged in Fig. 3c, see insert).
Focal distribution of HP1a was also observed in cells
transiently expressing GFP-HPla, but to a lesser
extent (Fig. 3d).

Immunocytochemical analyses of undifferentiated
embryonal carcinoma P19 cells revealed relatively fine
foci of endogenous HP1p (Fig. 3f, g), which did not
strictly co-localise with chromocentres (Fig.3g). In
these cells, fine foci were also found for the third HP1
subtype, HP1y (Fig. 3j, k), that preferentially localised
outside chromocentres, probably in euchromatic
regions (Fig.3k). Comparing nuclear patterns of
endogenous HP1p and HP1y proteins with patterns of
the same but exogenously expressed nuclear compo-
nents, we observed certain differences. Contrary to the
results from immunocytochemistry, we found a high
level of GFP fluorescence, not appearing as fine foci
(Fig. 3h, 1). Significant differences were also revealed
between large foci of exogenously expressed GFP-
HP1a and both exogenously expressed GFP-HP1B and
GFP-HP1y (compare Fig. 3d with Fig. 3h and 1).

HP1a and HP1p co-localised during neural
differentiation

Dual immunocytochemistry was performed to study
the interrelationship between nuclear localisation of
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HP1a and HP1f. In undifferentiated embryonal carci-
noma P19 cells, in the majority of cells treated with
TSA or 5-dAzaC, and in the S-R-stimulated popula-
tion, HP1a and HP1p did not co-localise; this was also
clearly visible in 3D-lateral projections (Fig. 4a). Pro-
nounced co-localisation of HPla and HPI1p was
observed in approximately 95% of HP1 foci in embryo-
nal carcinoma P19 cells induced to neural differentia-
tion (Fig. 4a, P19/SF-R panel). This is documented by
3D projections of the cell from the neural pathway
(P19/SF-R) and by separated images of HPla and
HP1p in the same cell (red foci of HP1a are shown in
the upper P19/SF-R panel and green foci of HP1p are
shown in the lower P19/SF-R panel). The co-localisa-
tion of HP1o and HP1 was observed in approximately
70% of SF-R and in 20% of TSA-treated embryonal
carcinoma P19 cells (Fig. 4e). Therefore, the relation-
ship between HP1a and HP1p proteins with chromo-
centres was more precisely analysed only in SF-R-
stimulated cell populations (Fig. 4b). Both HP1a and
HP1p subtypes associated with chromocentres; how-
ever, an exact co-localisation of HP1 proteins with
chromocentres was not observed (see magnifications in
Fig. 4b, inserts).

HP1y nuclear localisation was studied in control,
TSA- and 5-dAzaC-treated embryonal carcinoma P19
cells, and during the S-R and SF-R differentiation
pathways (Fig. 4c). The interphase profile of HP1y
was conserved after the majority of treatments, but
not after SF-R cell stimulation, where a pronounced
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chromocentres

HP1a-1CC

Merge GFP-HPla

A

chromocentres HP1B-1CC

GFP-HPIp

P19/ CONTROL

chromocentres

HP1y-ICC

GFP- HPl1y

Fig. 3 Immunocytochemical analyses of HP1o, HP1p and HP1y
proteins in undifferentiated embryonal carcinoma P19 cells.
a DAPI staining was used to show chromocentres. b HPla
formed distinct foci in embryonal carcinoma P19 cells. ¢ HP1a
(red) associated with chromocentres; see also higher magnifica-
tion (see insert). d Embryonal carcinoma P19 cell, transiently
expressing GFP-HP1a. e Chromocentres in a embryonal carci-
noma P19 cell stained with DAPI. f HP1p was organised into fine

focal arrangement of HP1y was found (Fig. 4c, SF-R).
In these cells, the association of HP1y with chromo-
centres was revealed in approximately 35% of HP1y
foci (see example in Fig. 4b, red arrows and frame
with red arrow), while the rest of this protein was
apparently positioned in euchromatic regions of neu-
ral cells (Fig. 4b, white arrows and magnification in
HP1y panel of Fig. 4b). After TSA treatment, approx-
imately 20% of cells were characterised by the pres-
ence of several larger foci of HP1y (Fig. 4c, white
arrow); however, these regions were not so distinct
when compared with the neural pattern (Fig. 4c, com-
pare TSA with SF-R). Our data imply that unlike the
neural pathway, TSA has an ability to induce a heter-
ogeneously differentiated population of embryonal
carcinoma P19 cells.

