Epigenetics 6:3, 380-387; March 2011; © 2011 Landes Bioscience

HP1« is not necessary for the structural
maintenance of centromeric heterochromatin

Artem K. Velichko, Omar L. Kantidze* and Sergey V. Razin*

Laboratory of Structural and Functional Organization of Chromosomes; Institute of Gene Biology of the Russian Academy of Sciences; Moscow, Russia

Key words: heterochromatin, heat shock, HP1a, centromeres, DNA packaging

Heterochromatin protein 1 (HP1) was discovered as a protein essential for maintaining the silent transcriptional status
of genes located within or close to centromeric regions of Drosophila chromosomes. Mammals express three variants
of HP1 and of these, HP1a is a direct homolog of Drosophila HP1. The prevailing view states that HP1 is a structural
component of heterochromatin and is essential for compact DNA packaging. HP1 contains a chromodomain that binds
to di- and tri-methylated lysine 9 of histone H3. Additionally, it contains a chromoshadow domain that allows HP1 to
dimerize and interact with other proteins. HP1 is thought to form “bridges” between neighboring rows of nucleosomes in
heterochromatin. In mammalian cells, a significant portion of HP 1« is located in the centromeric regions of chromosomes.
In this study, we show that the majority of HP1a is removed from centromeres upon heat shock. This occurs without a loss
of H3K9 trimethylation and does not correlate with a decompaction of centromeres. Furthermore, HP1a is not degraded
and remains bound to chromatin. Therefore, it is likely that HP1a is simply redistributed to euchromatic regions. We
propose that this redistribution is essential for reversal of the transcriptional status of euchromatic and heterochromatic

compartments.

Introduction

Heterochromatin protein 1 (HP1) was first discovered in
Drosophila as a dominant suppressor of position-effect variega-
tion (PEV) and was later found to participate in the formation of
compact heterochromatin."? Later, a family of highly conserved
HP1 proteins was discovered in eukaryotes. This family includes
HPla, HP1B, HPIy and several other proteins (reviewed in
refs. 3 and 4). Although initial studies demonstrated the role of
HP1 in the formation of heterochromatin, especially in centro-

meric regions,>®

it is becoming increasingly evident that HP1
has multiple functions and is also present in actively transcribed
euchromatic regions.” HP1 also plays a role in centromeric sister
chromatid cohesion,®’ telomere maintenance’® and DNA
repair.'® It is possible that the three major variants of HP1
(o, B, y) display a certain degree of functional specialization, with
HP1o as the most important variant for formation of centromeric
heterochromatin.'*® Mammalian HPla is a direct homolog
of Drosophila HP1. All members of the HP1 family possess two
characteristic domains: the amino-terminal chromodomain
and the carboxy-terminal chromoshadow domain. The HP1
chromodomain specifically recognizes methylated lysine 9 in
the N-terminal tail of histone H3,"* while the chromoshadow
domain enables HP1 to both dimerize and to interact with other
proteins.?* Being bound to chromatin via interaction of chro-
modomain with H3K9me, HP1 can recruit many proteins that
participate in heterochromatin formation including the H3K9

histone methyltransferase’® and DNA methyltransferases.” The
current model of heterochromatin formation suggests a cycle of
recruitment of the H3-K9 methyltransferase by HP1 and meth-
ylation of H3-K9 in neighboring nucleosomes with a subsequent
recruitment of additional HP1 molecules.* Immunostaining of
HPla has shown that it localizes to large masses of condensed
chromatin, which appear to be the centromeric regions of inter-
phase chromosomes. Indeed, the HPla-specific antibodies
predominately stain centromeres in metaphase spreads.”'* The
supposition that HP1 mediates suppression of transcription via
packaging of nucleosomal arrays into compact, higher-order struc-
tures is based on the original observation that the protein is essen-
tial for manifestation of PEV. However, it is difficult to prove that
compact packaging of chromatin is the major cause of transcrip-
tional repression. It is believed that HP1 plays a structural role in
establishing condensed heterochromatin, but the exact mecha-
nisms of this process are far from understood. Previous work pro-
posed that an HP1-dimer could bridge neighboring nucleosomes,

