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Summary
We have developed an inducible system to visualize
gene expression at the levels of DNA, RNA and protein
in living cells. The system is composed of a 200 copy
transgene array integrated into a euchromatic region
of chromosome 1 in human U2OS cells. The condensed array is heterochromatic as it is associated
with HP1, histone H3 methylated at lysine 9, and several histone methyltransferases. Upon transcriptional
induction, HP1␣ is depleted from the locus and the
histone variant H3.3 is deposited suggesting that histone exchange is a mechanism through which heterochromatin is transformed into a transcriptionally active state. RNA levels at the transcription site increase
immediately after the induction of transcription and
the rate of synthesis slows over time. Using this system, we are able to correlate changes in chromatin
structure with the progression of transcriptional activation allowing us to obtain a real-time integrative view
of gene expression.

Introduction
Genes are expressed as a result of the concerted processes of transcription, pre-mRNA processing, messen*Correspondence: spector@cshl.edu

ger ribonucleoprotein particle (mRNP) export and translation (reviewed, Maniatis and Reed, 2002; Orphanides
and Reinberg, 2002). Genetic and biochemical analyses
have identified a large number of factors required for
the execution of these processes (reviewed, Lemon and
Tjian, 2000; Rappsilber et al., 2002), but how their functions are spatially and temporally coordinated is not well
understood. Additionally, the transcriptional status of a
gene is tightly linked to the structure of its chromatin,
but how chromatin proteins are organized and how their
dynamics change during the induction of transcription
is not well characterized within the context of the living cell.
Efforts to label specific regions of chromatin in vivo
have utilized interactions between DNA binding proteins
and their target sequences. The introduction of bacterial
lac operator repeats into the genomes of eukaryotic
cells and expression of a green fluorescent protein (GFP)
lac repressor fusion protein is a noninvasive means of
identifying and studying specific regions of chromatin
(reviewed, Belmont, 2001; Janicki and Spector, 2003).
Using this approach, the large-scale unfolding of a chromatin structure induced by the VP16 acidic activation
domain (Tumbar et al., 1999) and the induction of a
tetracycline regulatable array of transcription units (Tsukamoto et al., 2000) have been visualized in living cells.
Additionally, the affinity of a GFP glucocorticoid receptor fusion protein for a tandem array of the mouse mammary tumor virus (MMTV) driving a ras reporter was used
not only to identify a region of transcriptionally active
chromatin in living cells but also to show that transcriptional activators assemble into dynamic complexes at
transcription sites (McNally et al., 2000; Muller et al.,
2001).
Gene expression is initiated by transcriptional activators that recruit both ATP-dependent nucleosome remodeling complexes and enzymes that posttranslationally modify histone tail domains (reviewed, Emerson,
2002; Jenuwein and Allis, 2001). The covalent modification of histone tails (i.e., acetylation, phosphorylation,
ubiquitylation, and methylation) is believed to create a
“code” that regulates the transcriptional status of chromatin by both modulating nucleosomal structure and
promoting and/or preventing the binding of regulatory
factors (reviewed, Fischle et al., 2003; Jenuwein and
Allis, 2001; Strahl and Allis, 2000). For example, methylation of histone H3 at lysine 9 (H3 K9), a modification
associated with silent chromatin, creates a binding site
for the chromodomain (Jacobs and Khorasanizadeh,
2002) of heterochromatin protein 1 (HP1) (Bannister et
al., 2001; Jacobs et al., 2001; Lachner et al., 2001). Lysine
residues in histone tails can be either mono-, di- or
trimethylated (reviewed, Fischle et al., 2003) and a number of histone H3 K9 methyltransferases (HMTases) have
been identified (reviewed, Marmorstein, 2003).
As biochemical analyses of histone lysine methylation
suggest that the modification is permanent in nature
and a histone demethylase has not yet been identified
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(reviewed, Bannister et al., 2002; Jenuwein and Allis,
2001), it is not clear how the H3 K9 methyl mark is
removed during gene activation. Of particular interest
in this regard is the histone H3 variant, H3.3, which has
been shown to deposit in active ribosomal DNA genes in
a replication-independent manner (Ahmad and Henikoff,
2002). Therefore, histone exchange may be a general
mechanism through which histone methylation is removed during transitions in the transcriptional state of
chromatin.
The direct readout of a gene template is produced by
the synthesis of the encoded mRNA. Although specific
mRNAs can be localized to their transcription sites by
RNA fluorescence in situ hybridization (RNA FISH) (reviewed, Huang and Spector, 1997), the kinetics of RNA
synthesis at a specific transcription site in a single living
cell have not been evaluated. In order to track the movement of specific RNAs in living cells, several studies
have utilized the MS2 bacteriophage viral replicase
translational operator (a 19 nucleotide RNA stem loop)
and a GFP MS2 coat fusion protein (Bertrand et al.,
1998; Forrest and Gavis, 2003; Fusco et al., 2003; Rook
et al., 2000). The GFP-MS2 coat protein binds to the stem
loop of the translational operator as a dimer (Beckett and
Uhlenbeck, 1988) and allows the RNA to be visualized.
This labeling approach was used to track the asymmetrical movement of ASH1 mRNA in dividing yeast cells
(Bertrand et al., 1998), the movement of RNA particles
in the cytoplasm of hippocampal neurons and COS cells
(Fusco et al., 2003; Rook et al., 2000) and the dynamic
localization of endogenous nanos RNA in Drosophila
oocytes (Forrest and Gavis, 2003). Thus far, it has not
been used to examine the dynamics of mRNA synthesis
at a single specific transcription site.
We have developed a cell line that allows us to investigate how gene expression events are coordinated
spatially and temporally in vivo. By combining the lac
operator/lac repressor, tetracycline inducible, and MS2
translational operator/coat protein systems, we are able
to visualize DNA, RNA, and protein in living cells. Using
this system, we show that prior to transcriptional activation a stably integrated 200 copy array of inducible transcription units is highly condensed and heterochromatic
and we characterize the dynamic loss of HP1␣ and the
recruitment of the histone variant H3.3 during the induction of transcription. Furthermore, we correlate changes
in chromatin structure to RNA synthesis and the recruitment of components of the gene expression machinery.
This system allows us to obtain a real-time integrative
view of gene expression by simultaneously following the
dynamics of a specific region of chromatin and its RNA
and protein products in living cells.
Results
Development of a Cell Line to Study Gene
Expression in Living Cells
In order to study the dynamics of gene expression in
vivo, we constructed a plasmid, containing a transcription unit, that allows the DNA, RNA, and translated protein product to be directly visualized in living cells (Figure
1A). This plasmid, based upon one previously generated
in our laboratory (Tsukamoto et al., 2000), was stably
integrated into human U2OS cells. 256 copies of lac
operator sequence are present at the 5⬘ end of the con-

