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Heterochromatin is defined classically by condensation throughout
the cell cycle, replication in late S phase and gene inactivity.
Facultative heterochromatin is of particular interest, because its
formation is developmentally regulated as a result of cellular
differentiation. The most extensive example of facultative hetero-
chromatin is the mammalian inactive X chromosome (Xi). A variety
of histone variants and covalent histone modifications have been
implicated in defining the organization of the Xi heterochromatic
state, and the features of Xi heterochromatin have been widely
interpreted as reflecting a redundant system of gene silencing.
However, here we demonstrate that the human Xi is packaged into
at least two nonoverlapping heterochromatin types, each charac-
terized by specific Xi features: one defined by the presence of
Xi-specific transcript RNA, the histone variant macroH2A, and
histone H3 trimethylated at lysine 27 and the other defined by H3
trimethylated at lysine 9, heterochromatin protein 1, and histone
H4 trimethylated at lysine 20. Furthermore, regions of the Xi
packaged in different heterochromatin types are characterized by
different patterns of replication in late S phase. The arrangement
of facultative heterochromatin into spatially and temporally dis-
tinct domains has implications for both the establishment and
maintenance of the Xi and adds a previously unsuspected degree
of epigenetic complexity.

Barr body � X inactivation � X-inactive-specific transcript

X inactivation is a developmentally regulated process whereby
all but one X chromosome per cell are genetically silenced

in female mammals to equalize the levels of X-linked gene
expression between the sexes (1). Although the early stages of X
inactivation have been extensively investigated (2, 3), less well
understood is the mechanism by which this complex state is
stably maintained throughout subsequent somatic cell divisions.

Several features distinguish the mammalian inactive X chro-
mosome (Xi) from the active X chromosome in the same
nucleus, including the nonrandom distribution of histone vari-
ants (4, 5), covalent histone modifications (6–11), and delayed
replication in S phase (12, 13) that occurs in a highly ordered and
cell type-specific pattern (14–16). The association in cis of the
Xi-specific transcript (XIST) (17) is the only known unique
epigenetic feature of the Xi, because other features are shared,
at least to some degree, with other heterochromatic regions of
the genome.

Xi heterochromatin is characterized by histone H3 dimethy-
lated at lysine 9 (H3DimK9) (8, 9) and trimethylated at lysine 27
(H3TrimK27) (10, 11), both of which are acquired early during
random X inactivation (10, 11, 18, 19) and are achieved by
histone methyltransferase enzymes (HMTase) (20). The
HMTase responsible for establishing H3TrimK27 at the Xi is the
mammalian homologue of Drosophila enhancer of zeste gene,
EZH2 (10, 11). EZH2 is also involved in silencing of homeotic
genes, germline development, and stem cell pluripotency (21),
thus establishing a mechanistic link between X inactivation and

other epigenetic regulatory systems. To date, the HMTase
responsible for H3DimK9 at the Xi is unknown.

Several methylated forms of histone H3 at K9 provide a
docking site for the chromodomain of heterochromatin protein
1 (HP1) in vitro (22–24). However, in vivo, HP1 is largely found
at pericentric heterochromatin that are defined by the trimethy-
lated form of histone H3 (H3TrimK9) (25), a modification
required for HP1 targeting (24). Given that HP1 is found at
elevated levels on the human Xi (6) in addition to pericentric
heterochromatin, H3TrimK9, in addition to H3DimK9, may also
be a feature of X inactivation.

Although considerable attention has been focused on the
relative timing and roles of these features during establishment
of the Xi heterochromatic state early in development (26), once
that epigenetic state is established, they have been widely
considered to be redundant (27–31). One prediction of the
epigenetic redundancy model is that the features of facultative
heterochromatin should colocalize on the Xi in somatic cells. In
the present study, we have tested this prediction by examining the
spatial arrangement of H3TrimK9 and H3TrimK27 on the
human Xi and relating each to the distribution of other features
of the Xi and the pattern of replication in late S phase.

Experimental Procedures
Cell Culture. The cell lines that were used included T-3352, a
female human primary fibroblast strain; RPE1, a female human
telomerase-immortalized cell line derived from the retinal pig-
ment epithelial cell line RPE-340 (catalog no. C4000-1, Clon-
tech); and HME1, a female human telomerase-immortalized cell
line derived from a mammary epithelial cell line (catalog
no. C4002-1, Clontech). Cells were maintained as described in
ref. 32.

