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HP1 modulates the transcription of cell-cycle
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ABSTRACT

Heterochromatin protein 1 (HP1) was originally
described as a non-histone chromosomal protein
and is required for transcriptional gene silencing
and the formation of heterochromatin. Although it
is localized primarily at pericentric heterochromatin,
a scattered distribution over a large number of
euchromatic loci is also evident. Here, we provide
evidence that Drosophila HP1 is essential for the
maintenance of active transcription of euchromatic
genes functionally involved in cell-cycle progression,
including those required for DNA replication and
mitosis. Depletion of HP1 in proliferating embryonic
cells caused aberrant progression of the cell cycle at
S phase and G2/M phase, linked to aberrant chromo-
some segregation, cytokinesis, and an increase in
apoptosis. The chromosomal distribution of AuroraB,
and the level of phosphorylation of histone H3 ser-
ine 10 were also altered in the absence of HP1. Using
chromatin immunoprecipitation analysis, we further
demonstrate that the promoters of a humber of cell-
cycle regulator genes are bound to HP1, supporting a
directrole for HP1intheir active transcription. Overall,
our data suggest that HP1 is essential for the main-
tenance of cell-cycle progression and the transcrip-
tion of cell-cycle regulatory genes. The results also
support the view that HP1 is a positive regulator of
transcription in euchromatin.

INTRODUCTION

Chromatin in higher eukaryotes is subdivided into different
functional compartments termed heterochromatin and euchro-
matin (1). Heterochromatin differs from euchromatin in its
DNA composition, replication timing, condensation through-
out the cell cycle, and its ability to silence euchromatic genes

placed adjacent to or within its territory, often described as
position-effect-variegation (PEV) (2).

Heterochromatin protein 1 (HP1) was the first protein
identified in Drosophila melanogaster as a heterochromatin-
associated protein (3); the corresponding gene has been cloned
from a number of organisms and is highly conserved from
yeast to human (4). Polytene chromosome staining showed
that, in Drosophila, HP1 is distributed mainly in pericentric
heterochromatin, telomeric heterochromatin, the banded small
fourth chromosome (5-8), as well as ~200 individual loci
scattered throughout the euchromatic chromosomal arms (5).
The gene encoding HP1 in D.melanogaster, Su(var)2-5, was
isolated as a suppressor of PEV (9—-11). The protein contains a
highly conserved motif, the chromo (chromatin organization
modifier) domain, similar to Polycomb (Pc), a repressor
of homeotic genes (12). The association between HP1 and
pericentric heterochromatin is believed to occur via the
chromo domain of HP1 and the N-terminal tail of histone
H3 methylated at lysine 9 (13,14), generated by histone
methyltransferase-Su(var)3-9, a partner of HP1 in pericentric
heterochromatin (15). The C-terminal chromo ‘shadow’
domain of HPI interacts with other silencing complexes to
suppress local transcriptional activity (15-18). However, stud-
ies of HP1 chromosomal distribution also showed that HP1
does not always co-localize with lysine 9 methylated histone
H3 or Su(var)3-9, especially in euchromatic regions (19-21);
in some cases, HP1 is found directly bound to DNA (22,23).
All these features argue for distinct roles for HP1 in chromatin
and in epigenetic gene regulation.

HP1 is believed to be an essential structural protein protect-
ing the integrity of chromosomes during cell division (8,24).
Swi6, the homolog of HP1 in fission yeast, is dispensable for
survival, but its deletion results in lagging chromosomes dur-
ing anaphase, and a high rate of chromosome loss (25,26).
Mutations of HP1 in D.melanogaster result in late larval leth-
ality, chromosome breakages/loss, telomere fusion and a high
frequency of cells with abnormal anaphase (8,27). Null alleles
of the HP1 functional partner in mice (SUVAR39) also showed
various chromosomal defects (28), supporting a conserved role
for heterochromatin proteins in the regulation of chromosome
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dynamics during cell-cycle progression. However, the
mechanism(s) involved remains to be understood.

In this study, we utilized Drosophila embryonic Kc cells
and an RNA interference (RNAi)-based approach to demon-
strate that HP1 plays an important role at S phase and G2/M
phases during the cell cycle. We further show that nearly
one-third of known/predicted cell-cycle regulators require
HP1 to maintain their active transcription. These genes include
MCMs, Orc4, CDC45L, INCENP, Aurora B, CAF1, Bubl,
Bub3 and a few other cell-cycle regulators. ChIP analysis
suggests that HP1 plays a direct role in their transcription.
Therefore, the results of this study provide an alternative
explanation for the specific role of HP1 in the regulation of
chromatin dynamics and in cell-cycle progression.