struct such that when the lac repressor binding protein
is expressed as a cyan fluorescent protein (CFP) or a
yellow fluorescent protein (YFP) fusion protein (CFPlac repressor/YFP-lac repressor), the integration site/
transgene array can be visualized. Immediately downstream, 96 copies of the tetracycline response element
(TRE) allow the transcription units to be regulated. When
the tetracycline-controlled transactivator (rtTA) (rTetR
fused to the VP16 activation domain; pTet-On), is expressed in the presence of doxycycline (dox), it binds
to the TREs and activates transcription from the minimal
CMV promoter.
The transcribed RNA encodes CFP with peroxisomal
targeting signal-1 [Ser-Lys-Leu (SKL)] fused to its carboxyl terminus, 24 tandem MS2 translational operators
(MS2 repeats), a ␤-globin intron/exon module, and a
cleavage/polyadenylation signal (Figure 1A). Expression
of the MS2 coat-YFP fusion protein (MS2-YFP) allows
the transcribed RNA to be visualized and the intron/
exon module and cleavage/polyadenylation signal allow
the recruitment of the pre-mRNA processing machinery
to the transcription site to be studied. When the mRNA
is exported from the nucleus and translated in the cytoplasm, the CFP-SKL protein product is targeted to peroxisomes and serves as a reporter confirming that all
processes required for gene expression have been successfully completed.
The 20 kb gene expression plasmid (p3216PECMS2␤)
was cotransfected with the hygromycin resistance plasmid, pTK-Hyg, into U2OS cells and drug resistant colonies were isolated and screened for the presence of a
single integration site (visualized by the transient expression of YFP-lac repressor) and the ability to be transcriptionally activated by rtTA expression (⫹) dox (determined by the presence of CFP-labeled peroxisomes in
the cytoplasm). Cell line U2OS 2-6-3 was selected for
further characterization because of its easily detectable
integration site and the high proportion of transcriptionally activated cells.
In order to determine the relative copy number of the
integrated plasmid, genomic DNA from U2OS 2-6-3 cells
was isolated and used for Southern blotting. This analysis showed that cell line U2OS 2-6-3 contains ⵑ200
copies of p3216PECMS2␤ (Figure 1B).
As the chromosomal location of transgene loci has
been shown to influence their expression as a result of
position effects (Spradling and Rubin, 1983), we were
interested in determining the chromosomal integration
site of the p3216PECMS2␤ transgene. DNA fluorescence in situ hybridization (DNA FISH) showed that there
is a single integration site in an euchromatic region of
chromosome 1p36 (Figure 1C).
In order to characterize the induction of RNA synthesis
upon transcriptional activation, Northern blot analysis
was performed after a time-course induction. U2OS
2-6-3 cells were transiently transfected with pTet-On,
dox was added 2.5 hr posttransfection and RNA was
isolated 0, 5, 10, 15, and 30 min later (Figure 1D). RNA
was first detected 10 min after the addition of dox with
levels increasing dramatically between the 15 and 30
min time points. The fact that RNA transcripts were not
detected at 0 min demonstrates that transcription is
not “leaky” when pTet-On is expressed in the absence
of dox.
At the 10 min time point, there was slightly more un-
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Figure 1. Characterization of Human U2OS
2-6-3 Cells
(A) Schematic representation of the gene expression plasmid, p3216PECMS2␤. The plasmid is composed of 256 copies of the lac
operator, 96 tetracycline response elements,
a minimal CMV promoter, CFP fused to the
peroxisomal targeting signal SKL, 24 MS2
translational operators (MS2 repeats), a rabbit ␤-globin intron/exon module, and a cleavage/polyadenylation signal. Expression of
CFP-lac repressor allows the DNA to be visualized and expression of pTet-On (rtTA) in the
presence of doxycycline (dox) drives expression from the CMV minimal promoter. When
MS2-YFP (YFP fused to the MS2 coat protein)
dimerizes and interacts with the stem loop
structure of the translational operator, it
allows the transcribed RNA to be visualized.
(B) Quantitative Southern blot of clone 2-6-3
genomic DNA. A 2.4 kb fragment is produced when clone 2-6-3 genomic DNA and
p3216PECMS2␤ are digested with NcoI
which cuts at the 5⬘ end of CFP and within
the ␤-globin intron. Comparison of known
quantities of plasmid DNA equal to 100, 200,
300, and 400 copies per cell showed that
2-6-3 cells contain ⵑ200 stably integrated
copies of p3216PECMS2␤.
(C) DNA fluorescence in situ hybridization
(DNA FISH) of 2-6-3 cells shows that there is
a single integration site in the euchromatic
region of chromosome 1p36.
(D) Northern blot time course analysis of RNA
isolated 0, 5, 10, 15, and 30 min after the
induction of transcription. The last lane
shows a lighter exposure of the 30 min time
point. Pre-mRNA transcripts run at 3.4 kb and
spliced mRNA at 2.8 kb. The probe recognizes the MS2 repeats. Actin was probed as
a loading control.
(E) Immunoblot time course analysis of CFPSKL expression 0, 1, 2, 3, 4, 5, and 6 hr after
the addition of doxycycline.

spliced RNA compared to spliced mRNA (1.0: 0.9375)
(Figure 1D). Over time, the spliced product predominated (15 min, 1.3-fold increase; 30 min ⬎ 3-fold increase). As the level of the spliced RNA increased dramatically between 15 and 30 min postinduction, this
suggests that the changes that occur at the locus between these time points increase the efficiency of both
transcription and pre-mRNA processing. This lag time
may reflect the time required for the chromatin remodeling machinery to decondense the chromatin and hence
make more of the transcription units accessible in addi-