26,

thus stabilizing a higher-order chromatin structure.?*#” However,

the role of HP1 as an essential structural component of compact
heterochromatin remains experimentally unproven.?®?” It is pos-
sible that the ability of HP1 to recruit different co-repressors is of
primary importance for gene silencing, while the compact pack-
aging of DNA into heterochromatin does not, by itself, constitute
a serious obstacle for transcription. Indeed, it has been shown
that heterochromatic compartments contain a number of tran-

scribed genes.?® The rapid exchange rate of HP1 does not support
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Figure 1. Redistribution of HP1a within the nucleus under heat
shock conditions. (A) gRT-PCR analysis of hsp70 gene expression in
control (untreated, C) and heat shock-treated (HS) MCF-7 cells. RNA
extracted from treated and non-treated cells was reverse tran-
scribed and the cDNA obtained was analyzed using a SYBR Green-
based quantitative PCR approach. Amplification levels of hsp70
cDNA were normalized to the amplification level of GAPDH cDNA.
Results of one representative experiment are shown. (B) Nuclear
distribution of HP1a in control (untreated) and heat shock-treated
cells. MCF-7 cells were immunostained with a mouse monoclonal
antibody against HP1a and visualised by Alexa Fluor 488-con-
jugated anti-mouse IgG. DNA was stained with To-Pro 3 iodide
fluorescent dye. Images were collected using a Leica laser scanning
confocal microscope. Only one representative section is shown in
each case. Bar scale: 5 um. (C) Western blot analysis of HP1a in the
nuclei (non-extracted and extracted with 0.5 M NaCl) of control
(untreated, C) and treated with heat shock (HS) MCF-7 cells. Lamin
B1 was used as a loading control.

Collectively, these data suggest that the role of HPla in gene
silencing is not directly connected to the formation of dense,
higher-order chromatin structures, but rather it is based on
other molecular mechanisms, such as imposing a restriction
on core nucleosome dynamics.*’

Results

HPla is released from centromeric regions of interphase
chromosomes under heat shock conditions. A cultured
breast cancer cell line, MCEF-7, was chosen as our experimen-
tal model. First, we had to determine if the conditions used
represented a functional heat shock. To do this, we measured
the mRNA levels of heat shock protein 70 (hsp70) in control
cells and in cells stressed by being placed at 45°C for 30 min.
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the hypothesis that HP1 directly contributes to the maintenance
of stable, higher-order chromatin structure.”” The presence of
HP1 might be necessary for heterochromatin formation but not
for maintenance once it has been established. Here, we show
that under heat shock conditions, HPla is released from the
centromeric regions of human chromosomes. Interestingly, this
displacement of HPla does not correlate with a loss of histone
H3 lysine 9 trimethylation in centromeres or decompaction of
centromeric heterochromatin. Furthermore, the displaced HPla
is not degraded and is redistributed to different genomic loci.

www.landesbioscience.com

Quantitative reverse transcriptase—PCR analysis showed
that expression of hsp70 increased in response to the treatment
used (Fig. 1A). Next, we immunostained human MCEF-7 cells
with an antibody against HP1a. This experiment indicated
that a significant portion of the HPla present in control cell
nuclei was localized to large masses of condensed chroma-
tin (compare HPla staining of nuclei with To-Pro staining;
Fig. 1B, line “control”). Based on previous observations,>'*>!

