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Histone H3 Lysine 9 Methylation Occurs Rapidly
at the Onset of Random X Chromosome Inactivation

the silent mating type locus in S. pombe [25] and in a
developmentally regulated manner at the chicken
�-globin locus [26]. Methylation of H3 lysine 4 (H3-K4)
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1X Inactivation Group shows a reciprocal relationship, correlating with acet-
ylated histones H3 and H4 in active chromatin domainsMRC Clinical Sciences Centre

Imperial College School of Medicine [25, 26]. More recently, H3-K9 methylation has been
found to be present on facultative heterochromatin ofHammersmith Hospital

London W12 ONN the inactive X chromosome [22, 23]. To better under-
stand the role of this modification in X inactivation, weUnited Kingdom

2 Research Institute of Molecular Pathology set out to determine the timing of H3-K9 methylation on
the inactive X chromosome, using differentiating XX ESThe Vienna Biocenter

Dr. Bohrgasse 7 cells as a model system. In undifferentiated XX ES cells,
both X chromosomes are active. X inactivation proceedsA-1030 Vienna

Austria in a stepwise fashion as cells undergo differentiation in
culture.

We used an antibody raised against a branched pep-
tide containing four K9 dimethylated H3 amino terminiSummary
[24] in indirect immunofluorescence studies. This al-
lowed us to analyze temporal changes and to assessIn female mammals, a single X chromosome is stably
the extent of methylation over the whole chromosome.and heritably silenced early in embryogenesis [1]. The
Metaphase spreads were prepared from undifferenti-inactive X is characterized by asynchronous DNA repli-
ated PGK12.1 XX ES cells and at various times aftercation [2, 3] and epigenetic chromatin modifications,
induction of differentiation. Efc-1 XY ES cells were usedincluding DNA methylation [4], histone H3/H4 hypo-
as a control. In undifferentiated XX ES cells there wasacetylation [5–7], and incorporation of a variant his-
staining of pericentromeric regions of the chromosomestone macroH2A [8–10]. X inactivation is initiated by a
(Figure 1A), consistent with analyses in different cellcis-acting RNA molecule, the X-inactive specific tran-
types [24]. A similar pattern was seen in XY ES cells.script (Xist), which coats the chromosome [11–17].
Additionally, a single small chromosome was stronglyHowever, the mechanism by which Xist induces chro-
stained in the majority of metaphase spreads (Figuremosome silencing is poorly understood. An important
1B). DNA FISH analysis demonstrated that this was theapproach towards answering this question has been
Y chromosome. Methylation of the Y was also seen into determine the temporal order of epigenetic chroma-
differentiated Efc-1 cells (Figure 2A), indicating that it istin modifications in an in vitro model system, differenti-
not a developmentally regulated feature. The Y chromo-ating XX embryonic stem (ES) cells, and thereby to
some is largely heterochromatic, and H3-K9 methylationidentify candidate targets for Xist RNA [18–21]. To
may simply reflect this. However, in mouse bone marrowdate, these studies have demonstrated that, following
cells [22] and also in an XY somatic cell line (data notaccumulation of Xist RNA [18, 20], the transition to
shown), H3-K9 methylation occurs only on the Y chro-late replication of the X chromosome is the earliest
mosome short arm. The reason for this difference isdetectable event [19]. H4 hypoacetylation [19], mac-
unknown.roH2A1.2 incorporation [21], and DNA methylation [19]

For analysis of methylation during X inactivation, weall occur subsequently. Recently, it has been shown
initially scored metaphases from cells differentiated forthat chromatin of the inactive X is also characterized
0, 4, 8, and 12 days. These time points broadly encom-by methylation of histone H3 at lysine 9 (H3-K9) [22,
pass transitions for the other epigenetic markers of the23]. Here we show that H3-K9 methylation is a very
inactive X observed in previous studies (see Figure 3early event in the process of X inactivation, which
and associated text below for further detail). For eachclosely parallels the onset of Xist RNA accumulation.
time point, data were compiled from a number of individ-
ual slides and in most cases from independent experi-