Analysing the levels of all three HP1 subtypes by
Western blotting, we have observed highly stable pro-
tein levels during all treatments tested (Fig.4d). A
slightly reduced level of HP1y was only found after
TSA cell stimulation (Fig. 4d).

.

foci, shown by immunocytochemistry. g Overlay image of chro-
mocentres (blue foci) and HP1p (green). h Embryonal carcinoma
P19 cell transiently expressing GFP-HP1p. i Chromocentres in a
control embryonal carcinoma P19 cell stained with DAPI. j Nu-
clear pattern of HP1y visualised by immunocytochemistry and
confocal microscopy. k Overlay of chromocentres (blue foci) and

HP1y (red). 1 Embryonal carcinoma P19 cell transiently express-
ing GFP-HP1Yy. Scale bar indicates 0.5 pm

Changes of HP1a pattern in the ‘cell-anchorage region’
after TSA and 5-dAzaC treatments

A part of the cell nucleus, in close association with the
cell attachment to the culture dish (‘cell anchorage
region’), was densely occupied by HP1a (Fig. 4a). It
was observed especially in control embryonal carci-
noma P19 cells. TSA and 5-dAzaC caused relocation of
HP1a foci from this nuclear region (Fig. 4a, TSA and
5-dAzaC, lateral projections). In primitive endoderm
cells as well as in SF-R-treated cells, we did not
observe this effect (Fig. 4a, SR and SF-R). Except in
control cells, we found that apoptosis was occurring, as
shown by cleavage of lamin B (65 kDa) to 45 kDa frag-
ments (Fig. 4d). In TSA- and 5-dAzaC-treated popula-
tions, detachment of cells from culture dishes was more
frequently observed than in S-R and SF-R differenti-
ated cells (light microscope observation). On the other
hand, lamin B cleavage was less intense in the adherent
population of TSA- and 5-dAzaC-treated cells than
after S-R and SF-R treatments (documented in
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Fig. 4 a Detection of HP1o and HP1p using dual immunostain-
ing in undifferentiated, TSA-treated and 5-dAzaC-treated cells,
and in embryonal carcinoma P19 cells induced to endoderm
(S-R) and to the neural pathway (SF-R). Maximum images (x-y)
are shown for each treatment and lateral projections (x-z, y-z) are
included with each panel. Structural changes were observed after
TSA and 5-dAzaC treatments at the regions of cell adherence to
culture surfaces. Cells induced to neural differentiation, and 20%
of TSA-stimulated cells, (panel e) were characterised by co-local-
isation of HP1a and HP1f, unlike control and 5-dAzaC-treated
cells and cells stimulated to form endoderm. b Analyses of HP1
protein co-localisation with chromocentres were performed in
embryonal carcinoma P19 cells differentiated into the neural line-
age: HPlo and HP1P were chromocentres associated with in
approximately 95% of foci (see higher magnification, insert).
In the neural population, HP1y was located in both euchromatic
and heterochromatic compartments; HP1y was associated with
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chromocentres in approximately 35% of foci (red arrows and in-
sert with red arrow). White arrows show separate positioning of
one chromocentre (blue) and one HP1y region (green). Scale bars
indicate 1 pm. ¢ Nuclear pattern of HP1y in embryonal carcinoma
P19 cells treated with TSA or 5-dAzaC, or stimulated to endo-
derm and neural cell differentiation. Scale bar indicates 1 um.
d Levels of HP1a,, HP1f and HP1y proteins and lamin B (65 kDa)
cleavage into 45 kDa fragments (longer exposure than for 65 kDa
lamin B fragment has been used) were detected in embryonal car-
cinoma P19 cells stimulated with TSA or 5-dAzaC, or induced to
endoderm and neural cell maturation. Results in the undifferenti-
ated (control) cell population are labelled as ‘C’. e This panel rep-
resents the percentage of nuclei with HP1a/HP1f co-localisation,
which was evaluated after all the different treatments of embryo-
nal carcinoma P19 cells (approximately 100 nuclei for each treat-
ment were analysed)
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Fig. 5 Immunocytochemical
analyses of transcriptional
intermediary factor TIF1p.
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a Nuclear pattern of TIF1B in
undifferentiated, TSA-treated
and 5-dAzaC-treated embryo-
nal carcinoma P19 cells, and in
endoderm and neural cell
populations. Scale bar indi-
cates 1.5 pm. b Analysis of the
TIF1p protein level in all cell
types studied was performed
using Western blotting. TIF1B
protein levels were norma-
lised to the total protein lev-
els. ¢ Percentage of nuclei
with focal TIF1p arrangement
in progenitor, TSA-treated
and 5-dAzaC-stimulated
embryonal carcinoma P19
cells, and in the same cells in-
duced to endoderm (S-R) and
neural (SF-R) differentiation
pathways

Fig. 4d). The occurrence of apoptosis during all the
differentiation pathways tested excluded an influence
of this process on repositioning of HPla from the
nuclear compartment in close proximity to ‘cell
anchorage regions’. Therefore, relocation of HP1la to
the nuclear interior seems to be an effect of hyperacet-
ylation or DN A hypomethylation induced by the inhib-
itors tested.