we assumed that the areas preferentially stained by the HP1a-

specific antibody were clustered regions of centromeric hetero-

chromatin. To verify this, we stained nuclei with antibodies

against CENDP-A, the centromeric variant of histone H3.%

The regions of preferential accumulation of the HPlaw were

confirmed as centromeres by co-localization of the CENP-A
antibody to the same regions (Fig. 2A, line “control”). We next
immunostained with an antibody against HPlae MCEF-7 cells
subjected to heat shock (30 min at 45°C). Surprisingly, HPla did
not form any foci in these cells, but was instead distributed almost
evenly throughout the entire nuclear volume (Figs. 1B and 2A).
However, the densely packed heterochromatic regions were still
clearly visible upon either To-Pro or DAPI staining of the heat-
shocked cells (Figs. 1B and 2A, line “heat shock”). Furthermore,
such regions contained histone variant CENP-A (Fig. 2A,
line “heat shock”). Thus, it seems reasonable to assume that

Epigenetics 381



HP1alpha

control

heat shock

W

CENP-A H3K9me3

control

heat shock

DNA (DAPI)

merge

DNA (DAPI) ( + H3K9me3)

Figure 2. Redistribution of HP1a under heat shock conditions did not lead to decompaction of centromeric DNA. (A) Human MCF-7 cells, both un-
treated and heat shock-treated, were double immunostained with a human antibody against CENP-A (column 1) and a mouse monoclonal antibody
against HP1a (column 2). Human and mouse primary antibodies were visualized by incubation with secondary antibodies conjugated to FITC and
Alexa Fluor 555, respectively. Co-localization of CENP-A foci with HP1« is shown as yellow in the merged images (column 4). (B) Human MCF-7 cells,
both untreated and heat shock-treated, were double immunostained with a human antibody against CENP-A (column 1) and a rabbit polyclonal
antibody against histone H3 tri-methylated at lysine 9 (H3K9me3, column 2). Human and rabbit primary antibodies were visualized by incubation with
secondary antibodies conjugated to FITC and Alexa Fluor 594, respectively. Co-localization of CENP-A foci with H3K9me3 is shown as yellow in the
merged images (column 4). In (A and B) DNA was stained with DAPI fluorescent dye (column 3). Images were collected using a Zeiss LSM 510 META NLO
multiphoton microscope. Only one representative section is shown in each case. Bar scale: 5 um.

the compact structure of the centromeres was preserved in heat
shocked cells, despite the fact that HP1a was delocalized from
the centromeres. It should be mentioned that the number and
the size of CENP-A foci remained unchanged under heat shock
conditions (sece Sup. Table S1). The decrease in HPla lev-
els in the centromeric regions was not unique to MCF-7 cells.
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Similar results were obtained when human lymphoid Jurkat cells
were examined (see Sup. Fig. S1). There are several possible fates
of the HP1a that is delocalized from centromeres. One possibil-
ity is that it is relocated to other genomic loci that are temporarily
inactivated upon heat shock. An equally likely possibility is that
HP1la is simply degraded in response to heat shock. To determine
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which of these actually occurs, we compared the overall amount
of HP1a present in normal and heat shocked cells by western blot
analysis. Additionally, we compared the amount of chromatin-
bound HPla that remained in the nuclei of normal and stressed
cells after medium salt extraction (0.5 M NaCl). We used nuclear
lamin B1 as an internal control for these experiments. The results
suggest that HPla is not degraded in heat-shocked cells (Fig. 1C,
left part). Furthermore, the proportion of HPlaw bound to chro-
matin remained unchanged following heat shock (Fig. 1C, right
part). These data suggest that heat shock caused a redistribu-
tion of HPla from centromeres to other genomic loci. We next
examined whether the centromeric localization of HPla can be
re-established if heat shocked cells are cultivated under normal
conditions. In this experiment, heat shocked cells were incubated
at 37°C for 1, 3, 6, 12 and 20 h after heat shock. Cells from each
time point were immunostained with an antibody against HP1a.
The results show that centromeric localization of HP1 is restored
after 20 h of normal culture conditions following heat shock
(see Suppl. Fig. S2 and S3).