tion to the time required for the pre-mRNA processing
machinery to be recruited to the transcription site and
the splicing reaction to occur. At later time points, both
higher and lower molecular weight species of RNA were
detected (Supplemental Data, Supplemental Figure S1
available at http://www.cell.com/cgi/content/full/116/5/
683/DC1; 120 min) suggesting that aberrant products
may be produced when transcription is elevated to high
levels from a strong promoter.
Immunoblotting of protein lysates collected between
0 and 6 hr after the induction of transcription showed
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Figure 2. Visualization of DNA, RNA, and Protein in Living Cells
(A–F) U2OS 2-6-3 cells were transiently transfected with pSV2-CFP-lac repressor, pTet-ON (rtTA) and MS2-YFP, and imaging was begun 2.5
hr posttransfection.
(A–C) At 0 min (⫺) dox, CFP-lac repressor marks the locus (A) and MS2-YFP is diffusely distributed throughout the nucleus (B).
(D–F) 2.5 hr after the addition of Dox, the locus is highly decondensed and CFP-SKL is seen in the cytoplasmic peroxisomes (D). MS2-YFP
accumulates at the site of the decondensed locus and is present in a particulate pattern throughout the nucleoplasm (E).
(G–L) Image stacks of cells expressing pSV2-CFP-lac repressor (pseudocolored red) and EYFP-rtTA-N1 (pseudocolored green) were collected
and deconvolved in cells fixed 5 min (G–I) and 60 min (J–L) after the induction of transcription. Single sections from deconvolved stacks
are shown.
(M–U) Factors involved in gene expression colocalize with the decondensed locus. YFP-RNA polymerase II (M–O), YFP-SF2/ASF (P–R), and
Cstf64 (S–U) are present at the active locus. Scale bar is equal to 5 m. Scale bar in enlarged insets is equal to 1 m.
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that the CFP-SKL protein can be detected at the 1 hr
time point with expression levels increasing steadily
over time (Figure 1E).
Visualization of Gene Expression and the
Recruitment of the Gene Expression
Machinery to a Transcription Site
To simultaneously analyze chromatin and RNA dynamics at a transcription site in individual cells, U2OS 2-6-3
cells were transiently cotransfected with CFP-lac repressor, rtTA and MS2-YFP and visualized 2.5 hr posttransfection. In the absence of dox, the chromatin of
the transgene locus, marked by CFP-lac repressor, appears as a highly condensed small dot (Figure 2A)
(0.89 ⫾ 0.12 m in diameter; n ⫽ 13) that is DAPI dense
(data not shown). MS2-YFP is diffusely distributed in a
smooth pattern throughout the nucleoplasm without any
particular enrichment at the locus (Figure 2B).
Interestingly, mRNA transcripts from the constitutively
active hygromycin resistance plasmid (pTK-Hyg) were
detected at the condensed locus by RNA FISH (Supplemental Data, Supplemental Figure S2 available on Cell
website) confirming that pTK-Hyg integrated into the
array with the gene expression plasmid (p3216PECMS2␤).
As pTK-Hyg transcripts were generally on the periphery
of the locus, it is possible that it integrated throughout
the array but that only those copies accessible to the
transcription machinery are transcribed. Although pTKHyg is constitutively active, the locus is condensed
when p3216PECMS2␤ is inactive suggesting that the
higher order structure of the array is dictated by the
transcriptional state of the construct in the higher proportion (9:1).
When transcription is induced by the addition of dox
to the medium and cells examined 2.5 hr later, the locus
appears decondensed and CFP-SKL is localized to the
cytoplasmic peroxisomes (Figure 2D). Decondensed
loci range in size from ⵑ2.0–4.5 m in diameter with the
variability likely resulting from the transient expression
of rtTA. Additionally, MS2-YFP concentrates at the decondensed locus and is seen in a particulate pattern
throughout the nucleoplasm that is consistent with the
transcribed RNAs being packaged into mRNPs (Figure
2E). RNA in situ hybridization with a probe that recognizes sequence in the ␤-globin intron confirmed that
nascent transcripts are present at the site of the decondensed locus (Supplemental Data, Supplemental Figure
S3 available on Cell website).
In order to visualize the association of the transcriptional activator with the lac repressor, we expressed
CFP-lac repressor (pseudocolored red) and rtTA as a
YFP fusion protein (pEYFP-rtTA-N1) (pseudocolored
green) (Figures 2G–2L) and collected and deconvolved
image stacks 5 and 60 min after the addition of dox.
Though the locus is still compact 5 min postinduction,
(Figures 2G–2I, single sections from deconvolved image
stacks), the regions bound by CFP-lac repressor and
rtTA-YFP are easily distinguishable and minimally overlapping. In fact, rtTA-YFP only binds to a region of
the condensed locus suggesting that a small subset of
the repeated templates are transcribed at early time
points—a result consistent with the low levels of RNA
detected in the northern analysis (Figure 1D). In a cell
fixed 60 min postinduction (Figures 2J–2L), the locus is
highly decondensed and CFP-lac repressor and rtTAYFP also appear in distinct foci that partially overlap.

As we did not observe 200 foci at the decondensed
locus, this suggests that the transcription units assemble into repetitive substructures within the array or that
the array does not fully decondense.
We next examined the recruitment of factors required
for transcription and pre-mRNA processing (Supplemental Data, Supplemental Figure S4 available on Cell
website; immunoblot of constructs). YFP-RNA polymerase II (Sugaya et al., 2000) (Figures 2M-2O), the premRNA splicing factor YFP-SF2/ASF (Misteli et al., 1997)
(Figures 2P–2R) and the 3⬘ end processing factor Cstf64
(Takagaki et al., 1990) (Figures 2S–2U) all colocalized
with the decondensed locus confirming that gene expression factors from different nuclear domains are recruited to the transcription site.
The Kinetics of Chromatin Decondensation
and RNA Synthesis
We were next interested in evaluating the kinetics of
RNA synthesis in individual cells during transcriptional
activation. Cells were transiently cotransfected with
CFP-lac repressor, MS2-YFP, and rtTA, and 2 hr posttransfection placed in a FCS2 live-cell chamber (37⬚C)
and visualized. Medium containing dox was perfused
into the chamber ⵑ0.5 hr later, and cells were imaged
every 2.5 min for 4–6 hr in both the YFP and CFP channels (Supplemental Data, Supplemental Movie S1 available on Cell website).
An increase in RNA levels was detected immediately
after the addition of dox (i.e., Figure 3E, 5 min; 3H, 7.5
min; 3P). The highly condensed state of the chromatin
at the early time points suggests that only a subset of
the repeats are being transcribed which is supported
by the limited amount of rtTA-YFP detected at the locus
5 min post dox (Figure 2H). By 17.5 min when noticeable
changes in higher order chromatin structure begin to
be detected (Figures 3J–3L), the RNA coats the entire
region of the locus. By ⵑ130 min when RNA levels at
the transcription site are at their peak (Figure 3P), the
locus is maximally decondensed and CFP-SKL is concentrated in the peroxisomes (Figures 3M–3O). The
CFP-SKL protein can first be detected in the cytoplasmic peroxisomes ⵑ1 hr after the addition of dox
(data not shown).
By measuring RNA levels at the transcription site over
time, we found that they increase, peak, and subsequently decrease (Figure 3P). Modeling of this data
showed that the rate of increase slows with time suggesting that increases in RNA production from this transgene array inhibit further synthesis (Figure 3P). A delay
in the increase was also often observed before the peak.
It is possible that this delay reflects the slower decondensation of a region of chromatin within the array that
forms a specific substructure. Though we found that
there is variability in the timing of these features between
cells, likely resulting from the transient expression of
rtTA, the general features are consistent (data not
shown).
The Condensed Locus Is Heterochromatic
As the ⵑ200 copies of the gene expression plasmid
formed a highly condensed structure in interphase cells,
we also wanted to characterize the locus in this state.
When U2OS 2-6-3 cells expressing YFP-lac repressor
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Figure 3. Kinetics of RNA Synthesis
(A–O) Still images from a time series of U2OS
2-6-3 cells during transcriptional activation
showing the relationship between the chromatin of the locus, marked by CFP-lac repressor, and the RNA, marked by MS2-YFP. Also
see Supplemental Data and Supplemental
Movie S1 available on Cell website. Scale bar
is equal to 5 m.
(P) Quantitative analysis and modeling of RNA
levels at the locus. The intensity of the MS2YFP signal at the locus as it associates with
the synthesized RNA was measured every 2.5
min. There is an initial linear increase after
the induction of transcription which slows
over time (following the form A*(1-exp(-B*t))).
The fit shows a deviation from this increase
at 140 min after which a decrease predominates. There is a delay in the increase at 50
min.

