MOLECULAR AND CELLULAR BIOLOGY, Sept. 2003, p. 6455-6468
0270-7306/03/$08.00+0 DOI: 10.1128/MCB.23.18.6455-6468.2003

Vol. 23, No. 18

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Insulation of the Chicken B-Globin Chromosomal Domain from a
Chromatin-Condensing Protein, MENT

Natalia E. Istomina," Sain S. Shushanov," Evelyn M. Springhetti,' Vadim L. Karpov,

3

Igor A. Krasheninnikov,? Kimberly Stevens,* Kenneth S. Zaret,* Prim B. Singh,” and
Sergei A. Grigoryev'*

Department of Biochemistry and Molecular Biology, Milton S. Hershey Medical Center, Pennsylvania State University College of
Medicine, Hershey, Pennsylvania 17033"; W. A. Engelhardt Institute of Molecular Biology, Russian Academy of Sciences,
Moscow 117984,> and Department of Molecular Biology, M. V. Lomonosov Moscow State University, Moscow 119899,>

Russia; Cell and Developmental Biology Program, Fox Chase Cancer Center, Philadelphia, Pennsylvania 19111%
and Nuclear Reprogramming Laboratory, Division of Gene Expression and Development,
The Roslin Institute (Edinburgh), Midlothian EH25 9PS, United Kingdom®

Received 2 April 2003/Accepted 10 June 2003

Active genes are insulated from developmentally regulated chromatin condensation in terminally differen-
tiated cells. We mapped the topography of a terminal stage-specific chromatin-condensing protein, MENT,
across the active chicken f-globin domain. We observed two sharp transitions of MENT concentration
coinciding with the (-globin boundary elements. The MENT distribution profile was opposite to that of
acetylated core histones but correlated with that of histone H3 dimethylated at lysine 9 (H3me2K9). Ectopic
MENT expression in NIH 3T3 cells caused a large-scale and specific remodeling of chromatin marked by
H3me2K9. MENT colocalized with H3me2K9 both in chicken erythrocytes and NIH 3T3 cells. Mutational
analysis of MENT and experiments with deacetylase inhibitors revealed the essential role of the reaction center
loop domain and an inhibitory affect of histone hyperacetylation on the MENT-induced chromatin remodeling in
vivo. In vitro, the elimination of the histone H3 N-terminal peptide containing lysine 9 by trypsin blocked chromatin
self-association by MENT, while reconstitution with dimethylated but not acetylated N-terminal domain of histone
H3 specifically restored chromatin self-association by MENT. We suggest that histone H3 modification at lysine 9
directly regulates chromatin condensation by recruiting MENT to chromatin in a fashion that is spatially con-

strained from active genes by gene boundary elements and histone hyperacetylation.

In eukaryotic cells, the DNA is repeatedly wrapped around
histone octamers to form nucleosomes. Nucleosome arrays are
packed through a hierarchy of folding levels into higher-order
chromatin structures with a variable degree of condensation
(for reviews, see references 32, 67, 68, and 70). Chromatin
condensation is especially tight in heterochromatin, represent-
ing the repressed fraction of genetic material (30, 57). Hetero-
chromatin becomes very abundant in the nuclei of terminally
differentiated cells, where the majority of formerly active genes
are repressed and condensed (20, 21). In this paper we inves-
tigate how the unique properties of heterochromatin in termi-
nally differentiated cells integrate the general mechanism of
gene regulation by histone modifications.

One of the most intriguing aspects in the process of hetero-
chromatin formation is that chromatin condensation does not
spread to the actively transcribed tissue-specific genes, which
still maintain an open, nuclease-sensitive conformation (66).
For example, in the chicken B-globin domain, a 30-kb region of
active DNase-sensitive chromatin is separated from repressed
and condensed chromatin by gene boundary elements (2, 11).
The repressed chromatin is associated with a special pattern of
histone modification, most notably a decreased level of histone
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H3 and H4 acetylation (28, 43) and an increased level of
histone H3 methylated at lysine 9 (H3meK9) (42). The
H3meK9 binds to the chromodomain of heterochromatin pro-
tein 1 (HP1) (49), and this association has been proposed to
determine the repressed state of heterochromatin (35).

In this work we found that HP1 protein levels are reduced
(HP1B) or become negligible (HP1a and HP1v) in differenti-
ated erythrocytes and lymphocytes. Thus, HP1 proteins are not
likely to control the developmentally regulated formation of
heterochromatin in terminally differentiated blood cells.
Therefore, we asked what other factors might direct the ex-
pansion of heterochromatin in terminally differentiated and
quiescent cells. What is the role of histone modification and
chromatin boundaries in spatial regulation of chromatin con-
densation and protection of active genes from heterochroma-
tin spreading?

Previously we have described MENT (myeloid and erythroid
nuclear termination stage-specific protein), an abundant devel-
opmentally regulated protein that accumulates in terminally
differentiated chicken blood cells, binds to repressed chroma-
tin, and promotes its condensation (22, 24). MENT belongs to
the serpin family, and its conserved reactive center loop (RCL)
domain is essential for chromatin interactions (34). Since
MENT is an obvious candidate for causing heterochromatin
spreading in mature blood cells, we asked whether the chro-
matin boundaries would block MENT spreading to active
chromosomal domains. Using in situ cross-linking and chro-
matin immunoprecipitation (ChIP), we found that the pattern
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of MENT distribution over the chicken B-globin cluster is
opposite to that of acetylated core histones (28, 43) but cor-
relates with increased histone H3 methylation (42). To exam-
ine the role of histone modifications in regulating MENT as-
sociation with chromatin in proliferating and quiescent cells,
we constructed a MENT-expressing NIH 3T3 cell line, in
which we observed a marked condensation of nuclear chroma-
tin accompanied by a large-scale rearrangement of chromatin
marked by methylated histone H3. We also show that histone
deacetylase inhibitors increase the level of histone acetylation
and inhibit chromatin condensation in vivo and that the his-
tone H3 N-terminal domain dimethylated at Lys 9 cooperates
with the RCL domain of MENT to promote chromatin con-
densation while this domain acetylated at Lys 9 fails to do so.
We discuss a molecular model for spatial regulation of chro-
matin condensation in the genome in which the condensation
is promoted by direct interaction of histone H3 N-terminal
domains with tissue- and stage-specific chromatin-condensing
factors and inhibited by histone hyperacetylation punctuated in
the genome by gene boundary elements.

MATERIALS AND METHODS

Materials. Unless otherwise noted, all fine chemicals were from Sigma. Rabbit
polyclonal anti-MENT immunoglobulin G (IgG) (a-MENT) (25), rabbit poly-
clonal anti-HPla IgG (a-HP1a) (19), rabbit polyclonal IgG against histone H3
peptide 1-20 in which lysine 9 was trimethylated (a-H3me3K9) (13), and rat
monoclonal anti-HP1B (M31) IgG1 (a-HP1B) (69) and anti-HP1y (M32) IgM
(«-HP1vy) (33) were as described previously. Rabbit polyclonal IgGs against
histone H3 peptide 6-13 with dimethylated lysine 9 (a-H3me2K9), against his-
tone H3 peptide 1-21 with acetylated lysines 9 and 13 (a-H4acK9,13), against
histone H4 peptide 1-10 with acetylated lysine 5 (a-H4acK5), and against histone
H4 peptide 7-16 with acetylated lysine 12 (a-H4acK12) were obtained from
Upstate Biotechnology (Lake Placid, N.Y.).

Purification of cell nuclei and Western analysis. Isolation of nuclei from
chicken blood cells and cultured cells (HD13 and NIH 3T3), sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), Western blotting, and
detection of MENT protein were conducted as described previously (25). For
detection of HP1 proteins and histones, SDS-PAGE was carried out with 15%
polyacrylamide and the proteins were transferred to Immobilon-P polyvinylidene
difluoride membranes (Millipore) in 20% methanol. HP1B (69) and HP1a and
HP1vy (33) were detected as described previously. Modified histones were visu-
alized with Upstate Biotechnology antibodies (see above) as recommended in
the vendor’s manual.