Nuclear distribution and levels of TIF1
transcriptional intermediary factor

It is well known that HP1-TIF1p interaction is essential
for the induction of specific differentiation pathways of
mouse embryonal carcinoma cells (Cammas et al. 2002,
2004). To contribute to the knowledge of the role of
TIF1p in differentiation processes, we also studied the
nuclear pattern of TIF1p in embryonal carcinoma P19
cells treated with TSA or 5-dAzaC, or induced into the
primitive endoderm and neural differentiation path-
ways (Fig.5a). Using confocal immunofluorescence
microscopy, we observed that TIF1 is diffusely distrib-
uted throughout the nucleoplasm of undifferentiated
and 5-dAzaC-treated cells (Fig. 5a). However, approxi-
mately 25% of TSA-stimulated cells were character-
ised by a focal arrangement of TIF1f in close
association with chromocentres (Fig. 5a, TSA and 5c).
In cells induced into primitive endoderm, we did not
observe a focal arrangement of TIF1p (Fig. Sa). How-
ever, a pronounced focal distribution of TIF1p, associ-
ated with the chromocentres, was observed in
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approximately 60% of the cells induced into the neural
pathway (SF-R in Fig. 5a, c). Levels of TIF1f were
shown to be stable by Western blotting in all cases
tested (Fig. 5b).

A reduced number of chromocentres was observed
during induction of differentiation pathways

In parallel with changes in focal localisation of HP1
proteins, a reduced number of chromocentres was
observed in all cell types studied (Fig. 6a—e). These
experiments were performed to investigate chromo-
centre rearrangement during induced differentiation,
which also in some cases strongly reflects HPla
nuclear reorganisation in particular. In control cells,
approximately 20 centromeric clusters per cell were
found (Fig. 6a), whereas cells treated with TSA dis-
played an average of only nine chromocentres per cell
(Fig. 6b). Interestingly, in approximately 15% of
TSA-treated cells, no visible chromocentres were
detected (Fig. 6b zero bar, and DAPI staining in TSA
panel of Fig. 6f). In 5-dAzaC-treated cells, we found
16.5 &+ 0.4 chromocentres (Fig. 6¢), and a similar aver-
age number of chromocentres per cell was found for
both S-R and SF-R differentiated cells (Fig. 6d, e).
The average distances of chromocentres from the
nuclear weight centre, normalised to the local nuclear
radius, were additionally calculated for all cell types
tested (see values in abbreviations in Fig. 6f showing
average chromocentre location as a percentage of the
nuclear radius + standard errors). Using quantitative
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Fig. 6 Nuclear arrangement of chromocentres in embryonal
carcinoma P19 cells. The number of chromocentres was evalu-
ated in approximately 350-400 nuclei each of undifferentiated
(a), TSA-treated (b) and 5-dAzaC-treated (¢) cells, and in
embryonal carcinoma P19 cells induced to endoderm (S-R) (d)
and neural (SF-R) (e) differentiation. No visible chromocentres
were found in 15% of TSA-treated cells, as determined by
DAPI staining (f). In undifferentiated cells, approximately 20
chromocentres were observed, while 5-dAzaC, S-R and SF-R

image analysis, we observed the relocation of chro-
mocentres closer to the nuclear membrane in TSA-
and 5-dAzaC-treated cells, and in the S-R-stimulated
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treatments reduced the number of chromocentres to approxi-
mately 16. The cells treated with TSA displayed an average of
only nine chromocentres per cell. The nuclear arrangement of
chromocentres after DAPI staining, and the average distances
of chromocentres from the nuclear weight centre (normalised to
the local nuclear radius), are shown in panel f. The Mann—Whit-
ney U-test was applied to all data, and asterisks indicate results

that are statistically significant, different from the control value
at the level P > 0.05

cell population. However, no statistically significant
repositioning of chromocentres was observed for the
neural cell types (Fig. 6f).
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Discussion