Displacement of HP1 from centromeric heterochromatin
does not correlate with demethylation of H3 lysine 9. HPI
contains a chromodomain that recognizes di- and tri-methylated
lysine 9 in histone H3 (H3K9me2 and H3K9me3)."” The inter-
action between HP1 and H3K9me3 is thought to be essential
for the propagation and stability of heterochromatin.® Recently,
it was shown that eukaryotic cells possess enzymes capable of
removing methyl groups from H3 lysine 9.** Thus, we were
interested in determining if H3K9 trimethylation was temporar-
ily removed from centromeric areas in response to heat shock.
Control and heat shocked MCF-7 cells were fixed and stained
with an antibody against H3K9me3. It has been reported previ-
ously that these antibodies preferentially stain compact masses
of pericentromeric heterochromatin.’ Indeed, in both con-
trol and heat shocked cells we observed preferential staining of
compact spots of centromeric heterochromatin, as concluded
from preferential staining of the same areas with an antibody
against CENP-A (Fig. 2B). In control cells, antibodies against
HP1la also localized to this areas (Fig. 2A). Importantly, in heat
shocked cells, the staining of pericentromeric heterochromatin
with antibodies against tri-methylated lysine 9 of histone H3
remained unchanged despite the fact that Hpla was not detected
in these areas (Fig. 2A and B). The overall amount of the his-
tone H3 containing tri-methylated lysine 9 also remained about
the same in control and heat-shocked MCEF-7 cells, as shown by
western blot analysis (see Suppl. Fig. S4). Therefore, it is clear
that H3K9 trimethylation is not, by itself, sufficient to maintain
HPla bound to the chromatin.

Removal of HPla from pericentromeric chromatin does
not affect the compaction of DNA in this region. The results
shown in Figures 1 and 2 suggest that removal of HPla from
centromeric regions does not affect compaction of DNA. Indeed
the spots of densely packed (intensely stained by either To-Pro or
DAPI) DNA co-localize with the spots stained by an antibody
against CENDP-A and appear to be of the same size in both con-
trol and heat shocked MCEF-7 cells. To verify this, we compared
the DNase I sensitivity of centromeric repeats in normal and heat
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shocked MCEF-7 cells using a quantitative PCR-based approach.
The method is based on the supposition that upon digestion of
nuclei with increasing amounts of DNase I the speed of degrada-
tion of a short test amplicon will be inversely correlated with the
level of DNA packaging. Our previous study demonstrated that
this approach permitted us to discriminate between actively tran-
scribed and repressed genes.” Moreover, we tested this approach
on human MCF-7 cells using as genomic models inactive in
these cells erythroid-specific (3-globin) and active house-keeping
(GAPDH) genes and found again that we can detect the expected
difference in sensitivity of these genes to DNase I (see Sup.
Fig. S5). To estimate DNase I sensitivity of centromeric repeats
we designed the test amplicon within the D1Z7 repeat. Human
centromeres consist of megabases of alphoid satellite: DNA, a
repeat family that contains ~171 bp monomers®® (see Fig. 3A).
The D1Z7 alphoid repeat used in this study is present within cen-
tromeric regions of several human chromosomes, including chro-
mosomes 1, 5 and 19.% We measured the DNase I sensitivity of
this amplicon in both control and heat shocked MCE-7 cells. The
data show that the DNase I sensitivity of the test amplicon does
not change as a result of heat shock (Fig. 3B), indicating that the
removal of HPla from centromeric heterochromatin does not
cause decompaction of these regions.