Chromatin cross-linking and immunoprecipitation. We modified the formal-
dehyde cross-linking ChIP technique (6, 38) for use with chicken blood cell
nuclei. Briefly, 1 ml of nuclear suspension in RSB-HEPES buffer (10 mM NaCl,
3 mM MgCl,, 10 mM HEPES [pH 7.5]) at 10 4,4 units/ml was cross-linked with
1% formaldehyde at 25°C. For MENT ChlIP, the cross-linking continued for 5 or
15 min for erythrocyte and lymphocyte nuclei, respectively. For histone ChIP,
erythrocytes were cross-linked for 1 min. The extent of cross-linking was moni-
tored by the disappearance of intact MENT or histone after SDS-PAGE and
Western blotting. The cross-linked nuclei were centrifuged at 1,575 X g and lysed
in 300 wl of lysis buffer (38) with protease inhibitor cocktail as directed by the
supplier (Sigma). After sonication with a Branson Sonifier 250 to shear DNA to
lengths of between 200 and 2,000 bp (as estimated by agarose gel electrophore-
sis), lysates were cleared by centrifugation; the insoluble material was enriched
neither with the DNA sequences of interest nor with MENT. An aliquot (10%)
of the supernatant was saved to represent unfractionated chromatin. The super-
natant was then diluted 10-fold with dilution buffer (0.01% SDS, 1.1% Triton, 1.2
mM EDTA, 16.7 mM Tris-HCI [pH 8.0], 389 mM NaCl) to a final volume of 3
ml.

The cross-linked chromatin suspension was mixed with either 20 pg of
a-MENT, 20 pg of preimmune serum, 10 pg of a-H3acK9,13, or 100 ul of
a-H3me2K9 and incubated overnight at 4°C. Immune complexes were reacted
for 1 h at 25°C with agitation with 30 pl of a 50% suspension of protein
A-Sepharose beads (Sigma) equilibrated with wash buffer (lysis buffer diluted
10-fold with dilution buffer). After the reaction, the beads were collected and the
supernatant was saved as the unbound chromatin fraction. The beads were
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washed as described previously (6), and immune complexes were eluted twice
with 250 pl of elution buffer (1% SDS, 0.1 M NaHCO3;) for 15 min at 25°C.
Cross-links were reversed by heating, and the released DNA was purified as
described previously (38). Denatured samples were applied to Hybond N+
membranes (Amersham) with a slot blot apparatus (100 ng of DNA per slot)
together with 1 pg of carrier herring sperm DNA (Gibco-BRL). The membranes
were hybridized as described in the Hybond manual with 30 ng of probe DNA
32P labeled with a Random Primer Extension Labeling System (Perkin-Elmer).
After hybridization, membranes were washed, exposed to a PhosphorImager
(Molecular Dynamics), and quantified with ImageQuant software.

Hybridization probes and data analysis. The chicken B-globin genomic probes
5 (1,340 bp MspI-Mspl fragment from plasmid pCBG4) and 7 (1,364-bp Mspl-
Msp] fragment from pCABG1) and the ovalbumin genomic probe (910-bp Pvull
fragment of the chicken ovalbumin gene coding region from plasmid pOv12)
were described previously (24). The B-globin probes 1 (590-bp Bgl/l-BamHI
fragment from pCBG D), 2 (1,300-bp KpnI-Kpnl fragment from pCBG C), 3
(1,200-bp SspI-BamHI fragment from pCBG C), 4 (900-bp BarnHI-BamHI frag-
ment from pCBG B), 8 (1,300-bp HindIII-PstI fragment from pCBG23 [p556]),
9 (900-bp Kpnl-PstI fragment from pCBG23 [p556]), 11 (500-bp BamHI-EcoRI
fragment from pCBG28 [p520]), and 12 (100-bp Ncol-Ncol fragment from
pCBG26 [p520]) were kindly provided by Mark Reitman (56). Probe 6 (517 bp)
was generated by PCR amplification from chicken genomic DNA with oligonu-
cleotides 5’ GGAGAACTACCGTGGGCAACAA and 5'GGGAGTTGAGCTG
CAGAAGGAA. Probe 10 (891 bp) was generated by PCR amplification from
chicken genomic DNA with oligonucleotides 5'CTGAAAATCCAGCACGGG
AAGC and 5'GCAGATGATCCCCAGTCCAATC.

In all experiments we compared hybridizations of DNA retained after immu-
noprecipitation with anti-MENT and control preimmune serum as well as DNA
from the unbound material. Hybridization data were analyzed and plotted by
using Microsoft Excel and KaleidaGraph (Synergy Software). Relative enrich-
ment (RE) was calculated for each series of experiments (one antibody and one
cell type) according to the formula RE = [(HN — HN_,,)/HN]J/[(Hmax —
Hmax,,, )/Hmax,, ], where HN is the hybridization signal after immunoprecipi-
tation with one type of antibody probed with DNA probe N, HN,, is the
hybridization signal after immunoprecipitation of the same material with control
preimmune serum probed with N, HN,,, is the hybridization signal from total
cross-linked DNA of the same material hybridized with probe N, Hmax is the
hybridization signal obtained with the same antibody probed with DNA that
provides the maximal hybridization signal in the given experimental series (max),
Hmax_,,,, is the hybridization signal after immunoprecipitation with control
preimmune serum probed with max, and Hmax,, is the hybridization signal from
total cross-linked DNA probed with max.

Chromatin isolation and reconstitution and agarose gel electrophoresis. Sol-
uble chromatin was isolated from chicken erythrocyte nuclei treated with micro-
coccal nuclease as described previously (25). To remove the histone H3 N-
terminal domains, soluble chromatin solution (4,4, = 10) was treated with 33 pl
of agarose-conjugated trypsin (Sigma T-1763) per ml for 90 min at 37°C, and the
reaction was stopped by spinning down the immobilized trypsin for 60 s at 16,000
X g and adding 1 mM phenylmethylsulfonyl fluoride. The trypsin-digested chro-
matin was loaded onto a 5 to 25% sucrose gradient containing 10 mM Tris (pH
7.5), 1 mM EDTA, and 0.5 M NaCl and centrifuged for 22 h at 60,000 X g in an
SW-27 rotor (Beckman). The gradient fraction containing chains of 6 (+ 1)
nucleosomes (trypsin-digested oligonucleosome arrays) was collected and dia-
lyzed against 10 mM HEPES (pH 7.5)-2 mM EDTA.

Recombinant wild-type MENT (MENTwt) and the MENTov mutant were
expressed in Escherichia coli and isolated as described previously (34). For
binding studies with oligonucleosomes, 4 pl of 10 mM HEPES (pH 7.5)-40 mM
NaCl containing various concentrations of MENT (0.05 to 0.2 mg/ml) was mixed
with 4 ul of native oligonucleosome preparation (0.1 mg of DNA per ml) in 10
mM HEPES (pH 7.5)-40 mM NaCl and 2 pl of 10 mM HEPES (pH 7.5)-40 mM
NaCl containing various concentrations (1 to 10 wM) of peptides containing 21
N-terminal amino acids of histone H3 and either two methyl groups (N-H3me2)
(catalog no. 12-430; Upstate), one acetyl group (N-H3ac) (catalog no. 12-431;
Upstate), or no modification (N-H3ac) (catalog no. 12-403, Upstate) at lysine 9.
The reaction mixtures were incubated on ice for 30 min and centrifuged for 10
min at 18,000 X g and 4°C. The DNA concentrations in the supernatants and
pellets were determined by UV spectrophotometry (4,40 = 1 for 50 pg/ml of
DNA). Supernatants were mixed with 5% glycerol and electrophoresed in 1%
agarose (Sigma type IV) in a buffer containing 20 mM HEPES (pH 7.5) and 0.2
mM EDTA as described previously (25).