were independently labeled with antibodies to HP1␣, ␤,
and ␥, all three isoforms were detected at the condensed
locus (Supplemental Data, Supplemental Figure S5
available on Cell website). Similarly, YFP-HP1␣, ␤ and
␥ fusion proteins colocalized with CFP-lac repressor

(Figures 4A–4I; Supplemental Data, Supplemental Figure S4 available on Cell website; Western blot of constructs).
The association of HP1 with the condensed locus
suggested that the histone H3 might be methylated at
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Figure 4. Characterization of the Condensed
Heterochromatic Locus
YFP-HP1␣ (A-C), YFP-HP1␤ (D-F), and YFPHP1␥ (G–I) colocalize with the condensed locus, marked by CFP-lac repressor and the
histone H3 is trimethylated on lysine 9 (H3 trimeK9) (J-L). The H3 lysine 9 modification is
not detected after the induction of transcription (M–O; 2.5 hr postdox). The histone H3 K9
methyltransferases YFP-Suv39h1 (P–R) and
YFP-G9a-L (S–U) are present at the condensed locus. Scale bar is equal to 5 m.

lysine 9 as this modification serves as a binding site for
HP1 (Bannister et al., 2001; Jacobs et al., 2001; Lachner
et al., 2001). When cells were labeled with an antibody

made to a branched histone H3 peptide methylated at
lysine 9 (Peters et al., 2001) which had been affinity
purified for antibodies with a preference for trimethy-
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Figure 5. Chromatin Immunoprecipitation (ChIP) Analysis of Heterochromatin Proteins and Modifications on the Inactive Gene Expression
Plasmid
Diagram (A) depicts the gene expression plasmid and the location of the primer pairs used: (a) promoter, (b) beginning of ␤-globin intron/
exon module, (c) end of ␤-globin intron/exon module, (d) and (e) bacterial plasmid sequence.
(B) Results of the ChIP analysis showing the localization of HP1␣, HP1␥, histone H3 di- and tri-MeK9, and Eu-HMTase1 on the gene
expression plasmid.
(C) The levels of the associated factors and modifications are plotted.

lated H3 lysine 9 (H3 tri-meK9) (Rice et al., 2003; Peters
et al., 2003), this modification was detected at the condensed locus (Figures 4J–4L) but not at decondensed
loci in transcriptionally activated cells (Figures 4M–4O,
2.5 hr postinduction).
As we found all three HP1 isoforms and histone H3
tri-meK9 at the inactive locus, we also wanted to see if
we could visualize an association with H3 K9 HMTases.
When we expressed Suv39h1, a H3 K9-specific HMTase
associated with constitutive heterochromatin (Rea et al.,
2000) as a YFP fusion protein, it colocalized with CFPlac repressor (Figures 4P–4R; Supplemental Data, Supplemental Figure S4 available on Cell website, Western
blot). Additionally, YFP-G9a-L, the longer G9a splice
variant shown to methylate both H3 K9 and K27 in vitro
and to localize to euchromatin (Tachibana et al., 2001,
2002), colocalized with CFP-lac repressor (Figures 4S4U; Supplemental Data, Supplemental Figure S4 available on Cell website, Western blot).
HP1 Isoforms, H3 K9 Methylation, and Eu-HMTase 1
Differentially Associate with the Gene Expression
Plasmid by ChIP Analysis
As we were able to visually detect HP1 and H3 tri-meK9
at the condensed locus, we wanted to analyze the specific associations of HP1␣ and ␥, H3 di- and tri-meK9,
and H3 K9 HMTases by chromatin immunoprecipitation
(ChIP) (Figure 5). Strikingly, HP1␥ displayed a distinct

preference for the promoter and the transcribed regions
of the gene in contrast to HP1␣, which was only found
downstream on the bacterial plasmid sequence (Figures
5B and 5C). H3 tri-meK9 was present throughout the
assayed regions while di-meK9 was enriched on the
bacterial plasmid sequence and at the beginning of
the intron/exon module in a region immediately after the
MS2 repeats (Figures 5B and 5C). Interestingly, euchromatic histone methyltransferase1 (Eu-HMTase 1) colocalized with the H3 K9 dimethylated regions of the gene
expression plasmid. As G9a has been reported to be a
H3 K9 di-HMTase (Rice et al., 2003; Peters et al., 2003)
and Eu-HMTase1 is 63% homologous to G9a and possesses the same basic structure (Ogawa et al., 2002),
this suggests that Eu-HMTase1 is the H3 K9 di-HMTase
responsible for the pattern of H3 K9 di-methylation at
the locus.
HP1␣ Is Depleted from the Locus during
Transcriptional Activation
As HP1 is a protein critical to the stability of transcriptional silencing, we wanted to examine the kinetics of
the association of YFP-HP1␣ with the locus during transcriptional activation and to relate these dynamics to
changes in chromatin structure (Supplemental Data,
Supplemental Movie S2 available on Cell website). YFPHP1␣ was detected at the locus before the addition of
dox (Figures 6A–6C; 0 min) and during the early time
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Figure 6. Dynamics of YFP-HP1␣ Depletion
from the Locus during Transcriptional Activation
YFP-HP1␣ colocalizes with the condensed
locus (0 min, A–C) and the condensed regions
during the early time points of transcriptional
activation (D–F, 17.5 min). It is seen in punctate structures at the 30 min time point (G–I)
and appears smooth and diffuse by 50 min
(J–L). 180 min postinduction, a dark region
(HP1␣ depleted) that colocalizes with the decondensed locus, is seen in the YFP-HP1␣
image. Also see Supplemental Data and Supplemental Movie S2 available on Cell website.
Scale bar is equal to 5 m.