Discussion

Under heat shock conditions, cells undergo dramatic changes,
such as drastic modification of gene expression, an alteration
of the epigenetic status of large genomic areas, among others.
Therefore, heat shocked cells are a good model for studying the
structural and functional dynamics of chromatin. It has been
well established that although the transcription of many genes
is repressed upon heat shock, certain genes (e.g., heat shock pro-
teins) are transcriptionally induced. Moreover, it was recently
shown that heat shock might lead to the transcriptional activa-
tion of some constitutive heterochromatic regions, such as satel-
lite IT1, which is located in the pericentromeric regions of certain
human chromosomes.?*> One of the trans-acting factors known
to guide massive transcriptional repression in mammalian cells is
heterochromatin protein 1 (HP1).** Thus, we decided to examine
the nuclear dynamics of HP1a, a direct homolog of Drosophila
HP1,* in human cells following heat shock. It was demonstrated
that under these conditions the major part if not all of HPla
was removed from centromeres and redistributed over euchro-
matic compartment. Most important, the compact packaging
of centromeric heterochromatin seemed preserved after HPla
removal. The results of this study, along with previously pub-
lished results,” strongly suggest that HPla is not necessary to
maintain a compact state of pericentromeric heterochromatin. It
should be noted that Drosophila HP1 (a homolog of mammalian
HPla) was identified as an essential component of heterochro-
matin, based on the studies of suppression of position effect var-
iegation."? Direct evidence for the necessity of HP1 for compact
DNA packaging has never been presented.”* However, studies
have shown that the recruitment of HP1 to a genomic region

was sufficient to initiate assembly of a heterochromatin domain.
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Thus, we propose that HP1 is necessary to form a nucleation
center that initiates heterochromatin formation and that HP1
acts as a transcriptional repressor in assembled heterochromatin,
rather than as a structural component.” Indeed, it is becoming
increasingly evident that the long-standing model postulating
that heterochromatin represses transcription simply through
highly compact DNA packaging is an oversimplification. First
of all, some genes located in pericentromeric heterochromatin are
transcribed.®® Second, it has been shown that HP1 directly blocks
promoters by preventing assembly of pre-initiation complexes.>’
In addition, HP1 can repress transcription by recruiting different
co-repressors, including histone deacetylases and DNA methyl-
ases.”>!' If HP1a is necessary for repression of centromeric genes,
then removal of this protein from centromeres as a result of heat
shock should activate these genes. Indeed, it was reported that
the transcription of centromeric repeats was stimulated under
heat shock conditions.?** Furthermore, derepression of hetero-
chromatic genes under heat shock conditions seems to be directly
controlled by heat shock factor 1;* taking into account our pres-
ent data, it is logical to assume that this derepression is caused by
removal of HPla from the pericentromeric regions. Thus, the
important question becomes—what happens to the HPla that
is removed from pericentromeric regions under heat shock con-
ditions? We have demonstrated that it is not simply destroyed.
An intriguing possibility is that HPla is moved from pericen-
tromeric heterochromatin to euchromatic regions to suppress
transcription of specific euchromatic genes. In other words, upon
heat shock, re-localization of HP1oe may be a mechanism respon-
sible for the reversal of the transcriptional status of the euchro-
matic and the heterochromatic compartments.

We have demonstrated that under heat shock conditions the
HPla is removed from centromeres without demethylation of
histone H3 at position K9. This finding is in agreement with
the results of several previously published studies®* demon-
strated that H3K9 di- and trimethylation is not sufficient to
keep HP1 bound to nucleosomes. It has been reported that
the chromoshadow domain of HP1 interacts with histone H3
at a region located inside the nucleosomal barrel, at the entry/
exit point of the nucleosome.’® In vitro, HPla interacts with
the histone fold of the histones H3 and H1.” Interaction of
HPla with both tri-methylated lysine 9 of histone H3 and the
globular part of histone H3 is regulated by phosphorylation.
A previous study showed that HPla was removed from centro-
meric heterochromatin upon phosphorylation of serine 10 of
histone H3 (H3S10)*°¢ and by phosphorylation of tyrosine 41
of the same histone (H3Y41) by Januse kinase 2 (JAK2).”” The
fact that JAK2 is expressed in MCF-7 cells,”® as well as indirect
evidence for its activation in response to heat shock,* allows us to
speculate that the release of HPla in response to heat shock may

be JAK2-dependent.
Materials and Methods
Antibodies. A rabbit polyclonal antibody against lamin Bl and

a mouse monoclonal antibody against HPla were purchased
from Abcam. A rabbit polyclonal antibody against histone H3