Construction and propagation of stable MENT-expressing cell lines. NIH
3T3-lacl cells were obtained by stable transfection of NIH 3T3 cells (ATCC
CRL-658), first with a Lac repressor-expressing vector pPCMVLacI (Stratagene)
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FIG. 1. Heterochromatin proteins in chicken blood cell nuclei. (A) Proteins from the nuclei of chicken HD13 cells, 12-day embryo chicken
erythrocytes (CE-12), adult erythrocytes (AE), and chicken lymphocytes (Lym) were analyzed by SDS-PAGE and Western blotting with antibodies
against MENT, HP1«, HP1B, HP1y, H3me2K9 (me2), and H3me3K9 (me3) as indicated. The bottom panel shows electrophoresis of histones from
the same material stained with Coomassie blue R-250. (B) Immunofluorescence microscopy of nuclei of 12-day embryo chicken erythrocytes, adult
erythrocytes, and chicken lymphocytes stained with antibodies against MENT, H3me2K9, and H3me3K9 as indicated. Bar, 1 um. (C) Overlays of
immunofluorescence micrographs of adult chicken erythrocyte nuclei. Top panel, double staining with antibodies against MENT (red) and
H3me2K9 (green). Bottom panel, double staining with antibodies against MENT (red) and H3me3K9 (green). Bar, 1 pum.

as described in the vendor’s manual and then, after establishment of stable
Lacl-positive clones, with either pPOPRSVI/MCS vector (Stratagene) containing
a MENTwt cDNA insert or pPRC/CMYV vector (Invitrogen) containing the MEN-
Tov mutation as described previously (34). Cells were grown in Dulbecco’s
modified Eagle’s medium with 4.5 g of glucose (Mediatech) per liter, 1.5 g of
sodium bicarbonate per liter, 1X antibiotic-antimycotic solution, and 10% (vol/
vol) calf serum in a 5% CO, incubator at 37.5°C. At 24 h after transfection, cells
were replated into 100-mm-diameter dishes and grown in the presence of 500 wg
of Geneticin (Gibco-BRL) per ml. Single colonies were isolated by using sterile
cloning disks (Fisher) and were transferred to individual wells of 24-well plates.
After reaching confluence, cell clones were replated and examined by immuno-
fluorescence microscopy and Western blotting with «-MENT to select the clones
with high levels of MENT expression.

Immunofluorescence microscopy and image analysis. For fluorescence mi-
croscopy, NIH 3T3 cells expressing MENT were grown, fixed, and stained with
primary antibodies («-MENT [1:1,000] and o-H3me2K9 [1:500]) and red fluo-
rescent secondary antibodies (1:600) (Alexa Fluor 594 goat anti-rabbit IgG;
Molecular Probes) as described previously (34). To block the stained cells for
labeling with another set of rabbit antibodies, the specimens were washed as
before, incubated for 30 min with phosphate-buffered saline (PBS) containing
3.5% bovine serum albumin (BSA) and 1% whole rabbit serum (Gibco-BRL),
washed with PBS as before, and incubated for 30 min with PBS containing 3.5%
BSA and a 1:100 dilution of goat anti-rabbit Fab fragments (Jackson Immunore-
search Labs). The specimens were then washed and treated with new primary
antibodies (a-H3me3K9; 1:1,000) and green fluorescent secondary antibodies
(dilution 1:600) (Alexa Fluor 488 goat anti-rabbit IgG; Molecular Probes) as
described above.

Nuclei from embryonic erythrocytes, adult erythrocytes, and lymphocytes re-
suspended in 40 mM NaCl-10 mM Tris (pH 7.5)-1 mM EDTA were attached to
poly-L-lysine-coated microscope slides (Sigma) over 10 min, fixed with 4% para-
formaldehyde (EM Sciences), washed with PBS for 5 min, and permeabilized in
KCM (120 mM KCl, 20 mM NaCl, 10 mM Tris-HCI [pH 8.0], 1 mM EDTA,
0.1% [vol/vol] Triton X-100) for 15 min. Samples were then blocked in KCM
containing 2% (wt/vol) BSA and 10% nonfat dry milk for 1 h. The specimens
were overlaid with KCM containing BSA, dry milk, and «-MENT (dilution
1:500) and incubated for 1 h at room temperature. Specimens were washed two
times in KCM and overlaid with KCM containing BSA and dry milk for 5 min,
and then fluorescent secondary antibodies (Alexa Fluor 594 goat anti-rabbit IgG)
were added and incubated for 1 h at room temperature. The samples were finally
stained with 0.1 wg of Hoechst 33258 per ml in PBS, mounted, and analyzed
under a fluorescence microscope, followed with image deconvolution as de-
scribed previously (34).

RESULTS

MENT, but not constitutive heterochromatin proteins, ac-
cumulates during avian blood cell differentiation. Methylation
of histone H3 at lysine 9 (H3meK9) has been suggested to be
a primary signal in establishing the heterochromatin/euchro-
matin segregation in concert with histone methyltransferase
and the ubiquitous H3meK9-binding protein HP1 (35, 42).
Since the amount of cytologically detectable heterochromatin
is dramatically increased during terminal blood cell differenti-
ation (14, 40), we compared the levels of H3meK9 and HP1 in
proliferating and terminally differentiated avian hemopoietic
cells. In parallel, we also monitored the level of MENT, a
heterochromatin protein expressed during terminal avian
blood cell differentiation (25).

When we probed Western blots containing proteins from the
nuclei of proliferating chicken promyelocytic cell line HD13
with antibodies against the three known HP1 variants, HP1«,
HP1B, and HP1y (33, 69), we observed prominent bands with
all three probes (Fig. 1A). In equal amounts of nuclear mate-
rial from mature terminally differentiated cells (adult erythro-
cytes and lymphocytes), the HP1 levels were either lower
(HP1B) or undetectable (HP1la and HP1vy), suggesting that
these proteins are not involved in the developmentally regu-
lated chromatin condensation seen in mature terminally dif-
ferentiated cells. In contrast, the level of MENT was low in
12-day erythrocytes and HD13 cells but was high in adult
erythrocytes and especially high in chicken lymphocytes (Fig.
1A). Thus, the level of MENT, but not of HP1, is consistent
with the global silencing and chromatin condensation seen in
mature erythrocytes and lymphocytes.

To detect H3meK9 in Western blots and nuclear immunostain-
ing, we used antibodies against an H3 peptide containing di-
methylated lysine 9 (a-H3me2K9) (Upstate Biotechnology) and
an H3 peptide containing trimethylated lysine 9 (a-H3me3K9
(13). a-H3me3K9 but not a-H3me2K9 stains pericentromeric
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constitutive heterochromatin (13). The a-H3me3K9 antibody has
no cross-reaction with the a-H3me2K9, nor does it recognize
methylated K27 of histone H3 (63). Western blotting (Fig. 1A)
showed that the levels of methylated histone H3 recognized by
both antibodies do not change significantly between the prolifer-
ating and the mature blood cells. This result is consistent with
metabolic stability of histone H3 methylation at K9 (1).

To determine if MENT is associated with any specific struc-
ture in the nuclear chromatin, we stained the nuclei of chicken
12-day embryo erythrocytes, adult erythrocytes, and lympho-
cytes with a-MENT, a-H3me2K9, and o-H3me3K9 (Fig. 1B).
In agreement with the results of Western analysis, MENT had
a very low level in embryo erythrocytes compared to adult
erythrocytes and lymphocytes. In adult erythrocytes, a-MENT
and o-H3me2K9 had similar focal patterns. In contrast,
o-MENT and a-H3me2K9 in lymphocytes showed a broad
distribution, suggesting that these markers spread to most of
the nuclear chromatin in lymphocytes. In all cells, a-H3me3K9
had a focal pattern consistent with its association with consti-
tutive heterochromatin (13). Figure 1C shows a sharp contrast
between mostly overlapping MENT and H3me2K9 (yellow)
and nonoverlapping MENT (red) and H3me3K9 (green) in
adult erythrocyte nuclei. Thus, in adult chicken erythrocytes
MENT is colocalized with the dimethylated but not with the
trimethylated histone H3(K9).