points postinduction (Figures 6D–6F; 17.5 min). At the
30 min time point when significant chromatin decondensation had occurred (Figure 6G), YFP-HP1␣ was seen
in punctate structures which were possibly regions of
chromatin not yet remodeled by transcriptional activity
(Figure 6H). By ⵑ50 min, accumulations of YFP-HP1␣
could no longer be detected on the locus (Figures 6K–6L)
and between 100–140 min, YFP-HP1␣ became progressively depleted from this region (data not shown) with
levels subsequently decreasing further over time. The
presence of this dark region, depleted of YFP-HP1␣
below background levels (Figures 6M–6O; 180 min), suggests that HP1␣ binding sites are no longer present at
the transcriptionally active locus.
The Histone H3 Variant, H3.3, Is Deposited
at the Locus during Transcriptional Activation
As YFP-HP1␣ was dynamically depleted during the induction of transcription and we could not detect the
histone H3 tri-MeK9 modification at transcriptionally active loci (2.5 hr postinduction), we were interested in
understanding how this modification is removed from
the chromatin during transcriptional activation. A his-

tone demethylase has not yet been identified (reviewed,
Bannister et al., 2002) but the histone H3 variant, H3.3,
has been shown to be deposited into active ribosomal
DNA in a replication-independent manner (Ahmad and
Henikoff, 2002). Therefore, we were interested in determining whether histone exchange is a general mechanism through which a heterochromatic region is transformed into the active state.
Before the induction of transcription, H3.3-YFP did
not show any specific deposition at the locus (Figures
7A–7C; Supplemental Data, Supplemental Movie S3
available on Cell website). A small spot of H3.3-YFP
was seen, however, ⵑ7.5 min after the addition of dox
adjacent to the region marked by CFP-lac repressor
(pseudocolored red) (Figures 7D–7F). Significant incorporation of H3.3-YFP appeared around the periphery
of the locus (Figures 7G–7I; 40 min) and subsequently
progressed into the interior (Figures 7J–7L; 75 min). Over
time, H3.3-YFP deposition became highly concentrated
at the locus and did not completely overlap with the
regions marked by CFP-lac repressor (Figures 7M–7O)
suggesting that deposition may specifically occur in the
regions associated with the transcription machinery.
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Figure 7. Analysis of the Deposition of the
Histone Variant, H3.3, at the Locus during
Transcriptional Activation
H3.3-YFP is not enriched at the condensed
locus (A–C). A small spot adjacent to the locus
is seen immediately after induction (D–F; 7.5
min). Significant deposition begins around
the periphery of the decondensing locus (G–I,
40 min; J–L, 75 min) and eventually H3.3-YFP
appears in a concentrated region that does
not completely colocalize with CFP-lac repressor (pseudocolored red) (M–O; 180 min).
Also see Supplemental Data and Supplemental Movie S3 available on Cell website. Scale
bar is equal to 5 m.

Nucleoli were also labeled by H3.3-YFP, as confirmed
by double labeling with an antibody to fibrillarin (data
not shown), which is consistent with the deposition of
H3.3 into rDNA (Ahmad and Henikoff, 2002). Therefore,
histone exchange appears to be part of the mechanism
by which heterochromatin can be converted to active
chromatin.
Discussion
Due to the complexity of the gene expression pathway,
the individual processes have long been studied as discrete events. However, as the interconnectedness of
chromatin remodeling, transcription, mRNA processing,
and mRNP export becomes increasingly apparent, it is
necessary to understand how they are coordinated in
vivo. We have developed a cell system that allows us
to visualize an inducible array of transcription units and
their RNA and protein products in living cells and thus,
to evaluate dynamic changes in chromatin structure,
RNA synthesis, and factor dissociation/association during the induction of transcription. Using this system,
we have provided significant insight into the dynamic
spatial and temporal changes that occur as chromatin
transitions from a heterochromatic to a euchromatic
state. This system has extensive potential to address a
broad range of questions relating to gene expression,
DNA replication, and chromatin stability.

mRNA Dynamics at a Transcription Site
We have been able to evaluate the dynamics of RNA
synthesis in real-time by measuring MS2-YFP levels at
the site of transcription. Thus far, mRNA levels at a single
specific transcription site have not been evaluated over
time in living cells although the diffusive properties of
the total endogenous population of nuclear poly(A⫹)
RNA have been studied using fluorescently tagged oligodeoxynucleotides labeled with caged flurochromes
and fluorescence correlation spectroscopy (Politz et al.,
1998, 1999) and by examining the dynamics of mRNP
proteins (Calapez et al., 2002). We have observed that
RNA levels begin increasing immediately after the induction of transcription, peak, and subsequently decrease.
A delay in the increase was often seen at a time point
prior to the peak. It is possible that this delay reflects the
decondensation of a substructure of the locus exposed
after the initial large-scale unfolding. Interestingly, independently isolated clones containing an amplified region
of DHFR cDNA labeled with lac operator repeats showed
distinct but reproducible arrangements of chromosome
segments within the metaphase chromatid axis suggesting that different chromatin regions acquire distinct
folding characteristics (Dietzel and Belmont, 2001). In
the case of our locus, the juxtaposition of the plasmids
within the array could create different substructures that
exhibit distinct activation profiles. High-resolution analysis of the locus during transcriptional activation will be
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required to determine the effects of subchromosomal
features on the kinetics of RNA synthesis.
Modeling the rate of increase of RNA at this transgene
array locus upon the induction of transcription showed
that it slows with time, suggesting that as more RNA is
synthesized it may have a negative feedback effect on
further transcription. A similar trend was seen in both a
cell line containing a tandem array of ras reporters driven
by MMTV promoters activated by the glucocorticoid
receptor (Archer et al., 1994; Muller et al., 2001) and
at the endogenous ␤-actin gene upon serum induction
(Femino et al., 1998). By run-on assay, transcription
peaked in the MMTV reporter cell line within the first 2
hr after hormone treatment and declined by 6 hr (Archer
et al., 1994). The arrays recondensed 3–8 hr after induction with array size correlated to decreasing amounts
of transcript as determined by RNA FISH analysis (Muller
et al., 2001). ␤-actin RNA levels peaked 15 min after
serum induction after which they diminished until the
1.5 hr time point when they were indistinguishable from
those seen before induction (Femino et al., 1998).
Although we do not know the mechanism(s) through
which the rate of transcription is slowed in our cell line,
it is possible that the accumulation of RNA at the transcription site sterically hinders the transcription machinery. A number of pathways that monitor mRNA quality
in the nucleus have been identified and mRNA that is
too slowly or improperly spliced, polyadenylated, or
transported is retained at the transcription site and degraded in the nucleus (reviewed, Vasudevan and Peltz,
2003; Wilkinson and Shyu, 2002). Northern blotting of
RNA from the 120 min time point (Supplemental Data,
Supplemental Figure S1 available on Cell website) identified species with molecular weights both higher and
lower than the unspliced and spliced products. It is
possible that they are truncated, degraded, or readthrough products produced when high levels of RNA
are transcribed from the strong CMV promoter. Although
we do not know the cellular location of these aberrant
transcripts, it is possible that they are retained at the
transcription site and affect the rate of transcription. In
the case of the ␤-actin gene, transcription was shown
to be inhibited at initiation (Femino et al., 1998). The
mechanism(s) through which the cell regulates the transcription cycle of a gene is not well understood, but the
emerging importance of RNA as a signaling molecule
(reviewed, Gottesman, 2002; Nelson et al., 2003) suggests that understanding the kinetics of its production
may provide insight not only into transcriptional regulation but possibly also into chromatin structure.