Present studies on the understanding of the structural
and functional properties of chromatin are often based
on analyses of heterochromatin/euchromatin forma-
tion and its relationship to the repression or stimula-
tion of fundamental nuclear and cellular processes. In
our experiments, we have studied the nuclear arrange-
ment of all the variants of heterochromatin protein 1
(HP1) and of transcriptional intermediary factor TIF1f3
and the nuclear distribution of chromocentres during
cell differentiation and after cell stimulation by inhibi-
tors of HDACs and DNA methyltransferases. We have
used mouse embryonal carcinoma P19 cells, which rep-
resent a well-established model system for early
embryonic development and cellular differentiation
(McBurney 1993; Andrews 2002). We used retinoic
acid as a powerful differentiation agent that in the pres-
ence or absence of serum induced primitive endoderm
or neural maturation (Jones-Villeneuve etal. 1982;
Pachernik et al. 2005). In our experiments, we also
found that both TSA and 5-dAzaC have the ability to
stimulate differentiation, deduced from the decreased
level of Oct-4 (Fig. 1h), which is considered an impor-
tant marker of stem cell pluripotency (e.g. Hay et al.
2004; Wiblin et al. 2005).

HP1-TIF1B-chromocentre interaction during mouse
embryonal carcinoma cell differentiation

Interaction of TIF1f with all members of the HP1 pro-
tein family was first described by Nielsen et al. (1999).
In these experiments, all three HP1s were found in the
TIF1B immunoprecipitate obtained from undifferenti-
ated embryonal carcinoma P19 cells. Differentiation-
specific compartmentalisation of TIF1 at centromeric
regions, dependent on a mechanism involving HP1a-
TIF1B interaction, was described by Cammas et al.
(2002). This interaction was not essential for the differ-
entiation of mouse F9 embryonal carcinoma cells into
the primitive endoderm, but was required for induction
of subsequent cell maturation in parietal and visceral
endoderm (Cammas et al. 2004). In these experiments,
the authors tested the nuclear patterns of HP1a-TIF1,
but they did not address the nuclear arrangement of
HP1p and HP1y subtypes. In our experiments, we have
observed that a focal arrangement of TIF1f close to
chromocentres appears only in cells characterised by a
pronounced association of HP1a/HP1p with chromo-
centres. These observations imply that this nuclear pat-
tern should be important for compartmentalisation of
TIF1p at these heterochromatic regions. It could also
be explained as a consequence of an increased number

of molecules of HP1 proteins at chromocentres, which
manifests itself as a focal accumulation of TIF1f that
can bind to both HPla and HP1p proteins (Nielsen
et al. 1999). Our data support the conclusion that HP1a
and HP1p directly interact and influence each other
(Verschure et al. 2005). These interactions probably
affect the nuclear arrangement of TIF1B, as shown
here.

In our experiments, cells induced to form primitive
endoderm were characterised by fine spots of TIF1,
and no co-localisation of HP1a and HP1p was found
(Figs. 4a, 5a, ). Conversely to Cammas et al. (2002), a
focal arrangement of TIF1f was not observed in this
type of differentiation. This could be explained by the
fact that distinct cell types were induced into similar
differentiation pathways, or by the fact that the HP1-
TIF1p interaction is not essential for primitive endo-
derm maturation (Cammas et al. 2004). However, the
importance of HP1-TIF1f association was pointed out
for parietal and visceral endoderm, and for differentia-
tion into cardiomyocytes and neural cell types (Cam-
mas et al. 2002). It was also shown in our model of
neural maturation and, therefore, the results described
imply that not only HP1-TIF1p interactions, but also
nuclear patterns of the HP1 subtypes and compartmen-
talisation of TIF1p at chromocentres, play an essential
role in the induction of some differentiation processes.

Cell-type specific pattern of HP1 proteins

Here, we observed cell-type specific patterns and
nuclear compartmentalisation of HP1 (o, B and y) pro-
teins (Fig. 4). In comparison with Minc et al. (1999),
who reported strict co-localisation of HP1a and HP1(
in mouse 3T3 cells but not in HelLa cells, we have
found distinct nuclear distributions of HP1a and HP1
in undifferentiated embryonal carcinoma P19 cells, 5-
dAzaC-treated cells and in endoderm cells. Co-locali-
sation of these foci was found in a neural cell popula-
tion (Fig. 4a, P19/SF-R), and in approximately 20% of
TSA-stimulated cells. Cell-type specific patterns of
HP1 proteins were also documented by Gilbert et al.
(2003), who reported high levels of HP1s in embryonic
erythrocytes of mouse, while during differentiation of
the erythrocytes of chicken, all HP1 subtypes were
completely lost. In addition, Lukéasova etal. (2005)
observed a similar absence of HP1 proteins in human
peripheral blood granulocytes.

