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Changes in chromatin structure are a key aspect in the epigenetic regulation of gene expression. We have
used a lac operator array system to visualize by light microscopy the effect of heterochromatin protein 1 (HP1)
a (HP1la) and HP1f on large-scale chromatin structure in living mammalian cells. The structure of HP1,
containing a chromodomain, a chromoshadow domain, and a hinge domain, allows it to bind to a variety of
proteins. In vivo targeting of an enhanced green fluorescent protein-tagged HP1-lac repressor fusion to a lac
operator-containing, gene-amplified chromosome region causes local condensation of the higher-order chro-
matin structure, recruitment of the histone methyltransferase SETDB1, and enhanced trimethylation of his-
tone H3 lysine 9. Polycomb group proteins of both the HPC/HPH and the EED/EZH2 complexes, which are
involved in the heritable repression of gene activity, are not recruited to the amplified chromosome region by
HPla and HP1f in vivo targeting. HPla targeting causes the recruitment of endogenous HP1f3 to the
chromatin region and vice versa, indicating a direct interaction between the two HP1 homologous proteins. Our
findings indicate that HP1a and HP13 targeting is sufficient to induce heterochromatin formation.

Packing of the eukaryotic genome into higher-order chro-
matin structures is tightly related to gene expression (reviewed
in references 17 and 37). Changes in chromatin structure are a
key element in epigenetic gene control. Transcriptional acti-
vation is associated with large-scale chromatin decondensa-
tion, whereas silencing is related to condensation (2, 31, 36, 51,
52). The molecular mechanisms that establish and maintain
functionally distinct higher-order chromatin states in the inter-
phase nucleus are poorly understood (8, 42). Posttranslational
modifications of histones have been directly linked with tran-
scriptional regulation and with changes in chromatin structure
(reviewed in references 22 and 24). Such modifications alter
the interactions between histones and DNA and between
chromatin-associated proteins. The “histone code” apparently
defines functionally distinct chromatin domains of different
transcriptional states (15, 21, 35, 49). Many key questions con-
cerning the role of histone modifications regulating chromatin
structure and gene expression are unsolved.

A number of heterochromatin-associated proteins, including
heterochromatin protein 1 (HP1) and polycomb group (PcG)
proteins, which all are involved in epigenetic silencing, share a
common evolutionarily conserved domain, the chromodomain
(CD), which is responsible for the association with chromatin
(4,9, 19, 24, 48). HP1 also contains a chromoshadow domain
(CSD), which mediates protein-protein interactions, including
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homodimerization (1). Moreover, HP1 also binds to DNA and
linker histones through its hinge domain (HD), positioned
between the CD and the CSD. This HD may also be involved
in targeting HP1 to heterochromatin through an RNA binding
activity (30). A link between histone modifications and the
formation of a repressive chromatin state is suggested by the
finding that the methylation of histone H3 at lysine 9 (H3K9)
by histone methyltransferase (HMT) SU(VAR)3-9 establishes
a binding site for HP1.

In mammals, three isoforms of HP1 that show different
subnuclear distributions, i.e., HP1la, HP1B, and HP1v, have
been identified. HP1a is found mainly in pericentromeric het-
erochromatin. HP1pB and, to a lesser extent, HP1+y are found in
pericentromeric domains but are also present at dispersed
euchromatic sites throughout the nucleoplasm (9, 18, 24, 29,
56). PcG-mediated gene silencing has often been compared
with HP1-induced heterochromatin gene silencing. However,
PcG-mediated gene silencing and HP1-mediated gene silenc-
ing require distinct sets of proteins, and it is still unclear
whether they use similar mechanisms (13). At least two distinct
PcG complexes, the HPC/HPH and EED/EZH2 complexes,
exist (reviewed in reference 25). The EED/EZH2 complex
contains HMT activity capable of methylating H3K27 and, to a
much lesser extent, H3K9; little evidence exists suggesting that
enzymatic activities are associated with the HPC/HPH com-
plex, although interactions have been demonstrated between
SU(VAR)3-9 and the mammalian homologue HPC2 in over-
expression studies (38, 46). The physiological consequences of
HP1-associated proteins are still uncertain (34, 47).

In the present study, we used a lac operator array-based
system (36) in mammalian cells to target HPla and HP1B to
chromatin in living cells. To investigate the effect of HP1 tar-
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geting on large-scale chromatin structure, we used the CHO-
derived cell line RRE_BI, containing large amplified genomic
domains in an extended, often fibrillar conformation, suggest-
ing a euchromatin-like structure. We confirmed that proteins
involved in gene silencing and known to associate with con-
densed chromatin (such as HPla and HP1B, trimethylated
H3K9 [tri-MeH3K09], and the HMT SETDBL) are not present
at the amplified chromosome region. We analyzed the result-
ing changes in large-scale chromatin structure, site-specific his-
tone modifications, and recruitment of other chromatin pro-
teins. In vivo HP1 targeting to the lac operator-containing
amplified chromosome region, as an enhanced green fluores-
cent protein (EGFP)-tagged lac repressor (EGFP-lacR) fu-
sion, caused local condensation of large-scale chromatin struc-
ture, recruitment of HMT SETDBI, and enhancement of tri-
MeH3K9. We examined whether PcG proteins are involved in
the HP1-induced processes of gene silencing and chromatin
condensation by analyzing the distributions of various proteins
of the HPC/HPH and EED/EZH2 complexes after HP1 tar-
geting. We showed that PcG proteins from neither complex are
recruited to the amplified chromosome region by HP1 target-
ing to that region. Furthermore, targeting of HP1a and HP13
to the chromosome array causes the recruitment of endoge-
nous HP1B and HPla, respectively, indicating a direct inter-
action between the two HP1 forms. Our results show that
HPla and HP1B targeting to a defined chromatin region is
sufficient to induce heterochromatin formation in that region.