Characterization and Dynamics of the Condensed
Locus and Its Transition to the Active State
We have shown that the 200 copies of the gene expression plasmid that integrated into the genome of the
U2OS cell line formed a heterochromatic structure. As
transcription can be activated at this array in an experimentally regulated manner, we were able to study in
living cells the dynamic changes that occur as heterochromatin transits to the active state. By examining YFPHP1␣ dynamics during the induction of transcription,

we showed that it is depleted from the locus as it decondenses suggesting that H3 K9 methylation is removed
during gene activation. We also found that the histone
H3 variant, H3.3, is deposited during activation. Therefore, histone exchange is likely the mechanism through
which H3 K9 methylation is removed.
By ⵑ50 min postinduction, there are no longer accumulations of YFP-HP1␣ at the locus but because YFPHP1␣ does not become depleted until 100–140 min, this
suggests that at least a population of histone H3 is still
methylated at K9 prior to these time points. As we see
RNA coating the decondensing chromatin 20–25 min
postinduction, it is possible that transcription can occur
in the presence of HP1 and H3 K9 trimethylation. It is
also possible that these silencing marks are removed
immediately from specific sequence elements (i.e., promoters) upon induction and that we do not have the
resolution to detect these changes or to determine
which of the multiple repeats are activated first. Interestingly, HP1 has been shown to be required for expression
of genes located in heterochromatin in Drosophila
(Clegg et al., 1998; Hearn et al., 1991; Lu et al., 2000)
and to be recruited to heat shock and ecdysone-activated puffs on polytene chromosomes (Piacentini et al.,
2003). Future studies are required to address how the
activational and repressive roles of HP1 may be modulated and coordinated in our system.
As significant deposition of H3.3 at the locus is not
seen until later time points (75–150 min postinduction),
it is possible that histone exchange is a late event in
the transition of heterochromatin to the active state—
perhaps playing more of a role in changing and maintaining the epigenetic state of a gene than in aiding in
the progression of transcription. It is also possible that
in order for transcription to begin, histone exchange
must first occur in specific sequence elements, such as
promoters, and that we are not able to detect deposition
in such small regions. Subsequently, histones may be
exchanged throughout the entire coding region resulting
in the significant accumulation visualized at later time
points. As H3.3-YFP did not completely colocalize with
CFP-lac repressor (Figures 7M–7O), it is likely that exchange occurs specifically in actively transcribed areas.
Heterochromatin has been reported to have both dynamic and stable qualities. Its high degree of condensation
is believed to contribute to the inhibition of transcription
by preventing transcription factors from accessing their
binding elements yet it is not intractable to transcriptional activation. Photobleaching studies have shown
HP1 to be a dynamic component of heterochromatin
(Cheutin et al., 2003; Festenstein et al., 2003) in contrast
to the core histones, which show little turnover (Kimura
and Cook, 2001; Lever et al., 2000; Phair and Misteli,
2000). Likewise, biochemical analyses of histone methylation suggest that this modification is highly stable
(reviewed, Bannister et al., 2002; Jenuwein and Allis,
2001). Therefore, the combination of both dynamic and
durable elements may be what makes heterochromatin
simultaneously stable and flexible. As histone H3 has
been shown to be tightly associated with chromatin
(Kimura and Cook, 2001), it will be of particular interest
to characterize the histone chaperones and chromatin
remodeling proteins that function to remove H3 and
exchange it for H3.3 as they may be important regulators
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of epigenetic states. In fact, the histone chaperone HIRA
was recently shown to be required for DNA synthesisindependent nucleosome assembly (Tagami et al., 2004)
and Swr1, a Swi2/Snf2-related ATPase was identified in
a complex that catalyzes the exchange of H2A with
H2AZ in nucleosome arrays (Krogan et al., 2003; Mizuguchi et al., 2003).
Interestingly, we found, by ChIP analysis, that HP1␣
and ␥, di-and trimethyl H3 K9 and Eu-HMTase1 are differentially localized along the inactive gene expression
plasmid. It is unlikely that the HP1 isoforms associate
in a sequence specific manner, as they have not been
reported to show any DNA motif preferences (Zhao et
al., 2000). The distinct associations of HP1␣ and ␥ with
the chromatin are, therefore, more likely determined by
complex interactions with other factors involved in establishing and maintaining heterochromatin. It has been
suggested that HP1␥ associates with euchromatin while
HP1␣ associates with constitutive heterochromatin (reviewed, Li et al., 2002). As the bacterial plasmid sequence is composed of elements that are noneuchromatic as well as noneukaryotic, it may therefore be
recognized as constitutive heterochromatin by HP1␣.
Likewise, the promoter, the coding region and the intron/
exon module may recruit HP1␥ because they are recognized as euchromatic elements.
Interestingly, there was a strong coincidence between
H3 di-meK9 and Eu-HMTase1 suggesting that EuHMTase1 is the histone H3 HMTase that dimethylates
the locus. As Suv39h1 and G9a-L were also detected,
more than one H3 K9 HMTase seems to be responsible
for the H3 K9 methylation patterns suggesting that the
regulation of the chromatin at the condensed locus is
complex. We also observed that the association of HP1␥
is inversely related to the H3 di-meK9 and Eu-HMTase1
patterns as it is not detected in the downstream region
of the bacterial plasmid sequence and is reduced in
the region immediately after the MS2 repeats which is
another noneukaryotic sequence element. As Eu-HMTase1 was originally isolated in a complex with E2F-6
that included HP1␥ but not HP1␣ and ␤ (Ogawa et al.,
2002), it seems that that Eu-HMTase1 does not preferentially associate with a specific HP1 isoform or alone
specify associations of the HP1 isoforms with DNA sequences. Therefore, other as yet unidentified factors
may be antagonistic to HP1␥ binding. Additionally, the
relationship between the strong peaks of H3 K9 dimethylation and HP1␣ on the bacterial plasmid sequence is
not clear. H3 di-meK9 has been reported to localize in a
pattern consistent with euchromatin (Heard et al., 2001;
Rice et al., 2003; Peters et al., 2003) and constitutive
heterochromatin is characteristic of HP1␣.
These results, therefore, suggest that there are no
simple rules to explain how heterochromatin proteins
and modifications are targeted to DNA sequences. Perhaps the high degree of complexity revealed in the studies of heterochromatin structure and regulation (reviewed, Grewal and Moazed, 2003; Richards and Elgin,
2002) suggest that cells employ multiple complex interactions in order to package the diverse range of sequence elements in the eukaryotic genome such that
heritable gene expression patterns are ensured.