384

Epigenetics

A cen

q CI.:-.:.-QP
/ centromeric
g g

alphoid array

11 mer higher-ordel:r repeat unit
. |

2 mer/340 bp

5 mer/850 bp 4 mer/680 bp

alphoid sattelite/171 bp

vy)

o control
m heat shock

100

(o)
o

non-digested DNA, %
(o2}
o

40
20
0
0 01 05 1.0 10 100
DNAse |, units

Figure 3. DNAse | sensitivity of centromeric DNA did not change upon
heat shock. (A) A scheme representing the principal organization of
centromeric alphoid arrays (for details see text). Positions of prim-

ers used for gPCR are depicted as small arrows on the black arrow

that represents an individual 171 bp alphoid satellite. (B) Dynamics of
digestion of alphoid satellite DNA by DNase | in untreated MCF-7 cells
(dashed line) and heat shocked MCF cells (black line). Aliquots (50 ng)
of genomic DNA extracted from nuclei of MCF-7 cells digested with
increasing amounts of DNase | were subjected to SYBR Green-based
quantitative PCR analysis. The Ct values obtained were converted to
DNA concentration using a standard curve (data not shown). DNase |
sensitivity was expressed as a percentage of preserved template for
amplification of an alphoid satellite test fragment (y-axis) and is plotted
for varying DNase | concentrations (0-100 U; x-axis). The data shown are
an average of four independent experiments. Error bars represent the
standard deviation for each concentration.

tri-methylated at lysine 9 (H3K9me3) was purchased from
Active Motif. The human autoimmune antibody against
CENP-A and a FITC-conjugated anti-human IgG were generous
gifts from Dr. O. Zatsepina (Institute of Bioorganic Chemistry
RAS, Moscow, Russia). The secondary antibodies conjugated to
either Alexa Fluor 488, Alexa Fluor 555 or FITC were purchased
from Molecular Probes/Invitrogen; the horseradish peroxidase-
conjugated anti-mouse and anti-rabbit IgG were purchased from
Amersham/GE Healthcare.

Cell culture and treatments. The human breast cancer
cells (line MCF-7) were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) supplemented with 10% fetal bovine
serum. The human lymphoid cells (the Jurkat line) were grown
in RPMI-1640 medium (Gibco) supplemented with 10% fetal
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bovine serum. Heat shock of exponentially growing cells was
performed by placing cells at 45°C for 30 min. For “recovery”
experiments, the cells treated by heat shock were maintained at
37°Cfor 1, 3, 6,12 or 20 h.

Immunofluorescence. For immunostaining, MCF-7 cells were
grown on microscope slides; an aliquot of the suspension of Jurkat
cells was centrifuged onto silane-coated microscope slides (Sigma)
at 800 rpm for 5 min in a cytocentrifuge Cytospin 4 (Thermo
Electron Corp.). All samples were fixed and permeabilized in
CSK buffer [10 mM PIPES (pH 7.0), 100 mM NaCl, 1.5 mM
MgCl,, 300 mM sucrose and 1.2 mM phenylmethylsulphonilflu-
oride (PMSF)] supplemented with 1% paraformaldehyde (PFA)
and 2.5% Triton X-100 for 20 min at room temperature before
staining. The fixed cells were washed three times (5 min each)
in phosphate-buffered saline [PBS, 7 mM Na HPO,, 1.5 mM
KH,PO,, (pH 7.4), 137 NaCl, 2.7 mM KClI]. After washing, the
cells were pre-incubated with 1% BSA (bovine serum albumin)
in PBS for 1 h and then incubated with antibodies in PBS supple-
mented with 0.2% BSA for 45 min at room temperature in a
humid chamber. In control experiments, the cells were incubated
either without antibodies or with rabbit (or mouse) gamma glob-
ulins (Jackson ImmunoResearch) in a buffer containing 0.2%
BSA. After incubation, the cells were washed three times (5 min
each) with PBS supplemented with 0.2% BSA and 0.05% Tween
20. Then, primary antibodies bound to antigens were visualised
using Alexa Fluor 488-, Alexa Fluor 555- or FITC-conjugated
secondary antibodies. DNA was stained with a fluorescent dye,
4,6-diamino-2-phenylindole (DAPI) or To-Pro 3 iodide, for
10 min at room temperature. The results of immunostaining
were analyzed using a Leica DRMB fluorescence microscope
equipped with a charge-coupled device camera, a Leica TCS SP2
laser scanning confocal microscope or a Zeiss LSM 510 META
NLO multiphoton microscope.