MATERIALS AND METHODS
RNAI in Kc cells

Drosophila Kc cells were routinely cultured at 25°C in
Schneider Drosophila medium (GIBCO) supplemented with
10% fetal calf serum, 160 pg/ml penicillin, 250 pg/ml strep-
tomycin, and 4 mM L-glutamine. Double-stranded RNA
(dsRNA) of HP1 was generated by incubation of single-
stranded RNA in annealing buffer (100 mM potassium acetate,
30 mM HEPES-KOH, pH 7.4, 2 mM magnesium acetate) for
3 min at 95°C and then placed in a beaker with water at 75°C
and allowed to cool slowly to room temperature. The detailed
procedure of RNAi was carried out according to the estab-
lished protocols (http://dixonlab.biochem.med.umich.edu).
Briefly, Kc cells were seeded in a six-well dish using serum-
free medium at 1 x 10° cells/ml. HP1 dsRNA (5 pg/ml) was
added to the cultured Kc cells. After 60 min at room temper-
ature, 2 ml of medium containing 10% serum was added to
each well and the plates transferred to 25°C for up to 8 days.
Western blotting and RT-PCR were carried out using the
extract/total RNA isolated from control and dsRNA-treated
cells on days 2, 6 and 8.

Cell-cycle and apoptosis analysis

The procedure for flow cytometric analysis of Kc cells fol-
lowed that in the manual provided with the BrdU flow kit
(BD PharMingen). The cells were fed with BrdU for 4 h,
then scraped and collected. Fluorescence was measured using
a FACSCalibur (Becton Dickinson). Data collection and
analysis were performed using CellQuest software.

Electrophoresis and immunoblotting

Cell extracts (15 pg) were fractionated by 10% SDS-PAGE,
then transferred to Hybond-P PVDF membranes (Amersham)
and probed with primary antibodies (CIA9), and secondary
antibodies (anti-rabbit or anti-mouse horseradish peroxidase-
conjugated IgG), obtained from Jackson Immunoresearch Lab-
oratories. Enhanced chemiluminescence reagents (Amersham
Pharmacia Biotech) were used for signal detection.

For the analysis of H3 serl0 phosphorylation, we used
whole-cell extracts from 700 000 Kc cells (control and RNAi
at day 8). Western blotting was performed using polyclonal
antibodies against ser10-phosphorylated histone H3 at a dilu-
tion of 1:1000 (Upstate). Kc control cells arrested in mitosis by
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incubation in 25 UM colchicine (Sigma) for 24 h were also
analyzed for comparison.

Immunofluorescence

Kc cells were seeded onto polylysine slides, fixed with 4%
formaldehyde for 15 min and permeabilized with 0.5% Triton
X-100 for 5 min. The incubation with primary antibodies was
carried out in blocking solution for 1 h.

For staining of mitotic cells, the cells were permeabilized
using PBST (PBS containing 0.3 % Triton X-100) and stained
with polyclonal antibody against Drosophila Aurora B at
1:200 dilution and monoclonal mouse at anti-B-tubulin
1:300 dilution (Chemicon International) as primary antibod-
ies. Secondary antibodies were anti-rabbit coupled with Alexa
488 (1:500) and anti-mouse coupled to Alexa 546 (1:500)
(Molecular Probes, Eugene, Oregon). Images were acquired
using a confocal LSM510 META microscope (Zeiss). Stacks
of images were analyzed using the IMARIS 4.0 program
(Media cybernetics, Carlsbad, CA).

Antibodies

Affinity-purified polyclonal antibodies of HP1 (rabbit #192
and #187, 5 ug) and 5 pg of polyclonal anti-HA antibodies
(Sigma) were used in each ChIP reaction. The specificity of the
HP1 polyclonal antibodies was determined using various
approaches, including western blotting assay, immunofluore-
scence staining and immunoprecipitation to pull down HP1
(data not shown). The monoclonal antibody HP1-CIA9 (5)
was used at a dilution of 1:20 in immunoblotting assays.

Microarray analysis and RT-PCR

Total RNA was isolated from control and HP1-depleted Kc
cells at day 8 using an RNeasy kit (Qiagen). RNA labeling and
microarray data analysis followed the standard protocol
from Affymetrix. We used ANOVA (P < 0.001) to assess
the expression confidence for each gene.

For RT-PCR analysis, poly(A)" mRNA was purified with
the Oligotex Direct mRNA kit (Qiagen) according to the
manufacturer’s instructions. The purified poly(A)" RNA was
reverse transcribed using the Thermoscript kit (Invitrogen).
The cDNA was then used for PCR amplification for 35 cycles
with gene-specific primers. PCR products were scanned after
electrophoretic separation with a Typhoon Scanner, quantified
using ImageQuant software (Amersham Biosciences) and
normalized for amplification of the ActinSc transcript. The
sequence of primers used for RT-PCR and ChIP analysis
are provided in the Supplementary Material.

ChIP

ChIP was performed according to Orlando et al. (29) and the
protocol provided by Upstate (www.upstate.com) with some
modifications. In brief, 1-2 x 10® Kc cells were prepared and
fixed in 1% formaldehyde. Nuclei were isolated according
to a standard procedure in Current Protocols (http://www3.
interscience.wiley.com), then resuspended in 1.7 ml of lysis
buffer (50 mM Tris, pH 8.0, 10 mM EDTA, 1% SDS and
protease inhibitors) and sonicated using a Branson sonifier
250. Chromatin fractions in the size range 0.2-0.8 kb were
used to perform immunoprecipitation experiments. We used
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5 ug affinity-purified polyclonal antibodies (#192 and #182 for
HP1; HA antibody for control) and 1 ml of salmon sperm
DNA/protein-A-agarose (Upstate) pre-cleared chromatin
lysate in each reaction. The mixture was then rotated at
4°C overnight and the recovered beads were washed twice
with 1 ml of Low salt buffer (Upstate), once with High salt
buffer (Upstate), once with LiCl buffer (Upstate) and twice
with TE at 4°C for 8 min. ChIP DNA was extracted according
to the standard procedures (29).

