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A role for the RNA interference (RNAi) pathway in the establishment of heterochromatin is now well
accepted for various organisms. Less is known about its relevance and precise role in mammalian cells. We
previously showed that tandem insertion of a 1,000-copy inducible transgene into the genome of baby hamster
kidney (BHK) cells initiated the formation of an extremely condensed chromatin locus. Here, we characterized
the inactive transgenic locus as heterochromatin, since it was associated with heterochromatin protein 1
(HP1), histone H3 trimethylated at lysine 9, and cytosine methylation in CpG dinucleotides. Northern blot
analysis did not detect any transgene-derived small RNAs. RNAi-mediated Dicer knockdown did not disrupt
the heterochromatic transgenic locus or up-regulate transgene expression. Moreover, neither Dicer knockdown
nor overexpression of transgene-directed small interfering RNAs altered the bidirectional transition of the
transgenic locus between the heterochromatic and euchromatic states. Interestingly, tethering of HP1 to the
transgenic locus effectively induced transgene silencing and chromatin condensation in a Dicer-independent
manner, suggesting a role for HP1 in maintaining the heterochromatic locus. Our results suggest that the
RNAI pathway is not required for the assembly and maintenance of noncentromeric heterochromatin initiated

by tandem transgene repeats in mammalian cells.

In eukaryotic cells, DNA is packaged with chromosomal
proteins into chromatin and higher-order chromosome struc-
tures. Chromosomes are composed of two types of domains,
euchromatin and heterochromatin. While euchromatin is gen-
erally considered to be the transcriptionally active portion of
the genome, heterochromatin was originally defined through
cytological studies as genomic regions that remain visibly con-
densed and deeply stained throughout the cell cycle (42). From
the biochemical aspect, DNA methylation, histone H3 meth-
ylated at lysine 9 (H3K9me), and heterochromatin protein 1
(HP1) have been identified as important markers for hetero-
chromatic domains (42). Heterochromatin mediates various
functions in the nucleus, including centromere function, gene
silencing, and nuclear organization (14). In large blocks of
heterochromatin surrounding functional chromosome struc-
tures, such as centromeres and telomeres, heterochromatin is
also thought to stabilize repetitive DNA sequences and trans-
posable elements (13, 29).

Recent studies of diverse organisms have provided new in-
sights into the mechanism of heterochromatin organization.
The requirement for an RNA interference (RNAi) pathway
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for heterochromatin assembly was originally discovered, and is
now well established, in the fission yeast Schizosaccharomyces
pombe, in which the RNAi machinery is required for the as-
sembly of silent condensed heterochromatin at centromeres
and the mating-type region (16, 51). RNAi-mediated hetero-
chromatin formation has subsequently been identified in other
organisms, including Arabidopsis thaliana (52) and Drosophila
melanogaster (39). Studies of vertebrates further revealed a
similar reliance on RNAI for centromeric heterochromatin
formation in a chicken-human hybrid DT40 cell line (12). The
first evidence linking the RNAi pathway to heterochromatin
formation in mammals was provided by a recent report show-
ing that Dicer-deficient mouse embryonic stem (ES) cells are
defective in centromeric silencing (24). Thus, the role of RNAi
in heterochromatin formation appears to be conserved among
diverse species and probably reflects genome defense mecha-
nisms against invasive sequences, transposons, and related re-
peats (32).

Studies of fission yeast have proposed a collective model
suggesting a crucial role for components of the RNAi pathway
in heterochromatin assembly at centromeric regions (14, 49).
Similar to centromeres, in which the repetitive DNA content
seems to be the major target for heterochromatin assembly,
transgene repeat-induced heterochromatin formation has been
observed in diverse organisms (7, 10, 18, 21, 28). However, the
mechanisms that define the transgene array as the site of het-
erochromatin remain unknown.
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Using the lac operator/repressor system (43), we have de-
veloped a system to visualize a transgenic locus and its protein
product directly in living cells (47). This system consists of a
stable cell line, clone 2, in which a 1,000-copy inducible re-
porter plasmid, p3216PCbeta (GenBank/EMBL/DDBJ acces-
sion number, AB236435), was tandemly inserted into a single
site in the genome of baby hamster kidney (BHK) cells. The
reporter plasmid is 18.52 kb in length and composed of 256
copies (9.7 kb) of direct lac operator repeats, followed by 96
tandemly arranged copies (4 kb) of the tetracycline-responsive
element (TRE; also known as the fet operator) controlling a
minimal cytomegalovirus (CMVm) promoter regulating the
expression of a cyan fluorescent protein (CFP) with a peroxi-
some-targeting signal (Ser-Lys-Leu tripeptide; SKL) as a re-
porter. The transgenic locus remains an extremely condensed
structure in interphase cells, as visualized by binding of a fluo-
rescently labeled lac repressor (LacR) to the lac operator ar-
ray. Upon induction by doxycycline (Dox), Tet-On, which is a
fusion protein of a reverse Tet repressor (rTetR) and the VP16
acidic activation domain (AAD), is recruited to the TRE re-
peats and subsequently induces transgene activation and large-
scale chromatin decondensation (47).