Antibodies. Rabbit anti-H3TrimK9 antibodies were obtained from
Abcam (Cambridge, U.K.; catalog no. ab8898) and Upstate Bio-
technology (Lake Placid, NY; catalog no. 07-523). Both antibody
sources gave indistinguishable patterns of distribution on the Xi,
both at metaphase and interphase. Rabbit anti-histone H4 trim-
ethylated at lysine 20 (H4TrimK20) and mouse monoclonal anti-
H3TrimK27 antibodies were obtained from Abcam (catalog nos.
ab9053 and ab60002, respectively). Mouse monoclonal antibodies
to BrdUrd conjugated to fluorescein were obtained from Roche
(catalog no. 1-202-693). Mouse monoclonal antibodies specific to
human HP1 gamma were obtained from Chemicon (catalog no.
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MAB3450). Rabbit anti-macroH2A1 antibodies were described in
ref. 4. Fluoresceinated secondary antibodies were obtained from
Jackson ImmunoResearch.

Immunofluorescence and Fluorescence in Situ Hybridization. Immu-
nofluorescence and RNA FISH were carried out essentially as
described in ref. 32. Images were collected by using OPENLAB
software (Improvision, Lexington, MA) with an ORCA-ER
camera (Hamamatsu Photonics, Hamamatsu City, Japan) on a
Zeiss Axiovert 200M.

Peptide Competition. To confirm antibody specificity for
H3TrimK9 and H3TrimK27, immunostaining was performed
with and without preincubating antibodies with various methyl-
ated forms of H3 peptides. Peptides representing H3DimK9
(catalog no. ab1772), H3TrimK9 (catalog no. ab1773),
H3DimK27 (catalog no. ab1781), and H3TrimK27 (catalog no.
ab1782) were obtained from Abcam. Blocking was achieved by
preincubating antibodies in a solution of peptides at 10 �g�ml in
1� PBS supplemented with 1% BSA and 0.1% Tween 20 at room
temperature for 2 h before staining. Xi-specific signals were only
abolished when antibodies were first blocked with the corre-
sponding trimethylated H3 peptide (data not shown). In con-
trast, no discernable differences in staining patterns were ob-
served for anti-H3TrimK9 or anti-H3TrimK27 after blocking
against the opposing epitope. Thus, we have validated that the
commercially available antisera are specific for the claimed
epitopes.

Late Replication Assay. Cells were incubated in the presence of
BrdUrd (Sigma) between 2 and 6 h before arrest in mitosis and

harvest (14). To analyze late replication patterns characteristic
of the Xi, metaphase chromosomes were prepared as described
in ref. 32 and counterstained for the distribution of H3TrimK9
or H3TrimK27 relative to BrdUrd incorporation.

Results and Discussion
At Metaphase, the Xi Is Characterized by Alternating Bands of Dif-
ferentially Methylated Forms of Histone H3. Methylation of histone
H3 at K9 and K27 are characteristic markers of the Xi (8–11).
At metaphase, H3DimK9 is distributed throughout the Xi (6,
8, 9). To extend these studies, we analyzed the distribution of
H3TrimK9 and H3TrimK27 on the human Xi by using anti-
bodies shown to be specific for each epitope (see Experimental
Procedures). Strikingly, both H3TrimK9 and H3TrimK27 are
nonrandomly distributed along the Xi at metaphase and locate
to reproducible bands (Fig. 1). Furthermore, the distributions
of H3TrimK9 and H3TrimK27 at metaphase do not overlap;
they occupy alternating bands along the length of the Xi, and
signal overlap was not detected in 300 metaphase spreads
examined from three independent female cell lines (Table 1
and Fig. 1). In fact, even elsewhere throughout the genome,
other regions of H3TrimK27 immunostaining appear distinct
from that of H3TrimK9 (Fig. 1a), suggesting that this spatial
segregation of the two modified forms of histone H3 is a
common feature of heterochromatin in general. The degree of
enrichment of H3TrimK9 and H3TrimK27 on the Xi also
differs. Although H3TrimK27 is heavily enriched on the Xi
(e.g., Fig. 1), H3TrimK9 staining is also observed on many
autosomes and the active X chromosome (in addition to its
strong localization to pericentromeric regions).