Heterochromatin and Transgene Arrays
When the ⵑ200 copies of the gene expression plasmid
integrated into a euchromatic region of the U2OS cell
genome, they formed a structure that is highly condensed in interphase cells and heterochromatic. Many
regions of constitutive heterochromatin, such as centromeres, telomeres, and transposons, are composed of
repetitive sequence elements. In addition, multicopy
transgene arrays as small as two copies inserted into
euchromatic regions of the genome are often silenced,
DNA methylated and, in Drosophila polytene chromosomes, seen as DAPI dense structures enriched with
HP1 (Fanti et al., 1998; Hsieh and Fire, 2000; Lau et
al., 1999).
Transgene silencing is increased in arrays with inverted repeats which are likely a potent source of double-stranded RNA (dsRNA) (Dorer and Henikoff, 1994;
Pal-Bhadra et al., 1997, 1999; Sabl and Henikoff, 1996)
and small interfering RNAs (siRNAs) generated by the
RNA interference pathway (RNAi) (reviewed, Hannon,
2002) have been detected in Drosophila cells with transgene arrays (Pal-Bhadra et al., 2002). RNAi is also involved in the establishment and maintenance of heterochromatin (Hall et al., 2002; Volpe et al., 2002). Therefore,
it will be interesting to look for the presence of siRNAs
and inverted repeats in 2-6-3 cells. As we have a cell
line in which we can visualize the conversion of a region
of heterochromatin to a transcriptionally active state, it
may be a useful system in which to study the mechanisms of RNAi-based gene silencing in vivo.
To date, it is not well understood how primary DNA
sequence content regulates higher order chromatin
structure, how distinct functional domains are established and how these structures regulate gene expression. Repetitive arrays occur naturally in the human
genome and include transposons, ribosomal DNA, centromeres, and telomeres (reviewed, Li et al., 2001; Spector, 1993). Recently, a reduction in the number of copies
of a repetitive element at 4q35 below a certain threshold
was shown to cause Facioscapulohumeral muscular
dystrophy (FSHD) with copy number a critical determinant of the age of onset as well as the clinical severity
of the disease (reviewed, Bickmore and Van Der Maarel,
2003; Jiang et al., 2003; Ricci et al., 1999). Therefore,
an understanding of the packaging and regulation of
repetitive elements in the genome will provide important
insight into the mechanisms of both gene regulation
and disease.
Experimental Procedures
Plasmids
p3216PECMS2␤ was constructed by modifying p3216PC␤ (Tsukamoto et al., 2000) (Supplemental Data available on Cell website).
pSV2-YFP-lac repressor-C1 and pSV2-YFP-C1 were previously described (Tsukamoto et al., 2000). pSV2-CFP-lac repressor-C1 was
constructed by replacing the coding region of YFP with CFP.
pTet-On and pTK-Hyg were purchased from BD Biosciences
Clontech (Palo Alto, CA). pEYFP-rtTA-N1 was constructed by PCR
amplifying the rtTA coding region from pTet-On and inserting it into
pEYFP-N1. MS2-YFP was expressed from plasmids with either CMV
or RNA polymerase II large subunit promoters (Fusco et al., 2003)
(Supplemental Data available on Cell website). pSV2-EYFP-Suv39
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h1-C1 (mouse) and pSV2-EYFP-G9a-L-C1 (mouse) were constructed from their respective GFP plasmids (gifts of Y. Shinkai)
(Tachibana et al., 2001, 2002). SV2-YFP-HP1␣-C2, EYFP-HP1␣-C2
and SV2-YFP-HP1␤-C2, and SV2-YFP-HP1␥-C2 were constructed
from the respective GFP constructs (gift of S. Lowe). pSV2-YFPSF2/ASF was constructed from pGFP-SF2/ASF (Misteli et al., 1997)
and pSV2-YFP-RNA polymerase II from EGFP-RNA polymerase II
(gift of M. Vigneron) (Sugaya et al., 2000). CMV-histone H3.3-YFP
was a gift of K. Ahmad and S. Henikoff.
Stable Cell Line Construction
U2OS cells, grown in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% FBS and penicillin-streptomycin (Invitrogen, Carlsbad, CA), were transfected with 18 g of p3216PECMS2␤ and 2 g
of pTK-Hyg by calcium phosphate transfection (Chen and Okayama,
1987). Stable transformants were selected in 100 g/ml hygromycin
B (Sigma, St. Louis, MO) for 7–10 days and isolated colonies were
maintained in selection medium. Cell lines were screened for insertion of p3216PECMS2␤ and the ability to be transcriptionally activated by transfecting SV2-YFP-lac repressor and pTet-On in the
presence of 1 g/ml doxycycline and looking for cells with YFPlac repressor binding sites in the nucleus and CFP-SKL labeled
peroxisomes in the cytoplasm 24 hr later. Cells from positive colonies were plated as single cells in conditioned medium and the
amplified populations were again transfected with SV2-YFP-lac repressor to determine whether they all contained single integration
sites. Copy number and message size were determined by Southern
and Northern blotting as described in Supplemental Data available
on Cell website.
Transfection
For imaging and Northern and immunoblotting studies, cells were
grown in DMEM ⫹ 10% tet system approved FBS (BD Biosciences
Clontech, Palo Alto, CA) and transfected by electroporation. Cells
were grown to 70%–80% confluency, trypsinized, and the cell pellet
from a 10 cm dish was resuspended in ⵑ600 l of medium. 200 l
of cells were added to 4-mm gap cuvettes containing plasmids and
40 g of sheared salmon sperm DNA (Amresco, Solon, OH) and
electroporated using a Gene Pulser II (BioRad, Hercules, CA) (170 V,
950 F). Electroporated cells were transferred to 2 mL of medium,
centrifuged, resuspended, and plated on BD Cell-Tak (BD Biosciences, Palo Alto, CA) coated coverslips. 2.5–5 l of Cell-Tak was
spread until dry onto coverslips with a sterile cell scraper and subsequently rinsed with 100% EtOH followed by sterile water. Hygromycin B was not added after electroporation.
DNA and RNA Fluorescence In Situ Hybridization
For DNA FISH, probe labeling was performed via nick translation of
p3216PECMS2␤ (detailed protocol, http://riedlab.nci.nih.gov/). Transcripts from p3216PECMS2␤ were localized by RNA FISH using
CY3-labeled oligo nucleotide probes (Femino et al., 1998). pTKHyg was nick translated using the VYSIS, Inc. nick translation kit
(Downers Grove, IL) and transcripts were localized using standard
procedures (Tsukamoto et al., 2000).
Immunoblotting
Cells were electroporated with pTet-On (2 g) or YFP constructs
(5 g) and sheared salmon sperm DNA (40 g). For time course
analysis, dox (1 g/ml) was added to the medium 2.5 hr post transfection and cell lysates were harvested in 1⫻ gel loading buffer and
blotted according to standard procedures using a monoclonal antiGFP antibody (1: 1500) (Roche, Indianapolis, IN).
Imaging Transcriptional Activation
For time-lapse imaging, cells were transfected with pSV2-CFP-lac
repressor (2 g), pTet-On (2 g), sheared salmon sperm DNA (40
g), and 0.5 g of either pEYFP-MS2, pEYFP-HP1␣, or CMV-H3.3YFP and plated on Cell-Tak-coated coverslips. Cells were placed
in an FCS2 live-cell chamber (Bioptechs Inc., Butler, PA) 2 hr posttransfection and phenol-red free Leibovitz’s L15 medium (Invitrogen)