The highly condensed transgenic locus in clone 2 cells re-
sembles centromeric heterochromatin from the aspect of its
repetitive DNA content. The integrated reporter plasmid con-
tains a large array (13.5 kb) of tandemly repeated lac operator
and TRE sequences, and the 1,000-copy transgene array ex-
tends over a chromosome region close to 20 Mb in length,
which is even larger than the satellite repeat array (0.5 to 5
Mb) found in pericentromeric heterochromatin in mammals
(29). While previous studies have mainly focused on the un-
folding of the large-scale chromatin structure (3, 21, 37, 47,
48), particularly interesting questions that remain to be ad-
dressed are how the tandem transgene repeats form such an
extremely condensed chromatin structure and how the con-
densed locus is maintained throughout the cell cycle. Given the
prevalence of RNAi-dependent centromeric heterochromatin
assembly and the structural analogy of the tandem transgene
repeats to centromeric repeats, it is worth investigating
whether RNAI also plays a role in mammalian heterochroma-
tin induced by transgene repeats.

In the present study, we characterized the condensed
transgenic locus in clone 2 cells as heterochromatin, since it
was associated with H3K9me3, HP1, and CpG methylation.
Northern blot analysis revealed that the inactive transgene
repeats did not produce any small RNAs that might be
functionally involved in the heterochromatinization. We fur-
ther demonstrated that neither RNAi-mediated Dicer
knockdown nor overexpression of transgene-directed small
interfering RNAs (siRNAs) altered the transgene expres-
sion and large-scale chromatin structure at the transgenic
locus. In contrast, tethering of HP1 to the transgenic locus
effectively antagonized VP16-induced transgene expression,
and heterochromatin decondensation in Dicer-depleted
cells, similar to its effects in control cells. Taken together,
these data suggest that the assembly and maintenance of the
heterochromatin locus at the tandem transgene array do not
require the RNAIi pathway.
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MATERIALS AND METHODS

Plasmid construction. All the oligonucleotide sequences used in this study are
shown in Table S1 in the supplemental material. Human HP1la, HP1B, HP1y,
and SUV39H1 cDNA fragments were PCR amplified with Pfu DNA polymerase
from Human HeLa (S3) QUICK-Clone cDNAs (Clontech) using primers bear-
ing BsiWI and BamHI sites. The amplified DNA fragments were cloned into the
EcoRV site of pBluescriptIl KS(—) (Stratagene), sequenced, and then digested
with BsiWI and BamHI for subcloning.

The phTet-On and phTet-Off plasmids used for transgene activation were
humanized codon versions of pTet-On and pTet-Off (Clontech), respectively.
The humanized version of the rTetR portion of the phTet-On plasmid was
synthesized by sequential PCRs using overlapping oligonucleotides covering the
entire rTetR coding region. The humanized version of the normal TetR se-
quence was generated by the same procedure. The humanized sequences were
designed to adapt codon usage for use in mammalian cells and to eliminate
potential cryptic splice donor and acceptor sites. The humanized TetR and
rTetR sequences and clones are available from W. Reith upon request
(Walter.Reith@medecine.unige.ch).