MATERIALS AND METHODS

Construction of plasmids. A plasmid expressing an EGFP-lacR-simian virus
40 nuclear localization signal (NLS) fusion under the control of the F9-1 pro-
moter, called p3'SS-EGFP-dimer lac repressor (52), was used as the basis for
these studies. This plasmid contains a mutant form of the lac repressor which
forms dimers rather than tetramers due to a five-amino-acid deletion in the C
terminus (36). The N terminus of the lac repressor was replaced with a pro-
line-3— tyrosine mutant from pAFS135 to produce a tightly binding lac repres-
sor. The resulting plasmid, p3’SS EGFP-dimer tb lac repressor, then was mod-
ified as described previously to generate EGFP-lacR-AscI-NLS (NYE4) (36).
HPla and HP1B were amplified by PCR with primers which contain AscI sites
in frame. The PCR products were digested with Ascl and ligated into the
Ascl-digested EGFP-lacR-AscI-NLS (NYE4) vector to create HPla or HP1B
C-terminal in-frame fusions with the EGFP-lacR-AscI-NLS (NYE4) vector. All
regions of constructs that had undergone PCR were sequenced to ensure fidelity.
The eight lac operator repeat-containing pGL3 luciferase reporter plasmid was
generated by removing an Xbal-Xhol fragment containing eight lac operator
repeats from pPS-8.1 (43) and ligating this fragment into the pGL3-Control
luciferase vector (Promega, Madison, WI).

Cell culture, transfection, and luciferase reporter assay. The RRE_B1 cell
line was derived in three steps (43). First, pSV2-DHFR-8.32, containing the
dihydrofolate reductase (DHFR) cDNA transgene and 256 direct repeats of the
lac operator, was modified by adding a 225-bp Rev response element (RRE) to
the 3’ untranslated region by blunt-end ligation with the Hpal restriction site,
generating the pSV2-DHFR-8.32-RRE plasmid. pSV2-DHFR-8.32-RRE was
transfected by using Lipofectamine (GIBCO, Breda, The Netherlands) into
CHO DG#44 cells, containing a double knockout of DHFR. At 3 days after
transfection, selection for stable transformants was done by growth in Ham’s
F-12 medium without hypoxanthine or thymidine but supplemented with 10%
dialyzed fetal bovine serum (HyClone Labs, Logan, Utah). Second, a mixed
population of stable transformants was subjected to gene amplification with
stepwise increases of methotrexate up to a final concentration of 10 wM. Third,
cells were subcloned from this gene-amplified population. Many of these sub-
clones, including the RRE_B1 clone, showed unusually extended, often fibrillar
conformations of the amplified chromosome region, suggesting a euchromatin-
like structure. Osteosarcoma cells (U20S) and NIH/3T3 mouse fibroblasts were
cultured in Dulbecco minimal essential medium containing 10% fetal bovine
serum. All cells were cultured at 37°C in a 5% CO, atmosphere.

Transfection on coverslips was performed with FuGENEG6 reagent (Roche,
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Indianapolis, Ind.) according to the manufacturer’s instructions with 500 ng of
DNA and 6 pl of FuGENESG reagent per ml of culture medium. Fresh medium
was added at 24 h after transfection. At 48 h after transfection, cells were rinsed
with phosphate-buffered saline (PBS) and used for immunofluorescence labeling
or for transcription assay measurements. Transfections for luciferase reporter
assays were done with 500 ng of eight lac operator repeat-containing pGL3
luciferase vector, 500 ng of pSV/B-Gal construct (Promega) as an internal ref-
erence reporter, and 500 ng of effector plasmid (i.e., EGFP-lacR, EGFP-lacR-
HPla, or EGFP-lacR-HP1B) combined with 48 ul of FuGENEG6 reagent per
25-cm? culture flask. Cells were harvested and lysed at 48 h posttransfection. A
luciferase reporter gene-targeted repression assay was performed as described
previously (6, 44, 53).

Immunofluorescence labeling. Immunofluorescence labeling was performed
as described previously (54). Briefly, cells were fixed for 10 min at 4°C with 2%
(wt/vol) formaldehyde in PBS. After fixation, cells were permeabilized with 0.5%
(wt/vol) Triton X-100 in PBS for 5 min and incubated in PBS containing 100 mM
glycine for 10 min. Subsequently, cells were incubated for 1 h at 37°C with
primary antibodies diluted in PBS containing 0.5% (wt/vol) bovine serum albu-
min and 0.1% (wt/vol) gelatin (PBG) (Sigma, St. Louis, MO). The following
primary antibodies were used: rabbit anti-dimethylated H3K9 (di-MeH3K9)
(Upstate, Milton Keynes, United Kingdom) (33), rabbit anti-branched(4x)-
MeH3K9 peptide (23), rabbit anti-tri-MeH3K9 (9), rabbit anti-SETDB1 (45),
mouse anti-HP1la and anti-HP1B (Euromedex; Mundolsheim, France) (34), and
rabbit anti-BMI and mouse anti-RING, anti-HPC2, anti-EED, and anti-EZH2
(16). After several washes with PBS, cells were incubated with the appropriate
secondary antibodies: Cy3-conjugated donkey anti-rabbit antibody, donkey anti-
mouse antibody, or donkey anti-rat antibody (Jackson, West Grove, PA). Sec-
ondary antibodies were diluted in PBG. Incubations were performed for 1 h at
room temperature. Cells were rinsed with PBS at room temperature, and DNA
staining was performed with 0.4 wg/ml 4’,6’-diamidino-2-phenylindole (DAPT)
(33258; Sigma) in PBS. Slides were mounted in Vectashield (Brunschwig, Bur-
lingame, CA). Slides were stored at 4°C and analyzed within 24 h. As a control,
the primary antibody was omitted.