CENP-A foci analysis was performed using Image] software
(rsb.info.nih.gov/ij). The Student’s t test was used to evaluate the
differences in number of foci per cell and foci size in control and
heat-shocked cells.

Preparation of nuclear extracts. Exponentially grow-
ing MCEF-7 cells were lysed by incubation in cell lysis buffer
(10 mM NaCl, 20 mM HEPES (pH 7.6), 1.5 mM MgClz, 1
mM ZnSO,, 20% glycerol, 0.1% Triton X-100, 1 mM dithio-
threitol, 1 mM phenylmethylsulfonyl fluoride) supplemented
with Protease Inhibitor Cocktail (Roche) for 2 min on ice. After
centrifugation, the pelleted nuclei were collected and shaken for
60 min on ice in nuclear extraction buffer (0.5 M NaCl, 20 mM
HEPES (pH 7.6), 1.5 mM MgClz, 1 mM ZnSO,, 20% glycerol,
0.1% Triton X-100, 1 mM dithiothreitol, 1 mM phenylmethyl-
sulfonyl fluoride) supplemented with Protease Inhibitor Cocktail
(Roche). After centrifugation (7,000x g for 10 min), nuclear
extracts were stored at -70°C. For NaCl extraction, MCF-7 cells
were collected by centrifugation and washed twice with PBS. The
cells were then incubated for 30 min on ice in permeabilization
buffer (10 mM PIPES, (pH 7.8), 0.5% Triton X-100, 100 mM
NaCl, 0.3 M sucrose, 0.2 mM PMSF and 3 mM MgCl,). After
incubation, the cells were washed three times with TM buffer

(50 mM Tris-HCI (pH 7.5), 3 mM MgCL,). An equal volume of
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TM buffer supplemented with 1 M NaCl was added (final con-
centration of NaCl was 0.5 M). After a 20 min incubation on ice,
the pellets were washed twice with the above buffers and resus-
pended in TM buffer. Protein concentration was measured on a
Qubit Fluorometer (Invitrogen) or a NanoDrop 8000 (Thermo
Scientific Corp.).

Histone extraction. Exponentially growing MCEF-7 cells
(5 x 10°) were washed with PBS and lyzed by incubation in lysis
buffer (1x PBS, 0.5% Triton X-100, 0.2 mM EDTA) supple-
mented with Protease (Roche) and Phosphatase (Sigma) Inhibitor
Cockerails for 10 min at 4°C. After centrifugation (6,500 x g for
10 min at 4°C) the pellets were gently resuspended in ice-cold
0.2 N HCI and incubated for 12 h on ice. After centrifuga-
tion (6,500x g for 10 min at 4°C) the supernatants were col-
lected and stored at -70°C. Protein concentration was measured
using Bradford reagent (Sigma) according to the manufacturer’s
instructions.

Immunoblotting. Aliquots (20 pg) of each sample were sepa-
rated by 12-15% SDS-PAGE and blotted onto polyvinylidene
difluoride membranes (Hybond-P, Amersham Biosciences). The
membranes were blocked overnight in 5% dry milk in PBS con-
taining 0.1% Tween 20 (PBS-T) and incubated for 1 h with a
primary antibody diluted in PBS containing 0.02% Tween 20
and 5% dry milk. After three washes with PBS-T, the mem-
branes were incubated for 1 h with secondary antibodies (horse-
radish peroxidase-conjugated anti-rabbit IgG) in PBS containing
0.02% Tween 20 and 5% dry milk. The immunoblots were
visualized using an Amersham ECL kit. For data presentation,
the films were scanned and processed with Adobe Photoshop CS
software.