Fig. 1. Spatial relationship of two major Xi heterochromatin types at metaphase. Images represent typical distributions obtained from three independent
female cell lines. (a) Partial metaphase spread of RPE1 cells showing the spatial distribution of H3TrimK9 (green, FITC) and H3TrimK27 (red, rhodamine) and four
additional higher-magnification images of the Xi showing the merged H3TrimK9 and H3TrimK27 distributions. The white arrow indicates the major H3TrimK27
band centered at Xq23. (b) Distributions of H3TrimK9 and H3TrimK27 in HME1 cells. The location of the Xi in the partial metaphase spreads is indicated by white
arrowheads. The white arrow indicates the major H3TrimK27 band centered at Xp11. All images were obtained by indirect immunofluorescence.
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Although each of the cell lines investigated demonstrated a
clear nonoverlapping distribution of H3TrimK9 and
H3TrimK27, variation was observed in the frequency of partic-
ular bands among different cell lines (Fig. 1, compare a with b).
For example, in a detailed band by band analysis of 50 metaphase
Xi from three independent cell lines, the intense band of
H3TrimK27 centered at Xq23 was always observed (see Fig. 1a
Bottom, leftmost image), whereas the band centered around
Xp11 was more frequently a feature of the HME1 (see Fig. 1b
Bottom, leftmost image) (39�50 metaphase Xi) cell line than
either the RPE1 (10�50 metaphase Xi) or T-3352 (1�50 meta-
phase Xi) cell lines. Similar variation among cell lines was also
observed for H3TrimK9 staining (data not shown). These data
suggest that the composition of Xi heterochromatin varies
between cell lines or cell types. Interestingly, this heterogeneity
is similar to that noted several decades ago for the replication
timing of different regions of the Xi among different cell types
(15, 16) (see below). Of note, whereas H3TrimK9 and
H3TrimK27 clearly cover most of the Xi, some regions, partic-
ularly the intervals between the two defined chromatin types, are
not defined by either modification. It may be that an additional
type(s) of Xi heterochromatin exists at these regions, the com-
position of which is currently unclear.

The banding patterns observed for H3TrimK9 and H3TrimK27
are reminiscent of those observed previously for macroH2A, a
variant of core histone H2A that is enriched on the Xi (4, 5). In vitro
data indicate a functional role for macroH2A in transcriptional
regulation through the promotion of higher-order chromatin struc-
ture, obstruction of transcription factor access, and a reduced
chromatin remodeling competence (33, 34). At interphase, the
association of macroH2A with the Xi appears as an intensely
staining mass, referred to as a macro chromatin body (5). At
metaphase, macroH2A is not distributed uniformly along the
chromosome, but is restricted to distinct regions on the Xi (32). To
examine directly the relationship between macroH2A and
H3Trim27 on the Xi, metaphase chromosomes were doubly im-
munostained with appropriate antisera. Notably, the general band-
ing pattern of H3TrimK27 was indistinguishable from that of
macroH2A (Table 1), and a more detailed band-by-band analysis
revealed a near-perfect correlation between H3TrimK27 and
macroH2A bands (93–100%, n � 50 for two independent cell lines).
It has been reported that elevated levels of macroH2A on the Xi
may in fact reflect an overall increase in the density of nucleosomes
(35). Given the data reported here, such a higher nucleosome
density at the Xi would be restricted to those defined bands
correlating with regions of H3TrimK27, suggesting that
H3TrimK27 may in part mediate inhibition of gene expression in
heterochromatin by increasing local nucleosome densities.

Asynchronous Replication of the Xi Correlates Directly with Hetero-
chromatin Composition. A shift of replication timing to late in S
phase is one of the earliest hallmarks of X inactivation during
development (26, 36) and has long been used as a defining
feature of the human Xi (12, 13). To investigate the relationship

between the characteristic pattern of Xi replication in late S
phase and the two types of facultative heterochromatin reported
here, we compared the replication pattern of the Xi with the
metaphase banding of H3TrimK9 and H3TrimK27 in two inde-
pendent cell lines. When cells were labeled with BrdUrd in the
last 2–3 h of S phase, a clear overlap was seen between the
labeled DNA and H3TrimK9-containing heterochromatin
(100% of metaphase spreads, n � 200), but not H3TrimK27-
containing heterochromatin (only 9% of metaphase spreads, n �
197) (Fig. 2). Labeling cells 2 h earlier in mid to late S phase was
sufficient to incorporate BrdUrd into H3TrimK27-containing
heterochromatin (data not shown). Thus, the two types of Xi
heterochromatin are temporally and spatially distinct, with only
H3TrimK9-modified heterochromatin showing the classic fea-
ture of replication in very late S phase.