Sharp transitions in the MENT level at the boundaries of
the active chicken (-globin in chicken erythrocytes. Previous
studies of chromatin organization at the chicken B-globin gene
cluster in embryonic and adult erythrocytes (3, 28, 64) have
revealed a 30-kb domain of active DNase I-sensitive chromatin
conformation. The DNase-sensitive domain, which includes all
four B-globin genes and their transcriptional regulatory ele-
ments, is surrounded by DNase I-resistant condensed hetero-
chromatin (Fig. 2A). Two boundary elements located at the
borders of the DNase I-sensitive domain have been suggested
to protect active chromatin from spreading of chromatin-con-
densing factors (2, 11). Since MENT is an abundant chroma-
tin-condensing protein expressed in adult erythrocytes, we
asked whether the active DNase-sensitive B-globin domain is
protected from MENT. To map its localization on chicken
erythrocyte chromatin in situ, we used formaldehyde ChIP
analysis followed by slot hybridization probed with DNA de-
rived from the chicken B-globin locus (56). We sequenced the
DNAs of all of our probes to confirm the absence of repeated
elements. The positions of the probes in relation to the impor-
tant structural elements and the region of DNase sensitivity at
the B-globin domain are shown in Fig. 2A.

ChIP mapping shows a dramatic difference in MENT levels
upstream and downstream of the B-globin domain boundaries
(Fig. 2B and C). Specifically, the MENT concentration varies
ca. 50-fold between probe 1 and probe 4 (Fig. 2C and 3B). The
maximal level of MENT binding (probe 1) corresponds to the
area where DNase I-resistant heterochromatin separates the
active B-globin cluster from the folate receptor gene (54). The
midtransition point in the MENT level corresponds to the 5’
boundary region described by Chung et al. (11). Two local
minimums of MENT are located at the globin-proximal sites
downstream of the 5’ boundary (probe 4) and upstream of the
3’ boundary (probe 8). Remarkably, both points of minimal
MENT level are located within the DNase-sensitive domain at
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similar distances from the boundary elements. The level of
MENT increases less abruptly over the 3’ boundary region,
reaching about 60% of the maximal level at the position down-
stream of the silent odorant receptor gene (probe 12). The
concentration of MENT upstream and downstream of the
B-globin cluster is considerably higher than that at the consti-
tutively silent ovalbumin gene (Fig. 3B), suggesting that the
regions of MENT accumulation do not merely reflect the state
of gene repression but are associated with repressed chromatin
flanking active genes.

ChIP experiments by two other groups showed that re-
pressed chromatin upstream of the 5’ boundary of the chicken
B-globin domain is associated with a decreased level of histone
H3 and H4 acetylation (28, 43) and an increased level of
histone H3 methylation at lysine 9 (42). In this work we used a
different protocol for immunoprecipitation of MENT that in-
volves formaldehyde cross-linking. To confirm that the MENT-
enriched region in our experiments corresponds to the area of
high histone methylation and low acetylation detected earlier,
we immunoprecipitated the cross-linked chromatin with anti-
bodies against methylated and acetylated histone H3. Probing
this material with DNAs from selected gene probes (Fig. 3A)
showed a substantial enrichment of H3me2K9 and depletion of
H3ac2K9 at the repressed chromatin upstream of the B-globin
boundary (probe 1). In contrast, the area containing the min-
imal level of MENT (probe 4) had a very low level of
H3me2K9 and a high level of H3ac2KO9. This result is in good
agreement with the earlier experiments (28, 42, 43). In the
middle of the B-globin domain the concentration of MENT
reaches a local peak close to the position of the transcription-
ally active BA-globin gene and its upstream intergenic region
(probe 7). Interestingly, the level of MENT at site 7 correlates
with increased histone H3 dimethylation (Fig. 3A). An earlier
ChIP mapping of the entire B-globin domain has also docu-
mented a significant peak of H3 dimethylation in this area (42).
In contrast, our ChIP with trimethylated histone H3 has shown
almost no variation between the different probes and no cor-
relation with MENT (not shown), consistent with clearly dis-
tinct localization of MENT and H3me3K9 in chicken erythro-
cytes (Fig. 1C). Taken together with the immunofluorescence
(Fig. 1C) showing a general colocalization of MENT with
H3me2K9, our results demonstrate that in chicken erythro-
cytes the MENT level is correlated positively with methylation
and negatively with acetylation of lysine 9 in histone H3.

MENT occupies the inactive (3-globin domain but spares its
5’ boundary in lymphocytes. Erythrocytes and lymphocytes
originate from the same hemopoietic precursor cells, but their
differentiation pathways separate before the onset of B-globin
gene transcription so that B-globin is not expressed in the
lymphoid cells. The DNase I-hypersensitive sites marking the
active B-globin gene regulatory elements are present in the
precursor hemopoietic cells and are gradually decreased dur-
ing terminal lymphoid differentiation (36). Chicken lympho-
cytes have a ca. 5-fold higher total level of MENT than eryth-
rocytes (25) (Fig. 1A). From our immunofluorescence studies
(Fig. 1B) we anticipated that MENT might become much more
evenly distributed in the lymphocyte chromatin. Indeed, using
o-MENT ChIP we observed much less variation in MENT
between different loci in lymphocytes than in erythrocytes
(compare Fig. 3B and C). For example, the level of MENT at
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FIG. 2. Mapping of MENT on the B-globin domain in chicken erythrocytes. (A) A scheme of the B-globin cluster shows the positions of
B-globin genes and the map numbering system from reference 43. Vertical arrows indicate the positions of DNase I-hypersensitive sites, including
those corresponding to the 5’ and 3’ insulators (58). The lower horizontal bar shows a cumulative scheme of DNase I resistance (shaded areas
indicate resistance) derived from several experiments (3, 28, 58, 64). The scheme also shows the positions of hybridization probes 1 to 12 used
throughout this work. (B) MENT levels on the chicken B-globin cluster. The graph shows the relative enrichment of MENT at the regions
corresponding to the B-globin probes 1 to 12. Error bars indicate standard deviations. (C) Slot hybridization analysis of immunoprecipitated
MENT-DNA complexes from the chicken B-globin cluster. After formaldehyde cross-linking of isolated nuclei, DNA-MENT complexes were
immunoprecipitated either with a-MENT (+) or with preimmune serum (—). DNA was purified and hybridized with probes 1 to 12 derived from

the chicken B-globin cluster.

the internal B-globin probe 7 was only 1.6 times lower than that
at the 5’ flank of the 8-globin domain (probe 1) in lymphocytes
compared, with a threefold difference in erythrocytes. Most
remarkably, the MENT level at the 3’ boundary of the 3-globin
domain in lymphocytes (probe 8 in Fig. 3C) was dramatically
higher than that at the same region in erythrocytes (probe 8 in
Fig. 3B). These results show that the B-globin domain becomes

occupied by MENT during lymphoid differentiation and that
the transitions in the MENT level at the active B-globin gene
in erythrocytes are not due to a DNA sequence specificity of
the protein.

Although MENT occupied the 3’ flank of the inactive B-glo-
bin domain in lymphocytes, at the 5’ end (probe 4) we still
observed a prominent minimum in the MENT level similar to
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FIG. 3. MENT levels at selected DNA sequences from chicken blood cells. (A) The histograms show relative enrichment of MENT, H3me2K9
(H3me2), and H3acK9,13 (H3ac) detected by ChIP in chicken erythrocytes. (B and C) The histograms show the relative enrichment of MENT (as
related to the probe 1) detected by ChIP with selected genome probes in chicken erythrocytes (A) and lymphocytes (B). DNA probes 1, 4, 5, 7,
8, and 12 (black bars) from the B-globin domain (see Fig. 2A) and Ov (gray bars) from the chicken ovalbumin-coding region, positions 2375 to
3285 (17), were used. Arrows show the probes corresponding to the MENT minimums at the 5’ boundary and the 3’ boundary of the chicken

B-globin gene (Fig. 2B).

that in erythrocytes. This is consistent with persistence of the 5
DNase-hypersensitive site in non-globin-expressing cells, the
ability of the 5’ but not the 3’ boundary to protect from posi-
tion effect variegation (58), and the presence of a very high
peak of histone acetylation at the 5" B-globin boundary in the
lymphoid DT40 cells (43). Thus, a constitutive hypersensitive
site remains insulated from MENT even when the surrounding
chromosomal domain succumbs to the transcriptional silencing
and chromatin condensation.