RESULTS
Depletion of HP1 in Drosophila Kc cells

Various chromosomal defects in the cell cycle have been
observed in embryos or larval tissues of Drosophila HP1
mutants (8,27). However, the presence of maternally loaded
HP1 in embryos and the lethality of HP1 mutants at late larval
stages have so far precluded a systematic study of the role of
HPI in cell-cycle regulation. Therefore, we used Drosophila
Kc cells, a cell line derived from Drosophila embryos, as
a model system to address this problem. HP1 transcripts
were depleted using an RNAi-based approach (see Materials
and Methods). The reduction in HP1 expression was measured
both by RT-PCR and by western blotting analysis (Figure 1A).
A significant reduction in the HP1 expression was already
evident after 2 days treatment with HP1 dsRNA. Cells at
day 8 showed a reduction in HP1 of ~90% (Figure 1A)
and were therefore used in all subsequent experiments.

Cell-cycle progression at S and G2/M phase is
altered in the absence of HP1

The impact of HP1 loss on the cell cycle of Kc cells was
determined using cell-cycle profile analysis of HP1-depleted
and control cells. The percentage of cells in S phase was
determined by BrdU incorporation, and total DNA content
by 7-amino-actinomycin (7-AAD). The results showed that
the depletion of HP1 (day 8) caused a decrease in S-phase
cells of at least 4-fold, and a 2-fold decrease in G2/M-phase
cells (Figure 1B), although no significant effect was found
at the G1 phase. In addition, depletion of HP1 caused a
greater than 7-fold increase in the number of apoptotic
cells. These results, therefore, confirm that HP1 is an import-
ant regulator during the cell cycle, especially at the S and
G2/M phases.

Cell-cycle regulators require HP1 to maintain their
active transcription

To ask whether the cell-cycle defects were due to changes in
the transcription of genes functionally involved in S phase and
the G2/M phase, we next assessed global changes in gene
transcription following depletion of HP1. Expression profile
analysis was performed using total RNA isolated from both
HP1-depleted Kc cells and control Kc cells, and an Affymetrix
Drosophila chip. For each experiment, we used total RNA
isolated from two independent HPI-depleted and control
samples, and at least two independent experiments were
performed.

The microarray analysis showed that loss of HP1 function in
Kc cells resulted in alterations in transcription of >500
genes: ~400 genes were down-regulated and ~120 genes
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Figure 1. Depletion of HP1 alters cell-cycle progression. (A) Expression of
HP1 after treatment with dsRNA in Kc cells. Left panel: changes in HP/
expression after RNAi monitored by RT-PCR analysis of RNA extracted from
control (Con) and RNAi-treated cells (at 6 and 8 days). Histone H/ was used as a
positive control. Right panel: western blotting with anti-HP1 antibodies (C1A9)
of extracts from control (Con) and RNAi-treated cells (at 2, 6 and 8 days). Equal
loading of cell extracts (15 pg of protein extract in each lane) was monitored
with Coomassie blue (Coo.) staining. (B) Ablation of HP1 in Kc cells results in
loss of cells in S and G2/M phase. Control Kc cells (left panel) and HP1-
depleted Kc cells (right panel) were labeled with BrdU and 7-AAD. The frac-
tions of cells in apoptosis (Apo), G1 phase (G1), S phase (S) and G2/M phase
(G2/M) are all indicated. RS represents over-replicated cells. Approximately 25
000 gated cell events were measured in each experiment. The comparison of
cell numbers (n = 2) at different stages of the cell cycle in controls and cells
after HP1 depletion is shown on the bottom panel of the figure. %, percentage
of cells.

were up-regulated (>1.5-fold, ANOVA). The function of
these genes ranged from cellular enzymes, signal transduction
molecules, and membrane and cell structural proteins, to
nucleic acid-binding proteins and cell-cycle regulators
(Figure 2A). At the chromosomal level, the genes targeted
by HP1 appeared to be distributed along all euchromatic
chromosomal arms (data not shown), supporting a global
role of HP1 in euchromatic gene regulation (20).

Among 60 known/predicted genes associated with DNA
replication function, 15 were down-regulated in the absence
of HP1 (Figure 2B). These included McM2, McM5, McM6 and
CDC45L, which are required for processive DNA replication
and correct chromosome condensation (30-32). Other genes
involved in DNA replication, such as components of the
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Figure 2. (A) Functional clusters of HP1-regulated genes in Drosophila. The
molecular functions and the percentage of the total for each group are indicated.
(B) Changes in the expression of genes essential for DNA replication (upper
panel) and mitosis (lower panel) after RNAi treatment (Ri) compared with
control cells (Cont.). The names of the genes are indicated. Expression levels
are indicated by a color scale, with light blue/gray, indicating low expression
and yellow/red higher expression (0- to 5-folds). (C) RT-PCR confirmation
of the change in the expression of selected genes after HP1 ablation in Kc
cells. Expression of the genes in controls (Cont.) and after RNAi (Ri) is shown.
The expression level of Actin 5c¢ (ac5c), used as an internal control, is also
indicated.