Results and Discussion ments carried out on different days. DNA FISH was used
to verify that both X chromosomes were present. In

Chromatin structure plays a key role in setting up herita- undifferentiated XX ES cells, H3-K9 methylation of the X
ble states of gene activation and silencing. An important chromosome was undetectable in 99.5% of metaphase
level at which this is achieved is through modifications spreads, consistent with both X chromosomes being
of key residues at the N termini of the core histones. active. At day 4 of differentiation, 14% of spreads exhib-
Recent attention has focused on histone methylation. ited H3-K9 methylation of a single X chromosome. At
H3 lysine 9 (H3-K9) methylation has been shown to be later time points, day 8 and day 12, we observed levels
a feature of constitutive centromeric heterochromatin of 44% and 68%, respectively. An example from day 8
[24] and also to occur in silent chromatin domains at differentiated cells is shown in Figure 1C. The scoring

data are summarized in Figure 2B. These results demon-
strate that there is a progressive methylation of H3-K93 Correspondence: neil.brockdorff@csc.mrc.ac.uk
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Figure 1. Indirect Immunofluorescence Detection of H3-K9 Methylation (FITC � Green) on Metaphase Spreads from Undifferentiated and
Differentiated ES Cells

DNA was counterstained with DAPI, and the X or Y chromosome was identified by appropriate chromosome paint (Texas red; Cambio,
Cambridge). (A) Example of a metaphase spread from undifferentiated PGK12.1 XX ES cells. H3-K9 methylation was seen in pericentromeric
constitutive heterochromatin and at a low level, over the chromosome arms, but no overt staining of a single X chromosome was detected.
(B) Example of a metaphase spread from undifferentiated Efc-1 XY ES cells. Pericentric heterochromatin is methylated and in addition there
is extensive methyl H3-K9 staining of the Y chromosome (arrowed). (C) Example of a spread from 8 day (d) differentiated PGK12.1 XX ES
cells showing methyl H3-K9 staining on one of the two X chromosomes (arrowed). (D) Example of a spread from 2 d differentiated PGK12.1
XX ES cells showing methyl H3-K9 staining on one of the two X chromosomes (arrowed). Methods: cells (PGK12.1, XX ES cells; Efc-1, XY
ES cells) were as described [20]. Differentiated cultures were generated by the withdrawal of LIF [20]. Metaphase spreads were prepared by
cytospinning, fixed in 2% formaldehyde for 10 min on ice, and processed as follows: after blocking in 3% BSA/0.1% TWEEN, slides were
incubated for 2–3 hr at 37�C with primary antibody diluted 1/5000 (C) or 1/1500 (D), followed by detection with secondary antibody. Incubations
were performed either in PBS/0.1% TWEEN (C) or in 4�SSC/0.1% TWEEN (D). Images were recorded and subsequently RNase treatment
and DNA FISH with chromosome paints were performed.

on the inactive X chromosome in differentiating XX ES In the latter experiment we used a modified immuno-
fluorescence method with enhanced sensitivity (see leg-cells.

To determine exactly when H3-K9 methylation of the end to Figure 1). For this reason, the proportion of cells
with H3-K9 methylation at days 4 and 8 was much higherX chromosome begins, we analyzed time points be-

tween 1 and 4 days of differentiation. At day 1, methyla- than in our initial experiment (compare Figures 2B and
2C). In fact, the value at day 8 is similar to that seention of the X chromosome was undetectable in 98.2%

of metaphase spreads. This is not significantly different in XX somatic cells (Figure 2C). We interpret this as
signifying that within individual cells there is a progres-from the frequency in undifferentiated cells and there-

fore indicates that H3-K9 methylation has not begun at sive increase in total levels of X chromosome H3-K9
methylation during the differentiation time course. Thus,this stage. In marked contrast, by day 2 of differentiation