Modifications at lysine 9 in the histone H3 N-terminal do-
main directly affect MENT interaction with chromatin in vitro.
Our colocalization (Fig. 1C) and ChIP (Fig. 2 and 3) experi-
ments suggested to us that MENT association with chromatin
might be regulated by the histone modification pattern, in
particular promoted by dimethylation and inhibited by acety-
lation of lysine 9 in histone H3. Lysine 9 is located in the
N-terminal domain of histone H3, which may be selectively
removed by trypsin without unfolding the nucleosome struc-
ture (23) but causing a partial unfolding of chromatin higher-
order structure (41). Limited digestion of histone N termini
with trypsin has been used before to demonstrate an essential
and specific role of N-terminal peptides of histone H2B in
metaphase chromosome condensation (15) and of the N-ter-
minal domain of histone H3 in chromatin higher-order folding
(41). Here we decided to use limited trypsin digestion to ex-
amine whether the histone H3 N-terminal domain is involved
in MENT interaction with chromatin in vitro.

Previously we used an agarose gel shift assay to observe that
reconstitution of soluble chromatin with increasing concentra-
tions of native chicken MENT caused reversible chromatin
self-association and precipitation (25). Now we expressed
MENT in E. coli and isolated MENTwt and a mutant in which
the MENT RCL domain is replaced with an inactive RCL
domain from ovalbumin (MENTov). In transiently transfected
cells, this mutation dramatically changes MENT association
with chromatin and blocks the MENT-induced chromatin con-
densation (34), thus providing an efficient control for the spec-
ificity of MENT interaction with chromatin.

After we reconstituted soluble chromatin with either wild-

type or mutant MENT, we observed that MENTwt interacts
with soluble nucleosome arrays and causes a strong band shift
(Fig. 4A, lanes 1 to 5) and an increasing precipitation (Fig. 4G)
at MENT/DNA ratios of 1:200 to 1:50 bp. MENTov has a
similarly strong interaction with chromatin as detected by band
shift (Fig. 4A, lanes 6 to 10) but a significantly reduced ability
to precipitate chromatin (Fig. 4G). We concluded that the
RCL mutation inhibited the chromatin-condensing effect of
MENT in vitro.

We removed the histone H3 N termini by treatment of
soluble chromatin with immobilized trypsin (41) and purifica-
tion on sucrose gradients containing 0.5 M NaCl. SDS-PAGE
(Fig. 4F) shows that limited trypsinization resulted in complete
disappearance of intact histone H3 (lane 2). Coomassie blue
staining (lane 2) shows an accumulation of the histone band
P1, which has been previously identified as histone H3 lacking
26 amino acids from its N terminus (23). A Western blot,
showing no reaction with a-H3me2K09 in the trypsin-digested
chromatin (lane 4), is consistent with elimination of the N-
terminal domain of H3 containing K9. The trypsin-digested
chromatin continues to bind both MENTwt and MENTov as
detected by the gel shift assay (Fig. 4B), thus demonstrating
that the cleaved H3 N-terminal domains were not necessary for
MENT binding. However, in the trypsin-digested chromatin,
we observed a dramatic reduction in chromatin precipitation
by MENT (Fig. 4G), suggesting that the intact histone H3 N
domains were important for chromatin self-association and
precipitation by MENT.

We then took the complexes of MENTwt and MENTov with
trypsin-digested nucleosome arrays (1:100 bp) and reconsti-
tuted them with increasing concentrations of the 21-amino-
acid N-terminal peptide of histone H3 containing either two
methyl groups (N-H3me2), one acetyl group (N-H3ac), or no
modification at K9 (N-H3). Figure 4H shows that association
with the dimethylated histone H3 N-terminal peptide restored
the selective precipitation of chromatin by MENTwt. In a
reciprocal experiment, we took the complexes of chromatin
with 5 M N-H3me?2 and added increasing concentrations of
MENTwt and MENTov. Again the precipitation was much
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FIG. 4. Cooperative interaction of MENTwt with the dimethylated
N-terminal domain of histone H3. (A) Agarose gel electrophoresis of
native chicken chromatin reconstituted with MENTwt (lanes 1 to 5)
and MENTov (lanes 6 to 10); (B) agarose gel electrophoresis of tryp-
sin-digested chromatin reconstituted with MENTwt (lanes 11 to 15)
and MENTov (lanes 16 to 20); (C) agarose gel electrophoresis of
trypsin-digested chromatin reconstituted with 5 wM dimethylated
N-H3me2 and increasing concentrations of MENTwt (lanes 21 to 24)
and MENTov (lanes 25 to 28); (D) agarose gel electrophoresis of
trypsin-digested chromatin reconstituted with 5 WM acetylated N-H3ac
and increasing concentrations of MENTwt (lanes 29 to 32) and
MENTov (lanes 33 to 36); (E) agarose gel electrophoresis of trypsin-
digested chromatin reconstituted with 5 wM unmodified N-H3 and
increasing concentration MENTwt (lanes 37 to 40) and MENTov
(lanes 41 to 44). MENT/DNA ratios (moles per 100 bp) were 0 (lanes
1,6, 11, 16, 21, 25, 29, 33, 37, and 41), 0.5 (lanes 2, 7, 12, 17, 22, 26, 34,
38, and 42), 1 (lanes 3, 8, 13, 18, 23, 27, 35, 39, and 43), 2 (lanes 4, 9,
14, 19, 24, 28, 36, 40, and 44), and 4 (lanes 5, 10, 15, and 20). (F) SDS-
PAGE (lanes 1 and 2) and Western blotting with a-H3me2K9 (lanes 3
and 4) of native chicken erythrocyte chromatin before (lanes 1 and 3)
and after (lanes 2 and 4) digestion with trypsin. Note the absence of
intact histone H3 and the disappearance of H3me2K9 in the trypsin-
digested sample. P1 shows the position of the main histone H3 trypsin
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stronger with MENTwt than with MENTov (Fig. 4C), showing
that the intact RCL domain was required for cooperation with
dimethylated histone H3 in chromatin condensation.

Strikingly, reconstitution with increasing concentrations of
the similar 21-amino-acid N-terminal peptide of histone H3
containing an acetyl group at K9 (N-H3ac) had no apparent
effect on chromatin interaction with MENT. Neither the elec-
trophoretic mobility (Fig. 4D) nor precipitation of chromatin
complexes with MENTwt and MENTov (Fig. 41) was signifi-
cantly affected by the acetylated peptide. Moreover, reconsti-
tution with unmodified peptide (N-H3) also showed signifi-
cantly reduced precipitation (Fig. 4E and J) compared with
dimethylated peptide. We thus concluded that MENT specif-
ically and cooperatively interacts with the methylated N-termi-
nal domain of histone H3 to promote chromatin self-associa-
tion. Further, this interaction requires an intact RCL and is
inhibited by histone H3 acetylation at K9.

Histone deacetylase inhibitors and RCL mutations have a
similar effect on MENT interaction with nuclear chromatin in
vivo. The correlation of MENT distribution with the histone
modification pattern over the B-globin domain (Fig. 2) and our
in vitro experiments (Fig. 4) suggested that the histone modi-
fications could directly regulate chromatin condensation by
directing MENT binding to certain chromosomal loci and/or
inhibiting MENT binding to active chromatin. Because MENT
is expressed in terminally differentiated quiescent blood cells
that do not proliferate and do not support genetic manipula-
tions, we decided to test this possibility by experiments with a
model cellular system. We chose the cell line NIH 3T3, in
which a transition from a proliferating to a quiescent stage can
be easily induced by contact inhibition or serum deprivation
(37, 39). Previously, we found that transient expression of
MENT in NIH 3T3 cells caused significant chromatin conden-
sation and inhibited cell proliferation. We have also identified
mutations in the RCL domain of MENT that eliminated the
MENT-induced phenotype in transiently transfected cells (34),
thus providing efficient controls for the specificity of the effect
of ectopic MENT on chromatin.