origin recognition complex (Orc)—Orc4, Cafl, Gnfl,
Drefl, DNA polymerase-y and Tam—were also down-
regulated (Figure 2B). Aurora B and inner centromere
protein (INCENP), known to be required for kinetochore
assembly, chromosome condensation and bipolar chromo-
some attachment during mitosis (33), also showed a
reduction in transcription. A similar loss of transcription
was observed in Bubl and Bub3 (Figure 2B), encoding
mitotic checkpoint control proteins (34,35). Loss function
of Bubl has been shown to cause chromatin bridges to
extend between the two separating groups of chromosomes,
and extensive chromosome fragmentation in anaphase
cells (35).

We confirmed the changes in the transcription of cell-cycle
regulators using semi-quantitative RT-PCR, which gave
results consistent with the microarray analysis. In addition,
cell-cycle regulator genes, such as McM3, McM7 and Asp
(abnormal spindle), were also confirmed to be down-
regulated (Figure 2C). Collectively, these results demonstrate
that HP1 is indeed involved in the regulation of transcription
of cell-cycle regulators.
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HP1 is required for Aurora B distribution and
histone H3 phosphorylation

INCENP is localized to the centromeric region of chromo-
somes at metaphase and the spindle midzone at anaphase,
which then targets Aurora B, a kinase essential for histone
H3 ser10 phosphorylation, to these sites (36). Loss of function
of both these ‘chromosomal passenger’ proteins causes abnor-
mal chromosomal segregation at metaphase, as well as certain
cytokinesis defects (36,37). The loss of transcription of both
INCENP and Aurora B after depletion of HP1, therefore, raised
the possibility that localization of Aurora B (Figure 3
and data not shown) may be altered. Staining of HPI-
depleted Kc cells with anti-Aurora B antibodies indeed
revealed an altered localization of Aurora B and, in a number
of cases, a complete loss of Aurora B (Figure 3A). Consistent
with the loss function of Aurora B, the spindles in the
metaphase cells were also disorganized, with a large
number of cells showing an altered prometaphase chromo-
some alignment (Figure 3A). Some showed extensive
chromosome fragmentation (Figure 3B), or the presence of
a third spindle pole-like structure as indicated by beta-
tubulin (Figure 3A). At telophase, we observed defective sep-
arating cells with an extra cell envelope-like structure without
nuclei (Figure 3A). Chromatin bridges or lagging chromatids
at telophase were also evident in some cells (Figure 3C);
however, in some cases, localization of Aurora B appeared
not to be affected, arguing that other pathways are possibly
involved.

We next analyzed changes in histone H3 serine 10 phos-
phorylation, since the loss of transcription of INCENP is
known to affect localization of Aurora B (33), which is
essential in the regulation of histone H3 phosphorylation
(36). Total cell extracts from HPI-depleted Kc cells were
analyzed by western blotting (Figure 3D). The results
indeed showed a severalfold reduction in H3 serl0 phos-
phorylation after depletion of HP1, consistent with the func-
tional disruption of INCENP and Aurora B in the absence
of HPI.

HP1 directly targets genes encoding cell-cycle
regulators in euchromatin

To test whether the loss of transcription of genes involved in
DNA replication and mitosis was a direct effect of the loss of
HP1, we performed a ChIP analysis to determine whether HP1
is physically associated with these genes. Chromatin lysates
from formaldehyde-fixed Kc cells were sonicated into small
chromatin fragments (0.2-0.8 kb) and immunoprecipitated
with polyclonal antibodies against Drosophila HP1. As a con-
trol, we used a mock precipitation (beads only) and polyclonal
antibodies against HA. Our ChIP results showed that known
transposable elements distributed in heterochromatin, such as
F-element, TART and 1360 (7,38), were all enriched in HP1
binding (Figure 4), which is also consistent with a previous
study (20).

Using the same ChIP DNA material, we then attempted to
determine whether HP1 was enriched in genes involved in
DNA replication. Primers were designed to cover the promoter
regions of selected genes. The results showed that McM3,
McMS5 and Tam were all enriched in HP1 binding (Figure 4).
However, McM7 appeared to be HP1-negative, although its
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Figure 3. (A) Ablation of HP1 causes defects at metaphase (a, b) and telophase
(c, d). Control cells at metaphase and telophase are shown in @ and ¢; b and d
show cells after HPI-RNAi. Microtubules are indicated by anti-beta-
tubulin (red), anti-Aurora B (green), and DNA is indicated by DAPI (blue).
(B) Abnormal telophase in HP1-depleted cells. Control cells are shown in a—d.
HP1-depeleted cells are shown in e—h. The white arrow in findicates chromo-
some loss/chromatin breakage. (C) Defective anaphase in HP1-depleted cells.
Control cells are shown in a—d. HP1-depleted cells are shown in e—h. The
white arrow in f indicates a chromatin bridge at anaphase. (D) Depletion
of HPI causes loss of H3 serlO phosphorylation. Total cellular proteins
from HP1-RNAi cells (Ri) and control cells (C) were used for western
blotting using antibodies recognizing serl0-phosphorylated histone H3.
Extracts from cells treated with colchicine (+Col) or not (—Col) were used
as controls.
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transcription was also affected by the loss of HP1 function.
Genes essential for mitosis, such as Aurora B, were also
HP1-positive (Figure 4). These results demonstrate that these
cell-cycle regulator genes are directly targeted by HP1 in their
promoter regions.