Confocal scanning laser microscopy. All experiments were performed at least
two times in duplicate. For each experiment, 10 nuclei were visualized and at
least 5 nuclei were imaged. Images were recorded by using a Zeiss LSM 510
(Zeiss, Jena, Germany) confocal laser scanning microscope equipped with a
X100/1.23 NA oil immersion objective. We used an argon laser at 488 nm in
combination with a helium-neon laser at 543 nm to excite green and red fluo-
rochromes simultaneously. Emitted fluorescence was detected with a 505- to
530-nm band-pass filter for the green signal and a 560-nm long-pass filter for the
red signal. Pairs of images were collected simultaneously in the green and red
channels. Three-dimensional (3D) images were scanned at 512 by 512 by 32
voxels (sampling rates, 49 nm lateral and 208 nm axial).

Image analysis. Image analysis was performed with a Huygens system 2 soft-
ware package (Scientific Volume Imaging, Hilversum, The Netherlands). For a
semiquantitative analysis of the spatial relationship between the relative spatial
distributions of components in dually labeled cells, we made line scans. The
signal intensities of the two labels are plotted along a line through the nucleus.
The line scan analysis method provides a rapid and straightforward way to
determine to what extent two components colocalize.

To analyze quantitatively changes in large-scale chromatin structure induced
by HP1 targeting, we applied novel 3D image analysis tools. 3D images of the
amplified region in control cells and in HP1-targeted cells were acquired (30
images of each type). A number of attributes of the 3D structure were deter-
mined by using two independent methods. In the first method, a 3D region of
interest, i.e., the EGFP-labeled chromosome region, was defined. The images
were Gaussian filtered to reduce noise with a size of 20 pixels (sigma value is 250
nm). The area of interest was the set of voxels that had an intensity higher than
25% of the maximum found in the filtered image. For selection of the region of
interest of a control sample and of an HP1-targeted sample, see Fig. 3A and C
and Fig. 3B and D, respectively. For each set, we recorded the size of the selected
region (in wm?) and the average magnitude of the intensity gradient of the
region. To determine the latter, the original data in the selected region were
filtered by using a Gaussian filter of size 8 (sigma value is 100 nm) to smooth out
high frequencies, such as noise. The intensity gradient was calculated in the
filtered data for the voxels in the region of interest by using a gradient magnitude
filter (41). The displacements used were 8 in the x and y directions and 2 in the
z direction. For filtering used to obtain the average magnitude of the intensity
gradient of the selected region of a control sample and of an HP1-targeted
sample, see Fig. 3A and E and Fig. 3B and F, respectively. In the second 3D
image analysis method, a difference-of-Gaussian (DoG) approximation of the
Laplacian method (28) was used to determine distinct spots within the EGFP-
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FIG. 1. Functionality of the HP1 fusions. (A) U20S cells were transfected with the pSV/B-Gal construct, the eight lac operator repeat-
containing luciferase vector, and the test constructs EGFP-lacR, EGFP-lacR-HP1a, and EGFP-lacR-HP1B. At 48 h after transfection, the cells
were harvested and lysed to measure luciferase activity relative to B-galactosidase activity. Bars 1, 2, and 3 represent relative luciferase activities
of test constructs EGFP-lacR, EGFP-lacR-HP1a, and EGFP-lacR-HP1B, respectively. Values are the mean = standard error of six independent
experiments. (B to E) NIH/3T3 fibroblasts were transiently transfected with EGFP-lacR-HP1a (B and C) and EGFP-lacR-HP1B (D and E) fusion
constructs, fixed, and stained with DAPI 48 h after transfection. In cells transfected with EGFP-lacR-HP1q, the distribution of exogenous HP1la
(C) occurred in the domains intensely stained with DAPI (B). Similarly, in cells transfected with EGFP-lacR-HP1p, the distribution of exogenous
HP1B (E) occurred in the domains intensely labeled with DAPI (D). Bars, 2.8 pm.

labeled chromosomal domain (distinct spots were determined by grouping la-
beled voxels which shared a face with another labeled voxel). The data were
filtered by using a Gaussian filter with sigma values of 75 nm and 250 nm. A
threshold value of 15% of the possible maximum value was used. For the
selection of distinct spots within the EGFP-labeled chromosome region of a
control sample and of an HP1-targeted sample, see Fig. 3A and G and Fig. 3B
and H, respectively. Using the second method, we assessed the number of
distinct spots within the chromosomal domain and the average size of these spots
(in wm?). For the occurrence of the measured values in histograms, see Fig. 4; in
addition, a Gaussian approximation of the distributions is shown by the curve.

RESULTS

Functionality of HP1 fusion constructs. We made fusion
constructs consisting of EGFP, the lac repressor domain, and
HPloa or HP1B. The ability to silence gene expression in a
chromatin environment of the constructs was tested with a
luciferase reporter assay. To this end, we constructed a pGL3
luciferase vector (Promega) containing eight lac operator bind-
ing sites. Transiently transfected U20S cells with the EGFP-
lacR-HP1q, or the EGFP-lacR-HP1p fusion construct and the
eight lac operator repeat-containing luciferase vector caused
20-fold repression of luciferase activity compared with activity
of the EGFP-lacR control constructs (Fig. 1A), showing that
the targeted HP1 fusion efficiently silences gene activity. Nor-
mal behavior of the HP1 fusions was further established by
showing that in NIH/3T3 mouse fibroblasts they localized, as

expected, in pericentromeric heterochromatin domains, iden-
tified as DAPI-dense regions (Fig. 1B to E). These results
indicate that the HP1 constructs are functional with respect to
their ability to repress gene activity and to properly localize
expressed HP1.