We established a stable NIH 3T3 cell line expressing
MENTwt from a cDNA construct driven by an IPTG (isopro-
pyl-B-D-thiogalactopyranoside)-inducible promoter (see Ma-
terials and Methods). This cell line (3T3/MENT-63) was used
to express MENTwt in all of our experiments. Immunofluo-
rescence of the MENT-expressing cells showed a strong nu-
clear signal detected with a-MENT antibodies (Fig. SA, panel
1). In previous work, we established the specificity of these
antibodies for MENT-expressing cells (26, 34). Here we con-
firmed the absence of antibody cross-reactivity by the lack of

digestion product (23). (G) Graph showing the percentage of precip-
itated material in native chromatin reconstituted with MENTwt (@)
and MENTov (m) and in trypsin-digested chromatin reconstituted
with MENTwt (O) and MENTov (OJ). Ratios of MENT/DNA were as
indicated. Error bars indicate standard deviations. (H to J) Histograms
showing the percentage of precipitated material in trypsin-digested
chromatin reconstituted with no MENT (open bars), 1 mol of
MENTwWt/60 bp (diagonally hatched bars), and 1 mol of MENTov/60
bp (horizontally hatched bars) plus increasing concentrations of
N-H3me?2 (H), N-H3ac (I), and N-H3 (J). Histone peptide concentra-
tions were as indicated.
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FIG. 5. A histone deacetylase inhibitor and a mutation in the RCL domain change the MENT location in nuclear chromatin. (A) Immuno-
fluorescence microscopy of proliferating 3T3/MENT-63 cells (panels 1 to 3), the same cells incubated in the presence of 10 mM sodium butyrate
for 48 h (panels 5 to 7), and 3T3/MENTov-16 cells stably expressing a MENT-ovalbumin swap mutant (panels 9 to 11) fixed in acetone-methanol
and stained with «-MENT (panels 1, 5, and 9) and Hoechst 33258 (panels 2, 6, and 10). Panels 3, 7, and 11, overlays of images stained with
o-MENT and Hoechst. Panels 4, 8, and 12, immunofluorescence microscopy of unfixed, unstained proliferating NIH 3T3 cells transiently
expressing GFP fusions with MENTwt (panels 4 and 8) and MENT-ovalbumin swap (panel 12). The cells in panel 8 were incubated for 48 h with
10 mM sodium butyrate. Bar, 10 wm. (B) Protein samples from the nuclei of 3T3/MENT-63 cells stably expressing MENTwt (MENT-63) and
control NIH 3T3-lacl cell clones stably transfected with nonexpressing vector (NIH 3T3) incubated in the absence (—) or presence (+) of 10 mM
sodium butyrate (But) for 48 h were analyzed by SDS-PAGE and Western blotting with «-MENT, a-H3me2K9, a-H3me3K9, a-H3acK9, and
a-H4acK12 as indicated. (C) Protein samples from the nuclei of proliferating (p) and quiescent (q) 3T3/MENT-63 cells and control NIH 3T3-lacl
cells were analyzed by SDS-PAGE and Western blotting with a-MENT, a-H3me2K9, a-H3me3K9, a-H3acK9, and a-H4acK12 as indicated.

signal in MENT-expressing 3T3/MENT-63 cells stained with
control preimmune serum and in control cells (NIH 3T3-lacI)
transfected with vector only (not shown).

As detected by semiquantitative analysis of the Western
blotting shown in Fig. 5B, the 3T3/MENT-63 cell line grown in
the presence of IPTG for 48 h had accumulated 0.07 molecule
of MENT per 200 bp of DNA, i.e., a level about 3.5-fold higher
than that in erythrocytes. The 3T3/MENT-63 cells had approx-
imately twofold-slower proliferation than control cells trans-
fected with vector only (NIH 3T3-lacl) or cells (3T3/MENTov-
16) expressing the RCL mutant, MENTov. Additionally, their
nuclei became notably smaller than those in the MENTov cells
(compare panel 2 with panel 10 in Fig. 5A) and the control
cells (Fig. 6, panel 6).

NIH 3T3 cells, like other mouse cell lines, have a well-
defined focal distribution of nuclear heterochromatin that can
be visualized with Hoechst 33258, a fluorescent dye that pref-
erentially stains AT-rich DNA in pericentromeric heterochro-
matin (31). Figure 5A (panels 1 to 3) shows that in proliferat-
ing 3T3/MENT-63 cells, MENT is widely distributed in the

nuclei, with the protein found both within the Hoechst-positive
heterochromatic blocks and over the euchromatic areas.

To examine, whether MENT can be spatially regulated by
histone acetylation, we incubated the 3T3/MENT-63 and con-
trol cells in presence of 10 mM sodium butyrate, a histone
deacetylase inhibitor. With both MENT-expressing and con-
trol cells, we observed a notable increase in H4acK12 and
H3acKD9, both markers of active chromatin (Fig. 5B). Remark-
ably, 3T3/MENT-63 incubated in the presence of sodium bu-
tyrate shows a major change in MENT distribution, with the
protein becoming predominantly associated with heterochro-
matin (Fig. 5A, panels 5 to 7). In parallel to the change in
MENT localization, the nuclei in butyrate-treated cells return
to normal size (Fig. 5A, panel 6), suggesting that histone hy-
peracetylation reversed chromatin condensation by MENT.
The Western blotting in Fig. 5B shows no decrease in MENT
levels in the butyrate-treated cells, indicating that the loss of
the protein from euchromatic sites is not the result of protein
degradation or decreased expression. Incubation of the 3T3/
MENT-63 cells with another deacetylase inhibitor, 100 nM
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FIG. 6. Rearrangement of chromatin marked by histone H3 methylation in quiescent MENT-expressing cells. (A) Immunofluorescence
microscopy of 3T3/MENT-63 cells (panels 1 to 4), control NIH 3T3-lacl cells (panels 5 and 6), and 3T3/MENTov-16 cells (panels 7 and 8). Cells
were fixed in the proliferating state (panels 1 and 2) and the quiescent state (panels 3 to 8) and then stained with a-H3me2K9 (me2) (panels 1,
3,5, and 7) and Hoechst 33258 (panels 2, 4, 6, and 8). Bar, 10 wm. (B) Immunofluorescence microscopy of 3T3/MENT-63 cells (panels 9 to 14
and 16 to 18) and control NIH 3T3-lacl cells (panel 15). Cells were fixed in the quiescent state and then stained with a-H3me2K9 (green) (panels
9, 12, 14, and 18), «-MENT (red) (panels 10 to 12), a-H4acK12 (red) (panels 13 and 14), a-H3me3K9 (red) (panels 15 and 16), Hoechst 33258
(blue) (panels 9, 11, 15, and 16), and propidium iodine (red) (panels 17 and 18). Bar, 10 pm.

trichostatin, produced an effect very similar to that observed
with sodium butyrate (not shown).

To test the effect of the deacetylase inhibitors on MENT
distribution in living cells, we constructed an N-terminal pro-
tein fusion of MENTwt with green fluorescent protein (GFP-
MENTwt). After transfecting GFP-MENTwt in NIH 3T3 cells,
we observed an even distribution of GFP-MENT in the nuclei.
When cells expressing GFP-MENTwt were treated with 10
mM sodium butyrate, we observed a notable relocation of
MENT to heterochromatic foci (compare panels 4 and 8 in Fig.

5A), demonstrating that the effect of the deacetylase inhibitors
on MENT compartmentalization is not an artifact of cell fix-
ation and the antigen-antibody exposure.

Our previous experiments with transiently expressed MENT
(34) and the in vitro experiments described above (Fig. 4)
suggested that the RCL domain is important for MENT inter-
action with chromatin. To further examine the function of the
RCL domain in vivo, we established the stably transfected
3T3/MENTov-16 cell line expressing MENTov. Figure 5A
(panels 9 to 11) shows that the 3T3/MENTov-16 cells have a
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phenotype strikingly resembling that of the butyrate-treated
cells expressing MENTwt (panels 5 to 7), with the focal het-
erochromatin pattern of MENT and decondensed nuclei. The
GFP-MENTov fusion in living NIH 3T3 cells also showed a
focal localization (panel 12). The effects of histone deacetylase
inhibitors and the RCL mutation on MENT localization in vivo
(Fig. 5) strongly support the results of the in vitro experiments
(Fig. 4) showing that both the RCL and unacetylated histone
N-terminal domain(s) mediate MENT interactions with chro-
matin.