Cont.  + anti-HP1 B laait
Inp Mock HA #192 #187 #192 #187
v — 0.7 0.7

Figure 4. HP1 is physically associated with genes encoding cell-cycle regu-
lators. Enrichment of HP1 in the genes tested was determined using PCR
amplification of ChIP DNA precipitated with control and anti-HP1 antibodies
(#192 and #187). Primers were designed to cover the promoter region of the
genes (see Supplementary Material). The PCR products from the input (Inp)
DNA are shown in the lane to the left of the gel. 1:300 dilution was used for
genes Aurora B,McM3,Tam,McM5, McM7 and ActSc. 1:1500 dilution used for
F-element, TART and 1360 because of their high copy number in the genome.
The PCR products from the controls (mock beads and anti-HA) and that from
ChIP DNA using anti-HP1 are shown in agarose gels. The names of the in-
dividual gene or heterochromatin repeats analyzed are indicated. PCR ampli-
fication was performed for 35 cycles. The ratio between the intensities of the
PCR products of HP1 ChIP DNA and input DNA is indicated on the right.

DISCUSSION

In this study, we used microarray and RT-PCR techniques
to demonstrate that transcription of cell-cycle regulators
is misregulated in the absence of HPI. Certain defects in
S phase may be a direct consequence of the loss of transcrip-
tion of DNA replication genes such as McM2, McM5, McM6,
CDC45L, Orc4 and others, since these genes have been func-
tionally implicated in the initiation of DNA replication and/or
the progression of replication forks (39). Depletion or muta-
tion of these genes has been shown to result in DNA damage
(32), the blockage of replication forks (39), increased chromo-
some loss/genome instability, and defective condensation (30).

The reduction in the number of cells in G2/M phase may be
a consequence of the reduction in transcription or functional
disruption of INCENP, Aurora B, Bubl, and Bub3 (34,36).
Chromosome segregation defects, such as chromosome frag-
mentation and chromatin bridges in anaphase/telophase cells,
and certain cytokinesis defects in HP1-depleted cells, mimic
the phenotype of cells with loss function of INCENP, Aurora B
or Bubl (35-37). The mislocalization of Aurora B in the
absence of HP1 is also consistent with the loss of transcription
and functional disruption of INCENP (37), and the reduction
in Aurora B transcription may be partially responsible for the



observed chromosomal defects, including loss of histone H3
phosphorylation at serine 10.

HP1 is also known to physically interact with certain com-
ponents of replication complexes such as ORCs and MCMs
(30,40,41), with the inner centromere protein INCENP (42) and
the chromatin assembly factor CAF1 (43) promoting delivery
of HP1 to heterochromatin sites (44). Loss of HP1 is, therefore,
expected to cause disruption to such HP1-associated com-
plexes, and will partially contribute to the chromatin/chromo-
somal defects in HP1 mutants (8,27) and HP1-depleted Kc
cells. It is therefore well possible that the loss of transcription
of these cell-cycle regulator genes, and consequent disruption
of HP1 functional complexes or heterochromatin structure, all
contributed to the cell-cycle defects observed.

The ChIP assay supports the hypothesis that the loss of
transcription of cell-cycle regulator genes is a direct effect
of the lack of HP1. Aurora B, McM3, and McM5 were all
bound by HP1 at their promoter regions, although other
cell-cycle regulators, such as McM7, were HPI-negative,
implying that the altered transcription in these genes might
be a secondary effect of the loss of HPI.

A previous study in Drosophila Kc cells (20) employed an
approach based on the ectopic expression of a fusion protein of
HP1 with a prokaryotic DNA adenine methyltransferase and
identified a number of methylated targets in the genome. In
this study, MCM3 and MCM5 were not found to be methyl-
ated, indicating lack of association with HP1. On the other
hand, heterochromatin repeats, such F-element and 1360, were
consistently found to be HP1-enriched both here and in the
previous study. It remains to be determined whether these
discrepancies are due to the different experimental systems
used. However, we note that the previous study was performed
using a cDNA array, while we observe binding of endogenous
HP1 at the promoter of these genes. Similarly, another study
using chromatin immunoprecipitation in larvae also showed
few HP1-positive genes that were not detected in Kc cells by
the Dam ID approach (21).

A large number of genes affected by the loss of
D.melanogaster HP1 in larval tissues (21) seem to be different
from that in embryonic Kc cells. The change in the transcrip-
tion of Aurora B and few cell-cycle regulators reported in
this study is also not found among the HP1-affected genes
at larval stage (21). This may be due to specific role(s) of HP1
in different stages of development. Alternatively, it is also
possible that the impact of HP1 in the transcription of
cell-cycle regulators in proliferating cells is underestimated
when performing the analyses on larval tissues, and thus on
mixed populations of both proliferating and differentiating/
differentiated cells.