The Spatially Segregated Arrangement of Xi Heterochromatin Is
Maintained at Interphase. A defining feature of the human Xi in
interphase is the presence of the heterochromatic Barr body at
the periphery of the nucleus (37). We thus investigated whether
the two types of heterochromatin detected at metaphase remain
spatially distinct in interphase or whether they intermix during
compaction of the Xi into the Barr body. Fig. 3 clearly shows that
H3TrimK9 and H3TrimK27 occupy distinct territories at inter-
phase, with nearly 60% of cells showing no overlap between the
two signals (Table 1), suggesting that different regions of the Xi
fold into separate, coherent domains within the Barr body. To
extend these findings, we next examined several other features of
Xi chromatin in interphase.

Mouse Xist RNA associates with the Xi in a banded pattern
(38, 39). Although human XIST RNA does not remain associ-
ated with the Xi at metaphase (40), it does label the Barr body
at interphase (41). Thus, we investigated the relationship of
XIST RNA at interphase to the two types of heterochromatin
within the Barr body. As shown in Fig. 3 and Table 1, XIST RNA
clearly associates with H3TrimK27-defined heterochromatin
and not with H3TrimK9 heterochromatin. In agreement with the
metaphase banding (Table 1), the XIST�H3TrimK27 territory is
also defined by macroH2A (Fig. 3).

We have previously shown that HP1 is a feature of the human Xi
(6). At interphase, elevated levels of HP1 are coincident with
H3TrimK9 in the Barr body (Fig. 3), which is consistent with
H3TrimK9 providing a docking site for HP1 (22, 24). Notably, this
same territory is defined by elevated levels of histone H4TrimK20
(Fig. 3), consistent with data indicating that induction of
H4TrimK20 is intimately linked to establishment of H3TrimK9
patterns in mammalian pericentric heterochromatin (42). However,
HP1 and H4TrimK20 are not consistent features of the Xi in all
human cell lines (data not shown). It is tempting to posit that this
variation may reflect the extent of H3TrimK9 on the Xi in a given
cell line. For example, the different staining for H3TrimK9 seen in
the HME1 and RPE-1 cell lines (Fig. 1) correlates well with the
levels of HP1 staining; although HP1 is readily detected at the
RPE1 Xi at interphase (6), this is not the case for HME1, in which

Table 1. Spatial arrangement of different heterochromatin features of the human Xi at interphase
and metaphase

Feature
No. of cells
(cell lines)

Metaphase or
interphase

analysis

Cells�chromosomes examined, %

Complete overlap Partial overlap No overlap

H3TrimK9 vs. H3TrimK27 300 (3) Metaphase 0.0 � 0.0 0.0 � 0.0 100.0 � 0.0
macroH2A1 vs. H3TrimK27 184 (2) Metaphase 95.0 � 7.1 5.0 � 7.1 0.0 � 0.0
H3TrimK9 vs. H3TrimK27 600 (3) Interphase 8.4 � 12.6 31.8 � 20.1 59.8 � 31.9
H3TrimK9 vs. XIST 600 (3) Interphase 3.2 � 2.5 14.0 � 5.3 82.8 � 7.8
H3TrimK27 vs. XIST 600 (3) Interphase 92.0 � 9.9 8.0 � 9.9 0.0 � 0.0
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HP1 is rarely detected at the Xi (data not shown). These data
support a role for H3TrimK9 in providing the framework for
HP1-mediated higher-order heterochromatin formation (43).

Together, the data here indicate that the Xi is composed of at
least two major types of facultative heterochromatin that are
partitioned within the interphase nucleus, one characterized by
H3TrimK27, XIST RNA, and macroH2A and the other char-
acterized by H3TrimK9, HP1, and H4TrimK20. These data
indicate that packaging of the Xi into the Barr body follows a
prescribed pattern of folding that maintains the spatial distinc-
tion of the two types of heterochromatin apparent at metaphase.
This raises the question of how the Xi might transition between
the distinct bands of H3TrimK9 and H3TrimK27�macroH2A
seen at metaphase and the spatially segregated territories ob-
served at interphase. To account for these patterns, we propose
that the two chromatin types are marked epigenetically by either