The differentiation-related changes in the interphase
patterns of HP1 and TIF1f proteins also appeared
after TSA treatment (Figs.4, 5). Pronounced focal
accumulation of HP1 proteins after TSA treatment is
in agreement with the results of Bartova et al. (2005).
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However, in the experiments presented here, TSA-
stimulated embryonal carcinoma P19 cells formed a
more heterogeneous population, which could be
explained as a consequence of hyperacetylation and
differentiation being induced together. Unlike the
TSA-related decrease in the levels of HP1s, reported
by Taddei et al. (2001) and Bartova et al. (2005), we
have only observed a slightly reduced level of the HP1y
subtype in TSA-stimulated cells (Fig.4d). This can
only be explained by cell-type specific responses. The
effects of TSA were studied in detail in the experiments
of Taddei et al. (2001). These authors reported com-
plete dissociation of HP1la into fine spots after 5 days
of TSA treatment. However, Bartova etal. (2005)
showed more distinct foci for all subtypes of HP1 after
2 days of TSA stimulation. In both reports, HP1a dis-
sociated from chromocentres that were repositioned
closer to the nuclear envelope, as was also confirmed
by our quantitative image analysis shown in Fig. 6f
(TSA panel) and by repositioning of HPla closer to
the nuclear weight centre (Fig. 4a). Total dissociation
of HP1a from the chromocentres was observed by Tad-
dei et al. (2001), while Bartova et al. (2005) found this
phenomenon only for peripherally located centro-
meres. On the other hand, Gilchrist etal. (2004)
reported stable nuclear positioning of centromeres
within interphase nuclei a short time after a high-dose
exposure to TSA, and therefore Taddei et al. (2005)
discussed the effect of TSA from the point of view of
dose and exposure and cell-type specificity.

HP1 proteins and the nuclear periphery

In our experiments, we have tried to provide informa-
tion about changes in the patterns of HP1 proteins
and associated structures during cell differentiation
and after inhibition of selected epigenetic processes.
Pronounced structural modifications were also found
for the nuclear region closely associated with the ‘cell
anchorage region’ to culture surfaces (Fig. 4a, HP1a
in TSA and 5-dAzaC-treated cells). The observed
nuclear rearrangement seems not to be related to the
induction of apoptosis. In our experiments, apoptosis
was found during all differentiation pathways tested,
and therefore repositioning of HP1la to the nuclear
interior could be considered as an effect of histone
hyperacetylation induced by TSA, and DNA
hypomethylation stimulated by 5-dAzaC. More cen-
tral repositioning of HP1a after TSA treatment is in
good agreement with Bartova et al. (2005), and these
results imply that the nuclear compartment in close
proximity to the ‘cell anchorage region’ represents a
specific part of the nuclear periphery, and therefore it

@ Springer

should be considered separately in higher-order chro-
matin analyses.

Taken together, we observed differentiation-specific
reorganisation of HP1 proteins and TIF1, which rep-
resent highly dynamic components of chromatin
(Cheutin et al. 2003) and are required for the stability
of heterochromatin domains and for induction of spe-
cific maturation pathways (Cammas et al. 2002, 2004).
Differentiation-related nuclear reorganisation also
involved the clusters of centromeres, called chromo-
centres, the formation of which was well described by
Alcobia et al. (2000, 2003). The repositioning of chro-
mocentres closer to the nuclear periphery (Fig. 6f)
seems to be a general feature of many differentiation
pathways (summarised by Bartova and Kozubek 2006)
or could be related to the hyperacetylation induced by
TSA that is characterised by the dissociation of centro-
meres and HP1a (Taddei et al. 2001 and Bartova et al.
2005). In our experiments, all cell stimulations led to a
decrease in the level of Oct-4 protein, which is consid-
ered to be a marker of stem cell pluripotency. There-
fore, we can summarise that several differentiation
pathways were induced in our experiments with mouse
embryonal carcinoma P19 cells. Co-localisation of
HP1la and HP1p appeared as an important structural
feature, probably necessary for compartmentalisation
of these HP1 proteins with TIF1B. Changes in the
nuclear patterns and interactions of HP1s and TIF1p
were functionally more significant than the protein lev-
els studied, which did not change significantly during
the induction of differentiation.
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