was perfused into it. The chamber and objective lens were maintained at 37⬚C (Bioptechs Inc., Butler, PA). Images were acquired
with an Olympus IX-70 inverted microscope with a 100⫻/1.4 NA
objective lens using a TILL Photonics Polychrome II monochromator
with a xenon light source and TILLvisION imaging software with a
TILL IMAGO-SVGA camera (T.I.L.L. Photonics GmbH).
Stacks of 3–5 images 0.5 m apart were taken at both the 430
and 510 nm wavelengths with a dual band pass CFP/YFP filter
(51017bs ⫹10 nm) (Chroma Technology, Brattleboro, Vermont) every
2.5 min using 2 ⫻ 2 binning (640 ⫻ 512 pixels). Approximately 2.5
hr posttransfection, medium containing dox was perfused into the
chamber. In focus images were selected for each time point using
the CollectFrames macro and then combined into a single image
series using the Tcombine macro in TILLvisION.
For measurement of RNA levels at the transcription site, image
files were exported from TILLvisION as TIFF files and custom software written in Matlab (The Mathworks, Inc., Boston MA) was used
to extract the amplitude of light emanating from the regions of
interest. The locus was identified in the CFP channel as the brightest
spot and a 20 ⫻ 20 pixel area around it was correlated to the MS2YFP image in order to measure the amount of RNA at the locus.
For still images of live cells, cells were transfected with 2 g pSV2CFP-lac repressor, 2 g pTet-On, and 5 g of the respective YFP
expression construct. Images were taken using the TILL imaging
system (1 ⫻ 1 binning; 1280 ⫻ 1024 pixels).

Deconvolution Microscopy
Image stacks at 0.2 m intervals were collected and deconvolved
using softWoRx 2.50 software (Deltavision by Applied Precision,
Issaquah, WA) on an Olympus IX70 microscope with a 100⫻/1.35
NA PlanApo objective lens using CFP and YFP filters (Chroma, Brattleboro, VT).

Immunofluorescence
Cells were transfected with 2 g SV2-YFP lac repressor, 2 g pTetOn, and 40 g sheared salmon sperm DNA. Cells were fixed either
2.5 hr posttransfection (0 min time point) or 2.5 hr after the addition
of dox to the medium (see Supplemental Data available on Cell
website). For labeling with HP1 ␤ and ␥ antibodies, cells were preextracted with CSK buffer (100 mM NaCl, 300 mM sucrose, 3 mM
MgCl2, 10 mM PIPES [pH 6.8]) ⫹ 0.5% Triton on ice for 5 min then
immediately fixed in 2% formaldehyde in 1⫻ PBS for 10 min.
Washes, blocking, and antibody incubation are as described in Supplemental Data available on Cell website. The following antibodies
were used: HP1␣, 1:100; HP1 ␤, 1:700; HP1 ␥, 1:1000, mouse monoclonals (Chemicon, Temecula, CA); histone H3 tri-methyl K9, 1:500,
rabbit polyclonal (gift of D. Allis and T. Jenuwein) (Rice et al., 2003;
Peters et al., 2003); Cstf64, 1:60, mouse monoclonal IgG (Takagaki
et al., 1990). Secondary antibodies were Texas-red antimouse IgG
and antirabbit IgG (1:1000) (Jackson Labs, Bar Harbor, ME). Images
were acquired on a Zeiss Axioplan 2i fluorescence microscope with
a plan-APO 100⫻/1.4 NA objective lens using Openlab Software
(Improvision, Lexington, MA) and an Orca CCD camera (Hammamatsu, Middlesex, NJ).

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed using the Upstate Biotechnology protocol (http://www.upstate.com/
misc/protocols.q.prot.e.chips/). Antibodies against the following antigens were used: HP1-␥ and HP1-␣ (gift of F. Rauscher) (Ayyanathan
et al., 2003); histone H3 di-methyl K9 (Upstate Biotechnology, Charlottesville, VA); histone H3 tri-methyl K9 (gift of D. Allis and T. Jenuwein) (Rice et al., 2003; Peters et al., 2003); and Eu-HMTase1 (gifts
of Y. Nakatani) (Ogawa et al., 2002). Specific DNA-sequences present in the immune precipitates were detected by quantitative PCR
using five sets of primers (A–E) designed to amplify ⵑ200 bp fragments from the plasmid (p3216PECMS2␤), centered at the CMV
promoter (set A) and 2.5 kb (B), 3.6 kb (C), 4.8 kb (D), and 5.6 kb
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(E) downstream. Primer sequences are available upon request. PCR
products, labeled with 33P-dCTP, were detected, and quantified
by phosphorimaging.

Dorer, D.R., and Henikoff, S. (1994). Expansions of transgene repeats cause heterochromatin formation and gene silencing in Drosophila. Cell 77, 993–1002.
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