H3TrimK9 or macroH2A throughout the cell cycle. After mi-
tosis, these epigenetic marks would then initiate association with
other features of each heterochromatin type (Fig. 4), HP1
associating with H3TrimK9-defined heterochromatin (44) and
XIST RNA, newly synthesized from the X inactivation center
(40, 41), associating with macroH2A-defined heterochromatin.
An important feature of the model is that the spreading of XIST
RNA in cis along the Xi is guided (and perhaps constrained) by
local folding of different regions of the X chromosome, thus
effectively skipping regions of H3TrimK9 heterochromatin by
virtue of the spatial dichotomy of the chromosome (Fig. 4). In
addition to explaining the bipartite nature of the Barr body, this
model could explain the variation observed in X-inactivation
spread into autosomal material in different X–autosome trans-
locations (44–46). In such a model, the extent of heterochro-
matin spread into adjacent autosomal chromatin would be

Fig. 2. Correlation of H3TrimK27 (a Upper and b Upper) and H3TrimK9 (a Lower and b Lower) heterochromatin with the Xi replication pattern. (a) Metaphase
chromosomes prepared from RPE1 cells that were incubated with BrdUrd for 4 h before metaphase arrest (corresponding approximately to the last 2 h of S phase).
(b) Metaphase chromosomes prepared from HME1 cells that were incubated with BrdUrd for 3 h before metaphase arrest (corresponding approximately to the
last 2 h of S phase). In each section, Top shows a partial metaphase spread, whereas Middle and Bottom show the Xi from independent spreads at higher
magnification.
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determined in part by the type of heterochromatin in which the
breakpoint occurred. Whether this banded and alternating epi-
genetic packaging of the Xi reflects underlying regional differ-
ences in the X chromosome genomic sequence and�or whether
it signals the as yet incompletely understood nature of chromatin
folding within subnuclear compartments is unknown at present.

Implications of Distinct Heterochromatin Territories at the Xi. In this
report, we have demonstrated that the human Xi is packaged into
several alternative types of heterochromatin that are spatially
distinct. These findings raise several important questions regarding
X inactivation and its relationship to other examples of epigenetic
silencing, both in mammals and other systems. In light of previous
observations of the Barr body and its colocalization with XIST
RNA, macroH2A, and various modifications of histone H3 (5,
8–11, 40), it is important to reconcile our findings with models that
assume a uniform type of facultative heterochromatin, with par-
ticular emphasis on the redundant nature of X inactivation (27, 28,
30, 47, 48). Such models have interpreted the stability of the
silenced state as a suggestion that the loss of one feature would be
compensated by additional epigenetic features. Our data indicate,
however, that the apparent redundant nature of X inactivation
more likely reflects the dynamic ability of other heterochromatic

features to spread into compromised regions to maintain the
silenced state. A precedent for such a model is the apparent rescue
of pericentric constitutive heterochromatin by features of faculta-
tive heterochromatin. In Suv39h double-mutant mice, H3TrimK9
at pericentric heterochromatin is lost but is replaced by acquisition
of H3TrimK27 (25).

The organization of the Xi into major spatially distinct types
of heterochromatin adds a new level of complexity to our
understanding of X inactivation. This arrangement may reflect
an evolutionary adaptation to assist in mediating heterochro-
matin over long distances as is uniquely necessary for chromo-
some-wide gene silencing in X inactivation. The major conse-
quence of X inactivation is the transcriptional silencing of genes
on the Xi (1). However, gene silencing on the human Xi is not
complete, because numerous genes escape inactivation and are
expressed from the Xi to differing degrees (49). Notably, genes
that escape inactivation are nonrandomly interspersed along the
length of the Xi, with the majority located on the short arm of
the X chromosome, Xp (49), some of which are clustered
together into multigenic domains (50). Although there is no
obvious correlation between the banding patterns described here
and the underlying pattern of X inactivation, it will be important
to evaluate at the local level what effect such an arrangement of
Xi heterochromatin might have on the stability of gene silencing.
One might anticipate that H3TrimK27�macroH2A�XIST-
defined heterochromatin is less effective at silencing gene ex-
pression than the late-replicating, highly conserved H3TrimK9�
HP1�H4TrimK20 heterochromatin, as it is deficient for key
components shown in other systems to be necessary for main-
taining gene silencing (51). Consequently, escape from inacti-
vation might be more frequently a feature of one form of
heterochromatin than the other.
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