HP1 is generally known as a transcriptional repressor, as
supported by several lines of evidence: silencing of a euchro-
matic reporter gene in heterochromatin requires HP1 (10,11),
tethering of HP1 next to a euchromatic reporter gene causes
silencing (45), and the repression of genes within euchromatic
region 31 bound by HP1 is relieved in the absence of HP1 (46).
In contrast, genes in heterochromatin, known as heterochro-
matic genes, such as light and rolled, seem to require HP1
to maintain their active transcription (47,48). The level of
transcription of heterochromatic genes was dramatically
reduced in a mutated HP1 background (47-49). It was there-
fore proposed that HP1 may function as a positive regulator of
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transcription of these genes (50,51), although the exact regu-
lation mechanism remains unclear. A study of heat-shock
genes found that HP1 is associated with RNA transcripts in
the coding region, and is also a positive regulator of their
transcription (52,53). The chromatin association of HP1 at
the promoter region of active euchromatic genes demonstrated
from this work and others, and its independence from histone
H3K9 methylation (21), all suggest that mechanism whereby
HP1 modulates transcription of euchromatic genes is poten-
tially distinct from its role in heterochromatin formation.

Collectively, the results of this study demonstrate that HP1
plays an essential role in cell-cycle progression, and support
the view that HP1, in addition to its role in heterochromatin,
can act as a positive transcriptional regulator of euchromatic
genes.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.

ACKNOWLEDGEMENTS

The authors would particularly like to thank Sarah Elgin for
providing them the polyclonal sera against HP1 (rabbit #187
and #192) and David M. Glover for his kindness in providing
them the polyclonal antibody against Drosophila Aurora B.
The authors also thank their colleagues Robert Hubert and
Edward A. Oakeley for help with the microarray analysis,
and Dirk Schiibeler for stimulating discussion and critical
reading of the manuscript. Funding to pay the Open Access
publication charges for this article was provided by Novartis
Research Foundation.

Conflict of interest statement. None declared.

REFERENCES

. Heitz,E. (1928) Das heterochromatin der moose. I. Jahrb. Wiss. Botanik,

69, 762-818.

2. Grewal,S.I. and Elgin,S.C. (2002) Heterochromatin: new possibilities for
the inheritance of structure. Curr. Opin. Genet. Dev., 12, 178-187.

3. James,T.C. and Elgin,S.C. (1986) Identification of a nonhistone
chromosomal protein associated with heterochromatin in Drosophila
melanogaster and its gene. Mol. Cell. Biol., 6, 3862-3872.

4. Singh,P.B. and Georgatos,S.D. (2002) HP1: facts, open questions, and
speculation. J. Struct. Biol., 140, 10-16.

5. James,T.C., Eissenberg,J.C., Craig,C., Dietrich,V., Hobson,A. and
Elgin,S.C. (1989) Distribution patterns of HP1, a heterochromatin-
associated nonhistone chromosomal protein of Drosophila.

Eur. J. Cell. Biol., 50, 170-180.

6. Sun,F.L., Cuaycong,M.H., Craig,C.A., Wallrath,L.L., Locke,J. and
Elgin,S.C. (2000) The fourth chromosome of Drosophila melanogaster:
interspersed euchromatic and heterochromatic domains. Proc. Natl Acad.
Sci. USA, 97, 5340-5345.

7. Sun,F.L., Haynes,K., Simpson,C.L., Lee,S.D., Collins,L., Wuller,J.,
Eissenberg,J.C. and Elgin,S.C. (2004) cis-Acting determinants of
heterochromatin formation on Drosophila melanogaster chromosome
four. Mol. Cell. Biol., 24,, 8210-8220.

8. Fanti,L., Giovinazzo,G., Berloco,M. and Pimpinelli,S. (1998)

The heterochromatin protein 1 prevents telomere fusions in Drosophila.
Mol. Cell, 2, 527-528.

9. Sinclair,D.A.R., Mottus,R.C. and Grigliatti,T.A. (1983) Genes which
suppress position-effect variegation in Drosophila melanogaster are
clustered. Mol. Gen. Genet., 191, 326-333.

10. Eissenberg,J.C., James,T.C., Foster-Hartnett,D.M., Hartnett,T., Ngan,V.
and Elgin,S.C. (1990) Mutation in a heterochromatin-specific
chromosomal protein is associated with suppression of position-effect

—_



2858

11.

12.

13

14.

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28

29.

30.

31.

32.

Nucleic Acids Research, 2005, Vol. 33, No. 9

variegation in Drosophila melanogaster. Proc. Natl Acad. Sci. USA, 87,
9923-9927.

Eissenberg,J.C., Morris,G.D., Reuter,G. and Hartnett,T. (1992)

The heterochromatin-associated protein HP-1 is an essential protein

in Drosophila with dosage-dependent effects on position-effect
variegation. Genetics, 131, 345-352.

Paro,R. and Hogness,D.S. (1991) The Polycomb protein shares a
homologous domain with a heterochromatin-associated protein of
Drosophila. Proc. Natl Acad. Sci. USA, 88, 263-267.