HP1 targeting induces local condensation of chromatin. To
investigate the effect of HP1 targeting on large-scale chromatin
structure we used the CHO-derived cell line RRE_B1, con-
taining large amplified genomic domains (several tens of Mb)
in an extended, often fibrillar conformation, suggesting a eu-
chromatin-like structure (43). According to unpublished data
from the Belmont laboratory (see also reference 20), essen-
tially all multicopy plasmid insertions appear to form con-
densed structures, a property which is most likely related to the
phenomenon of transgene silencing. This is in contrast to the
behavior of transgene arrays created in a multistep process by
stable transfection followed by gene amplification, which leads
to copies of transgene insertions being flanked by hundreds to
thousands of kb of coamplified genomic DNA. These gene-
amplified transgene arrays show a range of conformations
from condensed to unusually extended, which presumably de-
pends on which coamplified genomic regions are present.
Based on unpublished light and electron microscopy data, the
lac operator array of the RRE_B1 clone appears to be more
extended than even bulk chromatin. We performed several
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FIG. 2. HP1-induced local compaction of the chromatin structure
of the amplified chromosome region. RRE_B1 cells were transfected
with EGFP-lacR-HP1a or EGFP-lacR (control) fusion constructs. 3D
images were collected 48 h after transfection of large numbers of cells.
3D images were recorded; the images shown represent individual mid-
nuclear optical sections. (A) The chromosomal array in a control
nucleus transfected with EGFP-lacR occurs as an extended fibrillar
structure. (B) After HP1 targeting to the chromosomal array, chroma-
tin occurred as a row of distinct beads. The circumference of the
nucleus in panels A and B is shown by the white line. (C and D)
Enlargements of the chromosomal arrays in panels A and B, respec-
tively. Bars, A and B, 0.9 wm; C and D, 0.4 pm.

tests on this cell line to determine that proteins involved in
gene silencing and known to associate with condensed chro-
matin (such as HPla and HP1B, tri-MeH3K9, and the HMT
SETDBI1) are not present at the amplified chromosome re-
gion. We clearly do not observe any of these endogenous
proteins present at the amplified chromosome region (these
results are shown in Fig. S1 in the supplemental material). We
selected the RRE_B1 clone for further studies as we believed
that any effects of HP1 in terms of causing large-scale chro-
matin condensation would be particularly obvious given the
starting “open” conformation of the RRE_B1 amplified chro-
mosome region. Therefore, these cells constitute a useful sys-
tem to investigate euchromatin-heterochromatin transitions.
EGFP-lacR-HP1 fusion constructs were transiently transfected
into RRE_B1 cells, whereas the EGFP-lacR fusion construct is
used as a control. 3D images were collected 48 h after trans-
fection. In control cells, transfected with EGFP-lacR, the am-
plified domain occurs as a fibrous structure that may extend
over long distances in the nucleus (Fig. 2A and C). Expression
of the EGFP-lacR-HP1a fusion, thereby inducing HP1« tar-
geting to the amplified chromosome region, caused chromatin
condensation of that region (Fig. 2B and D). The same results
were obtained for the HP1B fusion and after transfection of
the HPla and HP1B constructs together (data not shown).
After targeting of the HP1a or HP1 fusion the extended and
diffusely labeled chromatin domain condensed to a string of
strongly labeled subdomains. The chromatin structure after
HP1 targeting appeared as a collection of a small number of
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distinct intensely labeled round spots, ~0.4 pm in diameter,
well above the 0.2-pwm diameter of diffraction limited point
sources. These data suggest both a local condensation of large-
scale chromatin structure and a coalescence of lac operator-
tagged regions into a smaller number of larger condensed
regions.

Quantitative analysis of changes in chromatin structure.
There is significant variability in the appearance of the chro-
matin domains in a population of identical cells. This is possi-
bly related to cell cycle effects and/or differences in expression
levels of the transfected fusion constructs. In addition, the
actual size of the amplified chromosome region may vary due
to genetic instability of this cell line. We have quantitatively
and objectively analyzed the changes in large-scale chromatin
structure that were induced by HP1 targeting (Fig. 3 and 4).
Similar data were obtained for HP1a or HP1B separately and
in combination (the results of HP1p targeting are shown in Fig.
4). 3D images were acquired of the amplified chromosomal
region in control cells and of cells after targeting of HP1B (30
sets of each). We used two methods to quantify differences in
chromatin structure (Fig. 3A and B in control and HP1 tar-

FIG. 3. Quantitative image analysis methods. For quantitative
analysis of the chromatin structure, 3D images of the chromosomal
array of control (A, C, E, and G) or HP1-targeted (B, D, F, and H)
cells were analyzed. A number of attributes were tested by two inde-
pendent methods (see Materials and Methods). (A and B) Illustration
of the quantitative selection methods for an optical section of the
chromosomal array of a control sample (A) and an HP1B-targeted
sample (B). (C and D) Illustration of the selection of a 3D region of
interest, i.e., the EGFP-labeled chromosome region of an optical sec-
tion of a control sample (C) and an HP1B-targeted sample (D). (E and
F) Illustration of the filtering used to obtain the intensity gradient of
the selected region of an optical section of a control sample (E) and an
HP1B-targeted sample (F). (G and H) Illustration of the determined
distinct spots within the EGFP-labeled chromosomal domain of an
optical section of a control sample (G) and an HP1-targeted sample
(H). Nuclei in panels A to H are on the same scale. Bar, 0.9 um.
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FIG. 4. Image analysis of the chromatin structure of the chromosomal array after HP1p targeting. 3D images of RRE_BI1 cells transfected with
EGFP-lacR-HP1B and EGFP-lacR (control) fusion constructs were collected 48 h after transfection A number of attributes of the control (A, C,
E, and G) and HP1pB-targeted (B, D, F, and H) data sets were tested by two independent methods (see Materials and Methods). The first method
involved the selection of a 3D region of interest, i.e., the labeled chromosome domain (A to D), to analyze the size of the defined region (in um?®)
(A and B) and the average magnitude of the intensity gradient over the region (C and D). The second method involved the determination of
distinct spots within the labeled chromosomal domain (E to H) to determine the number of distinct spots (E and F) and the average size of these
spots (in wm?) (G and H) within the labeled chromosomal domain. The data are presented as histograms of the occurrence of the measured values

and Gaussian approximations of the distributions.