For expression and tethering to the transgenic locus, fusion proteins with
rTetR were constructed based on the phTet-On plasmid. One BamHI site be-
tween the neomycin resistance gene and the ampicillin resistance gene was
removed by digestion, blunt ended, and self-ligated. To insert a FLAG epitope
into phTet-On, a BsiWTI site was recreated in phTet-On by site-directed mutagenesis
at a position corresponding to that in the original plasmid. The resulting plasmid was
digested with BsiWI and partly filled in with Klenow DNA polymerase (Takara) in
the presence of dGTP and dTTP. A pair of annealed oligonucleotides encoding a
FLAG tag was inserted at this site to give phTet-On-FLAG-VP16. phTet-On-
FLAG-fused HP1s were created by inserting BsiWl/BamHI-digested HP1 fragments
into BsiWl/BamHI-digested phTet-On-FLAG-VP16.

To insert a nuclear localization signal (NLS) into phTet-On-FLAG-VP16, a
BsiWI (blunt ended with Klenow)/BamHI fragment containing VP16 AAD was
excised from phTet-On-FLAG-VP16 and inserted into PstI (blunt ended with
Klenow)/BamHI-digested pECFP-NLS-C1/C3, which was constructed by insert-
ing a pair of annealed oligonucleotides encoding an NLS of the simian virus 40
(SV40) large T antigen into Sacl/EcoRI-digested pECFP-C1. The Xhol (blunt
ended with Klenow)/BamHI-digested fragment containing NLS-VP16 AAD was
then ligated back into BsiWI (blunt ended with Klenow)/BamHI-digested phTet-
On-FLAG-VP16, resulting in phTet-On-FLAG-NLS-VP16. Self-ligation of the
BsiWI/BamHI (both blunt ended with Klenow)-digested phTet-On-FLAG-NLS-
VP16 fragment resulted in a control plasmid, phTet-On-FLAG-NLS-AVP16,
which encoded a fusion protein without VP16 AAD.

To construct plasmids expressing enhanced cyan fluorescent protein (ECFP)-
fused HP1a and SUV39H1 under the control of the SV2 promoter, a BsiWI
(blunt ended with Klenow)/BamHI-digested fragment was inserted into EcoRI
(blunt ended with Klenow)/BamHI-digested pSV2-ECFP-C1, which was identi-
cal to pECFP-C1 (Clontech), except that the original CMV promoter was re-
placed with the SV2 promoter. The HPla V22M point mutation was generated
by PCR amplification using a mutational primer pair and pBluescriptll KS(—)
containing the HP1a cDNA as a template. Following self-ligation of the ampli-
fied fragment, the mutated HPloa fragment was released and subcloned into
pSV2-ECFP-C1 as described above.

To generate a plasmid expressing a triple-fusion protein consisting of en-
hanced yellow fluorescent protein (EYFP)-LacR-VP16 AAD, a BsiWI site was
introduced by PCR-based mutagenesis just upstream of the stop codon of
pEYFP-lacR, which is a CMV promoter-containing plasmid corresponding to
pSV2-EYFP-lacR (also known as pSV2-EYFP-lac repressor) (47). The resulting
plasmid was digested with BsiWI and BamHI, and the BsiWl/BamHI-digested
VP16 AAD fragment from phTet-On-FLAG-VP16 was inserted to give pEYFP-
lacR-VP16.

pSilencer plasmids expressing transgene-directed siRNAs were generated by
ligating pairs of annealed oligonucleotides with the BamHI/HindIII-linearized
pSilencer 3.1-H1 puro siRNA expression vector (Ambion), according to the
manufacturer’s instructions. The pSilencer 3.1-H1 puro negative control plasmid
(pSilencer-negative; Ambion) encoding an siRNA with limited homology to any
known sequences in the human, mouse, and rat genomes was used as a negative
control.

Antibodies. The rabbit polyclonal antibodies against human HP13 and HP1y
used for immunofluorescence staining and chromatin immunoprecipitation
(ChIP) assays were produced in rabbits immunized with a synthetic peptide,
CNEDDDKKDDKN (including amino acids corresponding to 176 to 185 of
human HP1B) (unpublished data) and WHSCPEDEAQ (residues 174 to 183 of
human HP1y) (23), respectively. The rabbit polyclonal antibody against
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H3K9me3 used in the ChIP assays was obtained from Abcom (ab8898). The
secondary antibody used in the immunofluorescence staining was an Alexa Fluor
594-conjugated goat anti-rabbit immunoglobulin G (IgG) (H+L) antibody
(A11037; Molecular Probes). The primary antibodies used for Western blot
analyses were mouse monoclonal antibody against human HP1la (05-689; Up-
state), rabbit polyclonal antibody against Dicer (9) (a gift from K. Saigo, Uni-
versity of Tokyo, Tokyo, Japan), rabbit polyclonal antibody against human eryth-
rocyte catalase (01-05-030000; Athens Research and Technology), and anti-FLAG M2
monoclonal antibody (F3165; Sigma). The secondary antibodies used in Western
blot analyses were horseradish peroxidase-conjugated donkey anti-rabbit IgG
(NA934; Amersham Biosciences) and sheep anti-mouse IgG (NA931; Amer-
sham Biosciences) antibodies.