. Lachner,M., O’Carroll,D., Rea,S., Mechtler,K. and Jenuwein,T. (2001)

Methylation of histone H3 lysine 9 creates a binding site for HP1 proteins.
Nature, 410, 116-120.

Bannister,A.J., Zegerman,P., Partridge,J.F., Miska,E.A., Thomas,J.O.,
Allshire,R.C. and Kouzarides,T. (2001) Selective recognition of
methylated lysine 9 on histone H3 by the HP1 chromo domain. Nature,
410, 120-124.

Schotta,G., Ebert,A., Krauss,V., Fischer,A., Hoffmann,J.E., Rea,S.,
Jenuwein,T., Dorn,R. and Reuter,G. (2002) Central role of Drosophila
Su(var)3-9 in histone H3-K9 methylation and heterochromatic gene
silencing. EMBO J., 21, 1121-1131.

Richards,E.J. and Elgin,S.C. (2002) Epigenetic codes for heterochromatin
formation and silencing: rounding up the usual suspects. Cell, 108,
489-500.

Delattre,M., Spierer,A., Tonka,C.H. and Spierer,P. (2000) The genomic
silencing of position-effect variegation in Drosophila melanogaster:
interaction between the heterochromatin-associated proteins Su(var)3-7
and HP1. J. Cell Sci., 113, 4253-4261.

. Vaute,O., Nicolas,E., Vandel,L. and Trouche,D. (2002) Functional and

physical interaction between the histone methyltransferase Suv39H1 and
histone deacetylases. Nucleic Acids Res., 30, 475-481.

. CowelLL.G., Aucott,R., Mahadevaiah,S.K., Burgoyne,P.S.,

Huskisson,N., Bongiorni,S., Prantera,G., Fanti,L., Pimpinelli,S., Wu,R.
et al. (2002) Heterochromatin, HP1 and methylation at lysine 9 of histone
H3 in animals. Chromosoma, 111, 22-36.

Greil,F., van der Kraan,I., Delrow,J., Smothers,J.F., de Wit,E.,
Bussemaker,H.J., van Driel,R., Henikoff,S. and van Steensel,B. (2003)
Distinct HP1 and Su(var)3-9 complexes bind to sets of developmentally
coexpressed genes depending on chromosomal location. Genes Dev.,
17, 2825-2838.

Cryderman,D.E., Grade,S.K., Li,Y., Fanti,L., Pimpinelli,S. and
Wallrath,L..L.. (2005) Role of Drosophila HP1 in euchromatic gene
expression. Dev. Dyn., 232, 767-774.

Zhao,T., Heyduk,T., Allis,C.D. and Eissenberg,J.C. (2000)
Heterochromatin protein 1 binds to nucleosomes and DNA in vitro.

J. Biol. Chem., 275, 28332-28338.

Perrini,B., Piacentini,L., Fanti,L., Altieri,F., Chichiarelli,S., Berloco,M.,
Turano,C., Ferraro,A. and Pimpinelli,S. (2004) HP1 controls telomere
capping, telomere elongation, and telomere silencing by two different
mechanisms in Drosophila. Mol. Cell, 15, 467-476.

Kellum,R. (2003) HP1 complexes and heterochromatin assembly.
Curr. Top. Microbiol. Immunol., 274, 53-77.

Ekwall,K., Javerzat,J.P., Lorentz,A., Schmidt,H., Cranston,G. and
Allshire,R. (1995) The chromodomain protein Swi6: a key component at
fission yeast centromeres. Science, 269, 1429-1431.

Bernard,P., Maure,J.F., Partridge,J.F., Genier,S., Javerzat,J.P. and
Allshire,R.C. (2001) Requirement of heterochromatin for cohesion at
centromeres. Science, 294, 2539-2542.

Kellum,R. and Alberts,B.M. (1995) Heterochromatin protein 1 is required
for correct chromosome segregation in Drosophila embryos. J. Cell Sci.,
108, 1419-1431.

. Peters,A.H., O’Carroll,D., Scherthan,H., Mechtler,K., Sauer,S.,

Schofer,C., Weipoltshammer,K., Pagani,M., Lachner,M., Kohlmaier,A.
et al. (2001) Loss of the Suv39h histone methyltransferases impairs
mammalian heterochromatin and genome stability. Cell., 107, 323-337.
Orlando, V., Strutt,H. and Paro,R. (1997) Analysis of chromatin structure
by in vivo formaldehyde cross-linking. Methods, 11, 205-214.
Christensen, T.W. and Tye,B.K. (2003) Drosophila MCM10 interacts
with members of the prereplication complex and is required for proper
chromosome condensation. Mol. Biol. Cell, 14, 2206-2215.

Rowles,A. and Blow,J.J. (1997) Chromatin proteins involved in the
initiation of DNA replication. Curr. Opin. Genet. Dev., 7, 152—157.
Bailis,J.M. and Forsburg,S.L. (2004) MCM proteins: DNA damage,
mutagenesis and repair. Curr. Opin. Genet. Dev., 14, 17-21.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

Adams,R.R., Carmena,M. and Earnshaw,W.C. (2001) Chromosomal
passengers and the (aurora) ABCs of mitosis. Trends Cell Biol.,

11, 49-54.