Remodeling of chromatin associated with methylated his-
tone H3(K9) in MENT-expressing quiescent cells. The colo-
calization of MENT and a-H3me2K09 in chicken erythrocytes
(Fig. 1B) and the specific interaction of MENT with the dim-
ethylated N-terminal domain of histone H3 in vitro (Fig. 4)
prompted us to ask whether MENT can target dimethylated
histone H3 in the 3T3/MENT-63 cells. In proliferating 3T3/
MENT-63 cells, MENT is broadly distributed in nuclear chro-
matin (Fig. 5A, panel 1). When we stained these cells with
a-H3me2K9, we observed a similarly uniform distribution of
the label unrelated to heterochromatic foci (compare panels 1
and 2 in Fig. 6). The H3me2KO9 staining pattern was not sig-
nificantly different from that in control NIH 3T3 cells (not
shown), consistent with previously reported H3me2K9 local-
ization in nuclear chromatin (45, 52).

Since MENT normally acts in quiescent vertebrate cells, we
compared the chromatin organizations in proliferating and
quiescent NIH 3T3 cells. Remarkably, after we drove MENT-
expressing NIH 3T3 cells into quiescence by contact growth
inhibition, we observed a dramatic change in the distribution of
histone H3me2K9 in 3T3/MENT-63 compared with control
cells. While in the quiescent MENT-expressing cells the
H3me2K9 became notably concentrated at the Hoechst-posi-
tive chromatin blocks (Fig. 6, panels 3 and 4 and the image
overlay in panel 9), in the control quiescent cells it remained
broadly spread throughout the nucleus (Fig. 6, panels 5 and 6).
Western blotting (Fig. 5C) showed no significant change in the
level of H3me2K9 between the proliferating and quiescent
3T3/MENT-63 cells, indicating that the dimethylated H3 relo-
cates to pericentromeric heterochromatin rather than being
lost in the noncentromeric areas. In a striking parallel to dim-
ethylated histone H3, MENT also became focal and colocal-
ized with H3me2K9 and pericentromeric heterochromatin in
quiescent cells (see MENT staining and overlays with me2 and
Hoechst staining in Fig. 6, panels 10 to 12). Thus, MENT and
dimethylated histone H3(K9) undergo coordinated spatial
transitions during quiescence of MENT-expressing NIH 3T3
cells.

In comparison to the 3T3/MENT-63 cells, cells expressing
the RCL mutant (3T3/MENTov-16), showed no pericentro-
meric concentration of H3me2K9 (Fig. 6, panels 7 and 8).
Incubation of quiescent 3T3/MENT-63 with histone deacety-
lase inhibitors similarly prevented the association of H3me2K9
with chromocenters (data not shown). Note that in both 3T3/
MENTov-16 and sodium butyrate-treated 3T3/MENT-63 cells
(Fig. 5A), MENT is associated with pericentromeric hetero-
chromatin and thus is dissociated from the noncentromeric
H3me2K9. These results show that both the RCL mutation
and histone hyperacetylation inhibit MENT association with
chromatin marked by dimethylated histone H3.

MoL. CELL. BIOL.

We asked whether the MENT-induced redistribution of
modified histones to heterochromatin is specific for dimethyl-
ated histone H3. From our ChIP experiments we predicted
that chromatin remodeling by MENT should not involve acety-
lated core histones. Indeed, the quiescent 3T3/MENT-63 cells
stained with antibodies against H4acK12 showed a broad dis-
tribution of the modified histone that did not correlate with
either Hoechst (not shown) or H3me2K9 staining (compare
panels 13 and 14 in Fig. 6).

In contrast to the broadly distributed H3me2K9 (45), his-
tone H3 trimethylated at lysine 9 (H3me3K9) is normally as-
sociated with pericentromeric heterochromatin (13). Indeed,
in control cells the a-H3me3K9 antibodies showed strong focal
staining precisely colocalized with Hoechst-positive chromatin
blocks (Fig. 6, panel 15). Interestingly, in the quiescent MENT-
expressing cells the chromatin marked by H3me3K9 simulta-
neously reduced its preferential association with chromo-
centers and became more abundant at the nuclear periphery
(Fig. 6, panel 16), in the zones free of H3me2K9 and MENT.
Together with the data obtained with primary chicken eryth-
rocytes (Fig. 1C), this result confirms that MENTwt preferen-
tially targets chromatin modified by histone H3(K9) dimethy-
lation rather than trimethylation. Chromatin methylation at
the pericentromeric heterochromatin is thought to be con-
trolled by a positive feedback regulation imposed by interact-
ing methylated histone H3, histone methyltransferase, and
HP1 (35). It appears likely that MENT association with meth-
ylated histone H3 at the chromocenters interferes with this
regulatory pathway, leading to a partial exclusion of the en-
zyme responsible for histone trimethylation from constitutive
heterochromatin.

Finally, we questioned whether the chromatin remodeling
observed in quiescent MENT-expressing cells was associated
with any other major rearrangements or defects in nuclear
morphology. In the quiescent 3T3/MENT-63 cells we observed
no disassembly of the Hoechst-stained constitutive heterochro-
matin (Fig. 6, panel 4) such as has been reported for cells
treated for several days with histone deacetylase inhibitors
(62). To test whether the expression of MENT could cause a
collapse of nuclear chromatin and relocation of the total chro-
matin mass to centromeres (as observed, for example, during
apoptosis [29]), we counterstained MENT-expressing cells
with propidium iodine, a general nucleic acid stain. The pro-
pidium iodine-stained cells showed bright spots corresponding
to the nucleoli but no lesions or otherwise damaged chromatin,
in particular at sites counterstained with H3me2K9 (compare
panels 17 and 18 in Fig. 6). Moreover, the quiescent MENT-
expressing cells with pericentromeric H3me2K9 were com-
pletely viable and, after trypsinization and replating, resumed
proliferation, nevertheless showing a strong delay in exiting the
quiescent state. The reactivated proliferating cells had a phe-
notype indistinguishable from that of the original 3T3/
MENT-63 cells (Fig. SA, panels 1 and 2). We thus concluded
that the MENT-induced chromatin transitions were reversible
and compatible with cell viability.

DISCUSSION

The chicken B-globin locus has been widely employed as a
model genetic system, leading to the description of several
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FIG. 7. A model for chromatin condensation regulated by MENT, histone modifications, and gene boundary elements. (Central structure)
MENTwt (yellow) binds simultaneously to constitutive heterochromatin (black) and silenced euchromatin (red) marked by H3 dimethylated at
lysine 9 (Me). MENT binds to chromatin cooperatively and forms bridges between chromatin fibers that bring euchromatin containing dimethy-
lated histone H3 close to constitutive heterochromatin, thus causing chromatin condensation. A chromosomal domain containing active hyper-
acetylated chromatin (green) is insulated from MENT spreading by boundary elements (blue disks) that create zones of especially strong
hyperacetylation blocking MENT spreading from the domain flanks. (Right structure) Histone deacetylase (HDAC) inhibitors increase the
acetylation level of noncentromeric chromatin, interfere with MENT-histone interactions, and promote MENT binding to constitutive hetero-
chromatin. (Left structure) RCL mutations disrupt MENT interaction with chromatin marked by dimethylated histone H3 and also promote

MENT binding to constitutive heterochromatin.

important structural features of active chromatin. These in-
clude long-range nuclease sensitivity (66), developmentally
regulated hypersensitive sites associated with transcriptional
regulatory elements (61), and structural insulation of active
chromatin from silencing (12). We have now mapped the dis-
tribution of a developmentally regulated chromatin-condens-
ing protein, MENT, across the B-globin gene cluster. Our
results clearly establish MENT as the first chromatin-condens-
ing protein whose access to the active chromatin is blocked at
the boundary elements of an active vertebrate gene.