Cell culture and plasmid transfection. Clone 2 cells were maintained in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal calf serum and
150 U/ml hygromycin B (Wako) at 37°C with 5% CO,. BHK cells were cultured
in a similar manner, but without hygromycin B. The cells were plated 24 h prior
to transfections and harvested for biochemical analyses and fluorescence micros-
copy at the time points indicated in specific experiments. Plasmid transfections
were performed with Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions, using 4 pg of plasmids and 10 pl of reagent per 2 ml of
medium in a 35-mm dish.

Immunofluorescence staining and fluorescence microscopy. Clone 2 cells were
cultured on coverslips coated with poly-L-lysine (Sigma). At 24 h after plasmid
transfection, the cells were washed with phosphate-buffered saline (PBS) and
permeabilized in cold hypotonic buffer (10 mM HEPES-KOH, pH 7.9, 10 mM
KCl, 1.5 mM MgCl,, 0.5 mM dithiothreitol) containing 0.1% Triton X-100 for 10
min on ice. Next, the cells were fixed for 1 min by adding a half-volume of 4%
paraformaldehyde (PFA) in PBS, followed by routine fixation in 4% PFA for 1 h.
The fixed cells were treated with 0.1% Triton X-100 in PBS for 15 min and
blocked with 1% bovine serum albumin in PBS for 1 h. The cells were then
incubated in PBS containing 0.1% Tween 20 and antibodies against HP1B (9.8
wg/ml) or HP1ly (52 pg/ml) for 40 min at room temperature with shaking,
followed by incubation at 4°C overnight. Next, the cells were refixed in 4% PFA
for 1 h and incubated with a secondary antibody (1:500 dilution) for 8 h. Several
washes with PBS were performed between the different steps described above.
The immunostained cells were mounted on slides with 90% glycerol in PBS and
viewed using a Zeiss Axiovert 200 M inverted fluorescence microscope equipped
with an ApoTome.

For fluorescence microscopic observation of cells without immunofluores-
cence staining, cells were cultured on uncoated coverslips, routinely fixed in 4%
PFA for 1 h, mounted on slides, and viewed using an Olympus BX-60 or Zeiss
Axiovert 200 M inverted fluorescence microscope. Images were taken without
the ApoTome. The acquired images were processed using Adobe Photoshop.