geted cells, respectively). In the first method a 3D region of
interest is defined, i.e., the labeled chromosomal domain, to
analyze the size of the defined region and the average magni-
tude of the gradient of the intensity over the region. Figure 3
illustrates the selection of the region of interest (Fig. 3C and D
for a control sample and an HP1B-targeted sample, respec-
tively) and the filtering to obtain the average magnitude of
intensity gradient of the selected region (Fig. 3E and F for a
control sample and an HP1pB-targeted sample, respectively).
The second 3D method uses a DoG approximation of the
Laplacian method (28) to determine the number of distinct
EGFP-labeled spots within the labeled chromosomal domain
and the average size of these spots (distinct spots are deter-
mined by grouping EGFP-labeled voxels which share a face
with another EGFP-labeled voxel). Figure 3 illustrates the
selection of distinct spots within the labeled chromatin domain
(G and H of a control and HP1p targeted sample, respec-
tively). Results of the quantitative analysis of the changes in
chromatin structure upon HP1 targeting are plotted as histo-
grams in Fig. 4.

Using the region-of-interest method, both the distributions
of size (in pm?) (Fig. 4A and B) and magnitude of intensity
gradient (Fig. 4C and D) of the defined region are significantly
different between control cells and cells transfected with the
HP1 constructs. The average magnitude of intensity gradient
defines the more gradual or steep change of the intensity over
the chromatin region. Following HP1 targeting, the size of the
array is smaller and the intensity gradient steeper. ¢ tests show

that the differences in control versus HP1 targeted cells re-
garding size and average magnitude of intensity gradient of the
chromatin region are highly significant (P = 0.0006 and 0.004,
respectively). Similarly, using the second method, the number
of distinct spots within the chromosomal domain (Fig. 4E and
F) and the size of distinct spots (in wm?) within the chromo-
some domain (Fig. 4G and H) are significantly different (P =
0.002 and 0.02, respectively) in control cells versus HP1 tar-
geted cells. Upon HP1 targeting more distinct spots are de-
tectable, whereas the average size of the spots is larger. Taken
together HP1 recruitment causes a contraction of the amplified
chromosome region into a smaller size, consisting of a more
spot-like appearance, with more distinct spots of larger size
and also a very steep change in intensity indicating a more
compact structure. The results of the quantitative analysis sup-
port the conclusion that targeting of HP1 to the amplified
chromosome region induces condensation of a number of sub-
domains in the amplified region.

HP1 targeting induces recruitment of SETDB1 and tri-
MeH3K9. Methylation of H3K9 creates a binding site for the
HP1 CD resulting in the assembly of a repressive protein
complex. Propagation of a repressive chromatin state is postu-
lated to occur by HPI1-mediated recruitment of additional
HMTs, resulting in histone methylation of neighboring nucleo-
somes (14). We investigated the distribution of HMT SETDBI1
and of di- and tri-MeH3K9 after HP1 targeting. SETDB1 is
member of a subclass of SET proteins that methylates H3K9
predominantly in euchromatic regions, thereby stimulating the



VoL. 25, 2005

EGFP-lacR

HP1 TARGETING CAUSES CHROMATIN CONDENSATION 4557

250

0 ﬂl

[ M ‘

100 #I‘J ‘

S

LT

» gl Salh |

L] 100 200 300 400

FIG. 5. Spatial relationship between the distribution of di-MeH3K9 and the amplified chromosome region after HP1 targeting. RRE_B1 cells
transfected with EGFP-lacR (A to D) or a combination of EGFP-lacR-HPla and EGFP-lacR-HP1B (E to G) were fixed after 48 h and
immunofluorescently labeled with an antibody against di-MeH3K9. Panels B and C and panels F and G are enlargements of the chromosomal
arrays shown in panels A and E, respectively. The green signal shows the EGFP-tagged chromosomal array, and the red signal shows the
distribution of immunolabeled di-MeH3KO9. 3D images were recorded; the images shown represent individual midnuclear optical sections. Panels
D and H show line scans through the nuclei shown in panels A and E, respectively; the position of the line scan is shown by the white horizontal

line. Nuclei in panels A and E are on the same scale. Bar, 1 pm.

binding of HP1 (45). We performed immunofluorescent label-
ing, using antibodies against di-MeH3KO9, tri-MeH3K9 (9), or
branched(4X)-MeH3K9 peptide (26) and an antibody against
SETDBI1 (45). The distribution of endogenous di- and tri-
MeH3K9 and endogenous SETDB1 was analyzed in control
cells that had been transfected with EGFP-lacR compared to
cells transfected with EGFP-lacR-HP1.

Labeling with anti-di-MeH3K9 antibody showed a diffuse
distribution throughout the nucleoplasm (Fig. SA). Labeling
with the anti-branched(4X)-MeH3K9 antibody and with the
anti-tri-MeH3KO9 also showed a distribution over many small
sites throughout the nucleoplasm, as well as in larger domains

(Fig. 6A and C), reproducing previous results with these anti-
bodies (9, 23). The di-MeH3K9 antibody is known to display
high affinity for di-MeH3K9, while showing minor cross-reac-
tivity with di-MeH3K4 and tri-MeH3K27 (39). It displays a
rather uniform labeling that is underrepresented in pericen-
tromeric heterochromatin domains (39). The antibody against
branched(4X)-MeH3K9 peptide is described to have a high
affinity for tri-MeH3K9 and to significantly cross-react with
di- and trimethylation of several H3 lysine positions, and
was therefore renamed as “multi-methyllysine” antiserum (39).
This antibody selectively decorates silenced chromatin regions
at pericentromeric heterochromatin and the inactive X chro-
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mosome (39). The tri-MeH3K9 antibody is known to display
a very similar staining pattern as the anti-branched(4X)-
MeH3KO9 antiserum (9, 39).