Genetic studies with yeast revealed a general mechanism for
heterochromatin spreading that is mediated by nonhistone
proteins interacting with histones and regulated by histone
modifications (9, 18, 27). In budding yeast, a histone acetyl-
transferase tethered to a chromatin locus can act as a boundary
element that inhibits heterochromatin spreading by histone
hyperacetylation (16). In fission yeast, histone H3 methylation
at lysine 9 that is confined to heterochromatin mediates the
chromatin association with Swi6, a homologue of the verte-
brate heterochromatin protein HP1 (47). In vertebrates, stud-
ies of the B-globin domain boundaries have also shown a prin-
cipal role for histone acetylation in insulating genes from
position-dependent silencing (46, 53). Since histone acetyla-
tion and methylation at one lysine side chain are mutually
exclusive (55), acetylation has been proposed to insulate active
genes by blocking interactions of chromatin-condensing pro-
teins with methylated histone H3(K9) (8, 42).

Here we show that these present models for heterochroma-
tin spreading are in remarkable agreement with the spatial
regulation of MENT in nuclei. First, MENT colocalizes with
methylated K9 of histone H3 in chicken erythrocytes (Fig. 1B
and C) and in 3T3/MENT-63 cells (Fig. 6), and it comaps (Fig.
2 and 3) with this modification at the B-globin domain (42).
Second, MENT’s ectopic expression in NIH 3T3 cells causes a
significant redistribution of chromatin marked by methylated

histone H3 (Fig. 6). Third, the histone H3 N domain dimethy-
lated at lysine 9 cooperates with the RCL domain of MENT to
promote chromatin condensation (Fig. 4). Fourth, its spread-
ing at the B-globin locus (Fig. 2) is strikingly opposite to the
level of histone acetylation (43). Finally, the MENT location in
nuclear chromatin is regulated by deacetylase inhibitors (Fig.
5). By the mode of spatial regulation, MENT closely resembles
HP1, a prototype heterochromatin protein. In contrast to HP1,
MENT is accumulated, not depleted, in condensed chromatin
of terminally differentiated cells (Fig. 1) and effectively con-
denses chromatin at its natural protein/DNA ratio (25). Our
studies thus establish MENT as the first vertebrate chromatin-
condensing protein spatially regulated by histone modifica-
tions. The experimental system employing stably expressed
MENT provides a novel approach to study the mechanism of
chromatin condensation even in cells that do not normally
express MENT.

MENT does not contain any homology to the chromodo-
main, the domain in HP1 that binds methylated histone H3
lysine 9. However, our experiments revealed a key role of the
RCL domain as a principal structural element mediating
MENT interactions with chromatin. The RCL domain is con-
served among the members of the serpin (for serine protease
inhibitor) protein family, to which MENT belongs (22). In
other serpins, RCL mediates strong protein-protein interac-
tions that involve a large-scale conformational transition of the
RCL domain from the stressed to the relaxed (S—R) confor-
mation (60). Remarkably, the mutations of the conserved RCL
amino acids that are essential for the S—R transition disrupt
chromatin condensation (34) and the remodeling of H3me2K9
(Fig. 6) by MENT. Our other findings, in particular the im-
portance of RCL for chromatin condensation (Fig. 4) but not
for chromatin and DNA binding in vitro (data not shown),
strongly support the idea that the RCL domain is directly
involved in histone binding. In addition to MENT, several
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other closely related serpins have been recently found in mam-
malian nuclei (4, 10). One such nuclear serpin, LEI (serpin
B1), accumulates in terminally differentiated mammalian gran-
ulocytes and interacts with histones, and its nuclear localiza-
tion is affected by histone deacetylase inhibitors and RCL
mutations in a manner very similar to that for MENT (E.
Popova and S. A. Grigoryev, unpublished data). Our work thus
uncovers a direct role for the conserved RCL domain in chro-
matin condensation that may illuminate the nuclear func-
tion(s) of MENT-related serpins.

How does MENT interact with histone H3 N-terminal do-
mains to promote chromatin condensation? Unlike HPI,
MENT does not need the N-terminal domain of H3 to bind
chromatin (Fig. 4), thus indicating a quite different mechanism
for heterochromatin interaction. Indeed, in addition to the
RCL, MENT contains another important domain, the M loop,
which is located on the opposite pole of the MENT molecule
(22) and is essential for centromeric heterochromatin targeting
(34). Previously we have observed that chromatin condensa-
tion caused by MENT is associated with the formation of
protein bridges that hold nucleosome arrays together even if
their DNA is cleaved by nucleases (25). Here we propose that
the M loop and the RCL domains together make such a bridge
that mediates the chromatin condensation. As modeled in Fig.
7, while the M loop binds to the AT-rich centromeric hetero-
chromatin DNA (the M loop contains an AT-rich DNA bind-
ing motif, the AT hook), the RCL domain interacts with dim-
ethylated and deacetylated N-terminal domain of histone H3
in noncentromeric chromatin. Simultaneous binding via the
AT hook to centromeric constitutive heterochromatin and, via
RCL, to noncentromeric chromatin would allow MENT to
connect distant chromatin fibers by protein bridges, causing
the redistribution of noncentromeric chromatin marked by a
high level of dimethylated histone H3 into close proximity to
centromeric heterochromatin. A chromosomal domain con-
taining active hyperacetylated chromatin is insulated from
MENT spreading by boundary elements that create zones of
especially strong hyperacetylation, blocking MENT spreading
from the domain flanks (Fig. 7, center structure). After such
rearrangement, the inactive chromatin marked by H3me2K9
would form zones of local concentration consistent with the
H3me2K9 foci colocalized with MENT in mature erythrocytes
(Fig. 1C) and quiescent 3T3/MENT-63 cells (Fig. 6) and with
the high level of MENT at the boundaries of the 3-globin gene
(Fig. 2). The protein bridges formed by MENT may facilitate
pairing of boundary elements that has been proposed to be
important for their barrier function (5). The RCL mutation
disrupts MENT-histone bridges (Fig. 7, left structure), pre-
vents chromatin remodeling (Fig. 6), and sends MENT to
constitutive heterochromatin (Fig. 5). Histone hyperacetyla-
tion interferes with MENT binding with histone H3 (Fig. 7,
right structure) and also sends MENT to constitutive hetero-
chromatin (Fig. 5). Although we cannot exclude the possibility
that MENT causes demethylation of noncentromeric histone
H3 rather than the relocation of total chromatin as we propose
in Fig. 7, in view of the metabolic stability of histone H3
methylation at K9 (1) and the lack of changes in histone H3
methylation levels associated with MENT expression, deacety-
lase inhibition, and quiescence (Fig. 5B and C), we consider
histone demethylation a less likely possibility.
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In actively proliferating and differentiating cells, genes are
inactivated through modification of chromatin higher-order
structure that involves a spatial separation of active and re-
pressed chromatin and association of repressed genes with
pericentromeric heterochromatin (44, 59). Remarkably, during
terminal differentiation, when large-scale silencing inactivates
many genes, the levels of key repressor factors such as Ikaros
(7) and HP1 isotypes (this work) decline, in some cases to
nondetectable levels. With the apparent simplification of the
repressive apparatus, the large-scale chromatin condensation
caused by developmentally regulated factors such as MENT
should ensure a complete inactivation of unused housekeeping
genes that might otherwise trigger illegitimate cell prolifera-
tion and oncogenic transformation (65). Several recent studies
have revealed a role of noncentromeric histone H3 methyl-
ation in silencing of euchromatic genes associated with cell
cycle-dependant repression, G (0), and quiescence (48, 50, 51).
Our results, especially the focalization of chromatin marked
with H3me2KO9 in mature erythrocytes (Fig. 1C) and the chro-
matin remodeling in quiescent MENT-expressing NIH 3T3
cells (Fig. 6), indicate that noncentromeric histone H3 meth-
ylation may mark a class of chromosomal regions for coordi-
nated condensation and silencing at the terminal differentia-
tion stage. Work aimed at identification of other factors
involved in regulating chromatin condensation and the genes
undergoing coordinated structural rearrangement during ter-
minal differentiation is now in progress.
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