For histones separation aliquots (10 pg) of each sample
were redissolved in electrophoresis sample buffer (0.1 N HCI,
0.5 B-mercaptoethanol, 0.02% Pyranin Y, 9 M urea) and elec-
trophoresed (180 V) on 20% polyacrilamide gels containing
0.9 N acetic acid and 2.5 M urea. Proteins were transferred to
polyvinylidene difluoride membranes (Hybond-P, Amersham
Biosciences) in transfer buffer containing 0.1% acetic acid and
10% methanol. Immunoblotting was carried out as described for
nuclear extracts.

Extraction of RNA and quantitative reverse transcriptase-
polymerase chain reaction (QRT-PCR) analysis. RNA was
extracted from cells using the Trizol reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. All RNA samples were
further treated with DNase I (Fermentas) to remove residual
DNA. RNA (1 jg) was reverse transcribed in a total volume of
20 pL for 1 h at 42°C using 0.4 g random hexamer primers and
200 U reverse transcriptase (Fermentas) in the presence of 20 U
of ribonuclease inhibitor (Fermentas). The cDNA obtained was
analysed by SYBR Green I-based quantitative polymerase chain
reaction (qQPCR) using the CFX-96 PCR detection system (Bio-
Rad). A PCR mixture in a 20 p.L volume contained 50 mM Tris-
HCI (pH 8.6), 50 mM KCl, 1.5 mM MgClz, 0.1% Tween-20,
0.5 wM of each primer, 0.2 mM of each dNTP, 0.5 mM SYBR
Green (Syntol), 0.75 U of Hot Start Taq Polymerase (Sibenzyme)
and 25 ng of cDNA template. Each PCR was performed in
quadruplicate and the corresponding results were averaged.
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The sequences of the primers are presented in Supplementary
Table S2.

DNase I sensitivity assay. Exponentially growing MCEF-7
cells were washed twice in DMEM, resuspended in 5 ml of ice-
cold lysis buffer (10 mM PIPES (pH 7.8), 100 mM NaCl, 0.3 M
sucrose, 3 mM MgCl,, 0.5% TritonX-100, 0.5 mM CuSO, and
0.2 mM PMSF) and incubated on ice for 15 min. The nuclei were
pelleted, washed with the DNase I digestion buffer (40 mM Tris-
HCI (pH 8.0), 10 mM MgCl,, 1 mM CaCl,, 0.2 mM PMSE),
resuspended in the same buffer, pre-incubated at 37°C for 2 min
and digested with DNase I (10 U/nL, Roche) at 0-100 U/100
wL at 37°C for 30 min. The reaction was stopped by the addi-
tion of EDTA to 10 mM. Genomic DNA was isolated by phenol/
chloroform extraction. The DNA samples were quantified using
the NanoDrop 8000 (Thermo Scientific Corp.). SYBR Green-
based quantitative PCRs were performed on 50 ng aliquots of
digested genomic DNA using the CFX-96 PCR detection system
(Bio-Rad). The PCRs were performed in 20 pL reaction vol-
umes, which included 50 mM Tris-HCI (pH 8.6), 50 mM KCl,

1.5 mM MgClL,, 0.1% Tween-20, 0.5 WM of each primer, 0.2
mM of each NTP, 0.5 mM SYBR Green I (Syntol), 0.75 U of
Hot Start Taq Polymerase (Sibenzyme) and 50 ng of DNA. Each
PCR was performed in quadruplicate and the corresponding
results were averaged. The sequences of the primers are presented
in Supplementary Table S2.
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