Using any of these three antibodies, a low level of di- and
tri-MeH3K9 was observed in the amplified chromosomal array
in control cells after EGFP-lacR transfection (Fig. 5SA, C, and
D and Fig. 6A, C, and D). After HP1B targeting, labeling
with the anti-branched(4X)-MeH3K9 (Fig. 6E to H) and
anti-tri-MeH3K9 antibody (data not shown) was signifi-
cantly enhanced in the amplified chromosome region. Do-
mains with enhanced tri-MeH3K9 (red) colocalized with the
amplified domains to which the HP18 is targeted (green) (Fig.
6E to G), as demonstrated by line scans (Fig. 6H). Very similar
results were obtained after targeting HP1a, followed by label-
ing with anti-branched(4x)-MeH3K9 or anti-tri-MeH3K9
antibody (data not shown). No increase in labeling with the
anti-di-MeH3K9 antibody was observed after HP1a or HP13
targeting, and also not after targeting HP1la and HP1B simul-
taneously (Fig. SE, G, and H).

SETDBL is known to localize predominantly in nuclear re-
gions that show HP1 labeling outside the pericentromeric do-
mains (45). In control RRE _B1 cells, transfected with the
EGFP-lacR construct, SETDBI is present at low levels in the
amplified chromosomal region (Fig. 61 to K). After targeting
HPla, HP1B, or HPla and HP1B simultaneously, SETDBI1
specifically accumulates in the amplified domain (Fig. 6M to
P). The colocalization of anti-SETDBI signal and the EGFP-
tagged amplified chromosome region (Fig. 6M to P) upon HP1
targeting is similar as the observed colocalization of anti-tri-
MeH3K9 and anti-branched(4x)-MeH3K9 signal and the
EGFP-tagged chromosomal array after HP1 targeting. To rule
out that the observed enrichment upon HP1 targeting is simply
giving a more prominent signal as a consequence of a higher
DNA concentration of the amplified chromosome region, we
carefully analyzed a significant number of cells in 3D, also
performing line scan analysis demonstrating that endogenous
levels of tri-MeH3K9 and SETDBI are not correlated with the
EGFP signal of the amplified chromosome region in the con-
trol cells. Moreover, the enrichment of the signal observed
after anti-tri-MeH3K, anti-branched(4x)-MeH3K9 and anti-
SETDBI labeling at the amplified chromosome region upon
HP1 targeting compared to the low levels in the rest of the
nucleus is not related to the level of DAPI DNA staining at the
amplified chromosome region compared to the DAPI signal in
the rest of the nucleus (data not shown). Our results convinc-
ingly show that targeting of HP1a,, HP1 or a combination of
HPla and HP1B, to the amplified region in RRE_B1 cells
causes recruitment of SETDBI and enhanced tri-MeH3KO9.
Of interest, the anti-tri-MeH3K9 and anti-branched(4X)-
MeH3KO9 signal (Fig. 6E to H; see also Fig. S1E to H in the
supplemental material) that we observe upon HP1 targeting
encompasses but appears significantly larger than the EGFP-
tagged amplified chromosome region. Crude measurements of
this observation revealed that the tri-MeH3K9 and SETDBI1
signals extend approximately 300 to 500 nm beyond the signal
of the amplified chromosome region (Fig. 6E to H; see also
Fig. S1G and H in the supplemental material).

HPla and HP1@ recruit each other but not PcG proteins.
We wondered whether targeting of HP1 to the amplified chro-
mosome region would recruit endogenous HP1. In control
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cells, transfected with EGFP-lacR, endogenous HP1B and
HP1la were present only at low levels in the amplified regions
Fig. 7A to D and E to H, respectively. To analyze the recruit-
ment of endogenous HP1 proteins after HP1 targeting, cells
were transfected with the EGFP-lacR-HP1a construct and the
distribution of endogenous HP1B was determined by immuno-
fluorescent labeling (Fig. 71 to L). Also the reverse experiment
was carried out transfecting the cells with the EGFP-lacR-
HP1B construct and analyzing the distribution of endogenous
HPla (Fig. 7M to P). Significant recruitment of endogenous
HP1la and HP1B was observed after HP1 targeting (Fig. 7J to
K and Fig. 7N to O), as was confirmed by line scans through
the amplified chromosome region (Fig. 7L and P). The signal
of the endogenous recruited HP1a upon HP1 targeting (and
vice versa) is less obvious expanding beyond the amplified
chromosome region as observed for the tri-MeH3K9 and
SETDBI. Crude measurements show that the recruited HP1
signal outside the amplified chromosome region is in the range
of 200 nm, which limits the light microscopy resolution (Fig. 71
to P; see also Fig. S1E and F in the supplemental material).

The distribution of the HPC/HPH PcG proteins BMI,
RING, HPC2 and EED/EZH?2 PcG proteins EED and EZH2
in RRE_BI control cells (transfected with EGFP-lacR) occurs
diffusely throughout the nucleoplasm (data not shown). After
transfection with EGFP-lacR-HP1 (either HP1la, HP18 or
HPla and HP1B simultaneously), no accumulation of any of
these PcG proteins was observed at the amplified chromosome
regions (Fig. 8). Figure 8A to O show the distribution of BMI,
RING, HPC2, EED and EZH?2, respectively, upon immuno-
labeling 48 h after transfection with the EGFP-lacR-HP1B
construct. Our results show that targeting of HP1o and HP1B
at the amplified chromosomal region does not recruit proteins
of the HPC/HPH or EED/EZH?2 PcG complex suggesting that
these PcG proteins are not involved in the changes in chroma-
tin structure induced by HP1.