there was a large increase, with 30% of spreads having H3-K9 methylation could occur initially at a limited num-
ber of sites and then spread progressively to includeH3-K9 methylation of the X chromosome (an example

is illustrated in Figure 1D). Further increases to 48%, the entire chromosome. This would be similar to the
proposed spreading mechanism of H3-K9 methylation46%, and 82%, respectively, were seen at days 3, 4,

and 8. These data, summarized in Figure 2C, demon- mediated by Suv39h and HP1 proteins in pericentrom-
eric heterochromatin [27–29]. It should be noted thatstrate that H3-K9 methylation is a very early event in

the establishment of the inactive state. the progressive increase in the proportion of cells that
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Figure 2. Quantitation of H3-K9 Methylation
of the X and Y Chromosomes during ES Cell
Differentiation

Summary of data indicating the percentage
of X or Y methylated and the standard devia-
tion as calculated from scoring individual
slides and independent experiments. The ta-
ble below indicates the total number (n) of
metaphases scored for each time point. (A)
Scoring for a fully methylated Y chromosome
in Efc-1 cells differentiated for 0, 12, and 15
days. (B) Scoring for H3-K9 methylation of a
single X chromosome in XX PGK12.1 ES cells
differentiated for 0, 4, 8, and 12 days. Only
metaphases with two X chromosomes were
included in the analysis. (C) Scoring for H3-
K9 methylation on one of the two X chromo-
somes in XX PGK12.1 cells differentiated for
1, 2, 3, 4, and 8 days using optimized condi-
tions for immunofluorescence (see legend for
Figure 1). Mouse XX fibroblast cell cultures
(somatic) were analyzed to provide a positive
control.

score positive could also, in part, be attributable to The frequency and kinetics of H3-K9 methylation of
the inactive X closely mirrors the accumulation of Xistasynchronicity in the onset of H3-K9 methylation in the

differentiating cell population. Indeed, the frequency of RNA observed in a previous study [20]. This is shown
in Figure 3 (bottom). The close correlation is consistentcells with accumulated Xist RNA during early stages of

ES cell differentiation indicates that this is likely to be with a scenario whereby the enzyme(s) responsible for
methylating H3-K9 on the inactive X chromosome maythe case (see Figure 3 and associated text below).

Figure 3 summarizes our findings in the context of be directly recruited by Xist RNA. Based on prevailing
models that propose that H3-K9 methylation stabilizesother characteristics of X chromosome inactivation. The

initiating event, Xist RNA accumulation, begins at day the hypoacetylated state [27], it is likely that hypoacet-
ylation, specifically at H3-K9, occurs prior to methyla-1.3 and reaches maximal levels by day 6 [20]. The transi-

tion to asynchronous replication of the inactive X chro- tion. Thus, Xist RNA may target a complex comprised
of H3-K9 deacetylase and methyltransferase activities.mosome begins at day 2 of differentiation and reaches

maximal levels by day 7. Transcriptional silencing of It should be noted that the Suv39h histone methyltrans-
ferase enzymes which catalyze H3-K9 methylation ofX-linked genes was also reported to occur between days

2 and 4 [19]. In this study, we observe accumulation of centromeric heterochromatin, are not involved in X inac-
tivation and that there are as yet unidentified enzymesH3-K9 methylation at day 2, synchronous with the latter

two events, increasing progressively throughout the dif- that carry out H3-K9 methylation of facultative hetero-
chromatin [22, 24, 30]. Discovery of the enzyme(s) re-ferentiation time course. Hypoacetylation of histone H4

begins later at day 4 of differentiation and reaches maxi- sponsible for this activity should allow the biochemical
interactions between Xist RNA and chromatin silencingmal levels after day 7 [19]. Similar kinetics have been

observed for hypoacetylation of H3 lysine 14 (H. Spots- components to be elucidated.
wood and B.M. Turner p.communication). Incorporation
of macroH2A1.2 begins much later at day 7 and reaches
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