Sharp-Baker,H. and Chen,R.H. (2001) Spindle checkpoint protein Bub1 is
required for kinetochore localization of Mad 1, Mad2, Bub3, and CENP-E,
independently of its kinase activity. J. Cell Biol., 153, 1239-1250.
Basu,J., Bousbaa,H., Logarinho,E., Li,Z., Williams,B.C., Lopes,C.,
Sunkel,C.E. and Goldberg,M.L. (1999) Mutations in the essential spindle
checkpoint gene bub 1 cause chromosome missegregation and fail to
block apoptosis in Drosophila. J. Cell Biol., 146, 13-28.

Giet,R. and Glover,D.M. (2001) Drosophila aurora B kinase is required
for histone H3 phosphorylation and condensin recruitment during
chromosome condensation and to organize the central spindle during
cytokinesis. J. Cell Biol., 152, 669-682.

Mackay,A.M., Ainsztein,A.M., Eckley,D.M. and Earnshaw,W.C. (1998)
A dominant mutant of inner centromere protein (INCENP), a
chromosomal protein, disrupts prometaphase congression and
cytokinesis. J. Cell Biol., 140, 991-1002.

Pimpinelli,S., Berloco,M., Fanti,L., Dimitri,P., Bonaccorsi,S.,
Marchetti,E., Caizzi,R., Caggese,C. and Gatti,M. (1995) Transposable
elements are stable structural components of Drosophila melanogaster
heterochromatin. Proc. Natl Acad. Sci. USA, 92, 3804-3808.

Labib,K., Tercero,J.A. and Diffley,J.F. (2000) Uninterrupted MCM2-7
function required for DNA replication fork progression. Science,

288, 1643-1647.

Pak,D.T., Pflumm,M., Chesnokov,I., Huang,D.W., Kellum,R., Marr,J.,
Romanowski,P. and Botchan,M.R. (1997) Association of the origin
recognition complex with heterochromatin and HP1 in higher eukaryotes.
Cell, 91, 311-323.

Huang,D.W., Fanti,L., Pak,D.T., Botchan,M.R., Pimpinelli,S. and
Kellum,R. (1998) Distinct cytoplasmic and nuclear fractions of
Drosophila heterochromatin protein 1: their phosphorylation levels and
associations with origin recognition complex proteins. J. Cell Biol.,
142, 307-318.

Ainsztein,A.M., Kandels-Lewis,S.E., Mackay,A.M. and Earnshaw,W.C.
(1998) INCENP centromere and spindle targeting: identification of
essential conserved motifs and involvement of heterochromatin protein
HPL1. J. Cell Biol., 143, 1763-1774.

Shibahara,K. and Stillman,B. (1999) Replication-dependent marking of
DNA by PCNA facilitates CAF-1-coupled inheritance of chromatin.
Cell, 96, 575-585.

Quivy,J-P., Roche,D., Kirschner,D., Tagami,H., Nakatani,Y. and
Almouzni,G. (2004) A CAF-1 dependent pool of HP1 during
heterochromatin duplication. EMBO J., 23, 3516-3526.

Li,Y., Danzer,J.R., Alvarez,P., Belmont,A.S. and Wallrath,L.L. (2003)
Effects of tethering HP1 to euchromatic regions of the Drosophila
genome. Development, 130, 1817-1824.

Hwang,K.K., Eissenberg,J.C. and Worman,H.J. (2001) Transcriptional
repression of euchromatic genes by Drosophila heterochromatin protein 1
and histone modifiers. Proc. Natl Acad. Sci. USA, 98, 11423—-11427.
Clegg,N.J., Honda,B.M., Whitehead,I.P., Grigliatti,T.A., Wakimoto,B.,
Brock,H.W., Lloyd,V.K. and Sinclair,D.A. (1998) Suppressors of
position-effect variegation in Drosophila melanogaster affect expression
of the heterochromatic gene light in the absence of a chromosome
rearrangement. Genome, 41, 495-503.

Hearn,M.G., Hedrick,A., Grigliatti,T.A. and Wakimoto,B.T. (1991)
The effect of modifiers of position-effect variegation on the variegation of
heterochromatic genes of Drosophila melanogaster. Genetics, 128,
785-797.

Lu,B.Y., Emtage,P.C., Duyf,B.J., Hilliker,A.J. and Eissenberg,J.C.
(2000) Heterochromatin protein 1 is required for the normal expression
of two heterochromatin genes in Drosophila. Genetics, 155,

699-708.

Wakimoto,B.T. (1998) Beyond the nucleosome: epigenetic aspects of
position-effect variegation in Drosophila. Cell, 93, 321-324.
Eissenberg,J.C. and Elgin,S.C. (2000) The HP1 protein family: getting a
grip on chromatin. Curr. Opin. Genet. Dev., 10, 204-210.
Piacentini,L., Fanti,L., Berloco,M., Perrini,B. and Pimpinelli,S. (2003)
Heterochromatin protein 1 (HP1) is associated with induced gene
expression in Drosophila euchromatin. J. Cell Biol., 161,

707-714.

Kellum,R. (2003) Is HP1 an RNA detector that functions both in
repression and activation? J. Cell Biol., 161, 671-672.