DISCUSSION

HP1la and HP1B are nonhistone chromatin proteins that are
involved in heterochromatin formation and gene silencing (11,
12,27, 47, 53). Still, the actual molecular mechanisms by which
these proteins mediate transcriptional repression and whether
this repression is linked to changes in chromatin packing re-
mains unclear, despite clear links between HP1 targeting and
histone methylation (4, 9, 19, 26). In the present study, we
report on the ability of HP1la and HP1B to induce changes in
mammalian large-scale chromatin structure in vivo. We have
targeted EGFP-tagged HP1 to an amplified chromosome re-
gion in CHO cells, using the lac repressor-lac operator system
developed by the Belmont group (5, 52). We show that HP1
targeting to a defined chromatin region resulted in local chro-
matin condensation and enrichment of HMT SETDBI1 and
tri-MeH3KO9 at the amplified chromosome region. Interesting-
ly, targeting of the HPla fusion construct recruited endoge-
nous HP1pB, and vice versa. In contrast, no components of the
HPC/HPH and EED/EZH2 PcG group protein complexes,
which are involved in epigenetic silencing, were associated with
targeted HP1.

The amplified chromosome region of the RRE_BI1 cells con-
tains the DFHR gene adjacent to an array of 256 lac operator
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FIG. 7. HP1 targeting induces the recruitment of endogenous HP1. RRE_B1 cells transfected with EGFP-lacR (A to H), EGFP-lacR-HP1«a
(I'to L), or EGFP-lacR-HP1B (M to P) were, after 48 h, immunofluorescently labeled with an antibody against HP1( (A to D and I to L) or against
HPla (E to H and M to P). 3D images were recorded; the images shown represent individual midnuclear optical sections. The green signal shows
the EGFP-lacR-tagged chromosomal array, and the red signal shows the distribution of immunolabeled endogenous HP1. Panels D and H show
line scans through the nuclei shown in panels C and G, respectively, and panels L and P show line scans through the nuclei shown in panels K and
O, respectively; the position of the line scan is shown by the white arrow. Nuclei in panels A to C, E to G, I to K, and M to O are on the same

scale. Bar, 1.4 pm.

sites plus an unknown amount of coamplified genomic DNA.
The total amplified chromosome region is several tens of Mb in
size (36) and it occurs as a fibrous, irregular open structure, as
can be visualized after targeting EGFP-lacR (Fig. 2A and C).
Targeting of HPla or HP1B to the amplified chromosome
region as an EGFP-lacR-HP1 fusion causes chromatin con-
densation. HP1 targeting induces large-scale changes in chro-
matin structure, changing it from the fibrous open state to a
more condensed structure, consisting of multiple compact sub-

domains (Fig. 2B and D). To objectively and quantitatively
analyze such structural transitions we have developed novel
software that allows one to interrogate the 3D images using a
wide variety of structural parameters. Several of such param-
eters confirmed the large-scale chromatin condensation upon
HP1 targeting (Fig. 3 and 4). These results show that targeting
of HP1a or of HP1p is sufficient to induce chromatin conden-
sation.

Heterochromatin formation is known to involve MeH3K9



VoL. 25, 2005

A EGFP-lacR-HP1f

D EGFP-lacR-HP1(

G EGFP-lacR-HP1§

i EGFP-lacR-HP1p

M EGFP-lacR-HP1p

HP1 TARGETING CAUSES CHROMATIN CONDENSATION

C

F

L

o)

overlay

overlay

overlay

"

overlay

overlay

4561

FIG. 8. HP1 targeting does not recruit endogenous PcG proteins, BMI, RING, HPC2, EED, or EZH2 to the amplified chromosome region.
RRE_BI1 cells transfected with EGFP-lacR-HP1B were, after 48 h, immunofluorescently labeled with antibodies against the HPC/HPH and
EED/EZH?2 PcG complexes: anti-BMI (A to C), anti-RING (D to F), anti-HPC2 (G to I), anti-EED (J to L), and anti-EZH2 (M to O). 3D images
were recorded; the images shown represent individual midnuclear optical sections. The green signal shows the EGFP-tagged chromosomal array
(A, D, G, J, and M), and the red signal shows the distribution of the immunolabeled PcG proteins (B, E, H, K, and N). Panels C, F, I, L, and O
show overlays of panels A and B, panels D and E, panels G and H, panels J and K, and panels M and N, respectively. Nuclei in panels A to O

are on the same scale. Bar, 1.2 pm.
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(9). Subsequently, MeH3K9 creates a binding site for HP1,
which in turn is able to bind HMT (4, 9, 19, 26). In this way,
heterochromatin formation may spread along the chromatin
fiber (14). Furthermore, multiple HMTs methylate the same
lysine and lysine can be mono-, di-, or trimethylated. This
raises the question how the activities of different enzymes are
regulated and whether methylation by different enzymes has
different consequences. Different enzymes might be targeted
to different chromosomal domains and/or genes. Alternatively,
different enzymes might have different preferences toward non-,
mono-, and dimethylated substrates. SU(VAR)3-9 HMT is
specific for tri-MeH3K9 at constitutive heterochromatin,
whereas G9a HMT, a dominant di-MeH3K9, and minor mono-
methylated H3K9 (mono-MeH3K9) most likely functions at
facultative heterochromatin. The remaining mono-MeH3K9
may be attributed to euchromatic histone methyltransferase
1, an HMT with significant homology to G9a (7, 40, 50, 55).
Concerning ESET/SETDBI it can be a di- or tri-MeH3K9 in
vivo (45). Together these observations suggest that specific
histone methyltransferases direct mono- and di-MeH3K9 to
silent domains in euchromatin, whereas the bulk of tri-
MeH3KO is directed to pericentric regions typically associated
with constitutive heterochromatin. In this context, our in vivo
data show that in the absence of HP1, chromatin of the am-
plified region is hypotrimethylated at H3K9 and contains low
levels of endogenous HPla, HP1B, and SETDBI1, whereas
targeting of HP1a or HP1B recruits HMT SETDBI and in-
duces tri-MeH3K9, which is recognized by anti-tri-MeH3K9
and anti-branched(4X)-MeH3K9 antibodies. In contrast, the
level of di-meH3K9 did not increase upon HPla or HP1B
targeting to the amplified chromosome region. di-MeH3K9 is
observed throughout the nucleoplasm, whereas tri-MeH3KO9 is
enriched in pericentromeric heterochromatin (39). Our data
underline the current view that defined histone methyltrans-
ferases are responsible for adding or subtracting histone lysine
methylation degrees (mono- versus di- versus tri-), thereby
effecting distinct downstream events.

In line with our observations in mammalian cells, Li et al.
(24) showed in Drosophila that HP1 targeting as a lacR-HP1
fusion is able to induce gene silencing in a euchromatin locus.
They showed that HP1-induced silencing appeared to function
downstream of the SU(VAR)3-9-induced di-MeH3KO9, as they
observed no increased di-MeH3K9 upon HP1 targeting and no
suppression of gene silencing or reduction in HP1 levels in a
SU(VAR)3-9 mutant background. These results are consistent
with our observations, since we also find that HP1 targeting
causes no enrichment of di-MeH3KO9. In our present study we
show that HP1 targeting leads to enrichment of tri-MeH3K9 as
well as SETDBI1 at the targeted locus. In this mammalian
system, HP1 therefore is sufficient to directly or indirectly
induce tri-MeH3K9 modifications, presumably by recruitment
of SETDBI. In more recent work by the Wallrath group (10)
they demonstrated that HP1 induced gene silencing and nu-
cleosomal restriction enzyme accessibility were similar at re-
porter genes positioned 1.9 or 3.7 kb downstream of lac oper-
ator repeats in wild-type flies, indicating that the HP1 effect
can spread over these distances. Moreover, they showed that
the HP1 effect in the SU(VAR)3-9 mutant background is
minimally effected at 1.9 kb but is eliminated at 3.7 kb,
suggesting that HP1-mediated silencing can operate both in
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a SU(VAR)3-9-dependent and -independent way. Apparently,
the short-range HP1 effect might function independent of
SU(VAR)3-9 induced histone methylation, but the long-range
silencing effects of HP1 might in fact depend on tri-MeH3KO.
This would argue for a functional role of the SU(VAR)3-9
recruitment and increased histone methylation for long-range
silencing. It is intriguing that upon HP1 targeting in our assay
we observe a tri-MeH3K9, SETDBI1 (and less clear for endog-
enous HP1) signal which encompasses but appears significantly
larger than the EGFP-tagged amplified chromosome region,
suggesting a long-range propagation of increased histone
methylation. These studies clearly illustrate that the role of
HP1 at a given locus depends on the presence of interacting
partners at that locus. Ayyanathan et al. (3) demonstrated in
mammalian cells using a synthetic hormone regulated KRAB
repression domain that HP1, HMT SETDB1 and MeH3K9 are
enriched at the expressed transgene. In this system they ob-
serve silencing of the transgene and recruitment of the trans-
gene close to HP1 rich regions assuming the induction of a
compact chromatin structure. The observations made with this
regulated recruitment of HP1 are in agreement with our find-
ings. In this context a very recent study of the McNally group
(32) shows similar light microscopical observations of changes
in the large-scale chromatin structure of natural chromosome
domains consisting of MMTYV tandem arrays when they are
either transcriptionally active or less active.

Our study focused on the in situ changes in large-scale chro-
matin structure upon targeting HP1 to a chromosomal array.
We show for the first time that direct targeting of HPla
and HP1B causes the formation of a condensed large-scale
chromatin structure in combination with enrichment of tri-
MeH3KO9 (not di-MeH3K9), SETDBI and the other HP1 ho-
mologue as visualized in vivo at the single cell level. Recently,
Janicki et al. (20) developed an inducible system, also based on
the lac operator/repressor arrays, to correlate changes in chro-
matin structure with transcriptional activation. They showed
that the 200-copy transgene array occurs as a condensed
MeH3KO locus, where HP1 is bound. Upon transcriptional
activation and hence decondensation of the chromatin struc-
ture of the array, both HP1 and MeH3K9 disappear from
the locus. In the present study, we show the reverse process
in vivo, i.e., large-scale chromatin condensation, enhanced
tri-MeH3K09, and recruitment of histone methyltransferase
SETDBI1 upon direct HP1a or HP1B targeting.

Together, our observations indicate that HP1 plays a key
role in the formation of a condensed chromatin state in mam-
malian cells. However, recent experiments by us, using a dom-
inant-negative approach for overexpressing truncated HP1
that lacks a functional chromodomain, showed that HP1la or
HP1B can be competed out of the mouse chromocenters with-
out changing their compact chromatin structure (G. Mateos-
Langerak et al., unpublished). These data indicate that HP1 is
not required for maintaining the heterochromatin state. The
structure of HP1, containing CD, CSD, and HD, allows it to
bind to a variety of proteins (27). Our data indicate that com-
ponents from the other class of silencing factors, the PcG
proteins, are not recruited by HP1a or HP1B. Moreover, HP1
forms are able to interact with each other via their CSDs. Our
in vivo data support the notion that this interaction is probably
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responsible for the recruitment of HPla by HP1B and vice
versa.

In summary, our in vivo results show for the first time that
HPla and HP1B are able to induce heterochromatin forma-
tion and concomitant large-scale changes in chromatin struc-
ture, involving HMT SETDBI and tri-MeH3K9 and the re-
cruitment of endogenous HP1. Combining our observations
with those of others suggests that the transition to heterochro-
matin can be triggered by HP1 as well as by tri-MeH3KO.
Together, these processes seem to form a self-propagating
loop of events, resulting in spreading of the heterochromatin
state along the chromatin fiber. To further unravel the mech-
anism of HP1 in gene regulation, it will be important to char-
acterize the interacting components at a given genomic site.
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