ChIP assay. ChIP assays were performed using a ChIP assay kit (Upstate)
according to the manufacturer’s instructions, with some modifications. Briefly,
clone 2 cells grown in 35-mm dishes were either mock transfected with 4 g of
pBluescriptIl KS(—) or transcriptionally activated by transfection with phTet-
Off. At 24 h posttransfection, formaldehyde (37%) was added to the medium to
a final concentration of 1% (vol/vol), and the cells were incubated for 10 min at
room temperature with gentle shaking. After removal of the medium, the cells
were rinsed once with ice-cold PBS containing 20 mM glycine and then twice
with ice-cold PBS. Next, the cells were scraped into 1 ml of ice-cold PBS
containing protease inhibitors (Roche Applied Science), centrifuged into a pellet,
resuspended in 200 pl of sodium dodecyl sulfate (SDS) lysis buffer containing
protease inhibitors, and incubated for 10 min on ice. The cell lysates were soni-
cated with a Bioruptor (Cosmo Bio) for 30 s at the maximum setting 20 times with
1-min intervals, yielding DNA fragments 300 to 500 bp in length. After removal of
the cell debris by centrifugation, the supernatants were diluted with 1.8 ml of ChIP
dilution buffer containing protease inhibitors and precleared with 80 pl of salmon
sperm DNA/protein A agarose slurry for 1 h at 4°C with agitation. Immunoprecipi-
tation was carried out overnight at 4°C with rotation, using antibodies specific for
HP1B (5 ng), HP1y (5 pg), or H3K9me3 (2 wg). The immune complexes were
recovered using 60 pl of the salmon sperm DNA/protein A agarose slurry at 4°C
for 1 h with rotation and sequentially washed once with low-salt immune complex
wash buffer, once with high-salt immune complex wash buffer, once with LiCl
immune complex wash buffer, and twice with Tris-EDTA (TE) buffer. The
immune complexes were eluted from the agarose beads with 500 pl of freshly
prepared elution buffer (1% SDS, 0.1 M NaHCO;), and the cross-links were
reversed by incubation with 0.2 M NaCl and 10 pg of RNase A (Wako) at 65°C
for 6 h. Following the addition of 10 wl of 0.5 M EDTA, 20 pl of 1 M Tris-HCl
(pH 6.5), and 1 ! of 20 pg/pl proteinase K (Takara), the samples were incubated
for 1 h at 45°C and then extracted with phenol-chloroform. The DNA obtained was
either recovered by ethanol precipitation using glycogen as a carrier (for H3K9me3)
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(see Fig. 3) or purified using a Qiaquick PCR Purification kit (QIAGEN) and finally
eluted in 50 pl of TE buffer. A 4-pl aliquot of the recovered DNA was subjected to
quantitative real-time PCR using SYBR Green Supermix (Bio-Rad) in an iCycler
(Bio-Rad) according to the manufacturer’s instructions. The PCR cycling conditions
were 3 min at 95°C, followed by 40 cycles of 45 s at 94°C, 30 s at 55°C, and 30 s at
72°C. For amplification of the B-actin promoter, the annealing temperature was set
to 64°C.

CpG methylation analysis by bisulfite genomic sequencing. Bisulfite sequenc-
ing of genomic DNA was performed as described previously (15) with some
modifications. Briefly, clone 2 cells grown in 60-mm dishes were either mock
transfected with 8 pg of pBluescriptIl KS(—) or activated by transfection with
phTet-Off. At 24 h posttransfection, genomic DNA was isolated using a
GenElute Mammalian Genomic DNA Miniprep kit (Sigma). Next, 12 pg of the
genomic DNA was fragmented by digestion with EcoRI and PstI. The reaction
mixture was extracted with phenol-chloroform, precipitated with ethanol, and
then dissolved in 12 ul of TE buffer. A 3-pl aliquot of the fragmented genomic
DNA was denatured by incubation in 0.3 M NaOH in a final volume of 20 pl at
37°C for 15 min. Next, the reaction solution was mixed with 107 pl of 4.04 M
sodium bisulfite (Sigma), 7 wl of 10 mM hydroquinone (Sigma), and 6 pl of 6 N
NaOH and incubated at 95°C for 1 h in the dark. The bisulfite-treated DNA was
subsequently desalted using a Wizard DNA Clean-Up System (Promega) and
dissolved in 50 pl of TE buffer. The obtained DNA samples were incubated in 0.3
M NaOH at room temperature for 5 min, neutralized with sodium acetate,
precipitated with ethanol in the presence of 20 g of glycogen as a carrier, and
finally dissolved in 20 wl of TE buffer. A 1-pl aliquot of the bisulfite-treated DNA
was PCR amplified in a 25-ul reaction mixture containing reaction buffer, 200
1M each deoxynucleoside triphosphate (ANTP), 0.2 U/ul Tag DNA polymerase
(Takara), and 0.4 uM phosphorylated forward and reverse primers. The primers
were designed to contain several non-CpG cytosines but exclude CpG dinucle-
otides, thereby allowing amplification of the DNA only when the cytosines within
the primer binding sites were bisulfite converted to uracil. The PCR cycling
conditions were 5 min at 94°C; 40 cycles of 30 s at 95°C, 30 s at 52°C, and 1 min
at 72°C; and a final extension for 7 min at 72°C. The PCR products were
phenol-chloroform extracted, ethanol precipitated, and then blunt ended by Pfu
DNA polymerase treatment in the presence of 200 uM each dNTP for 10 min at
70°C. The 240-bp PCR fragment was subcloned into the EcoRYV site of pBlue-
scriptll KS(—) and sequenced.

Northern blot analysis of small RNAs. Small RNAs were isolated from BHK
and clone 2 cells using a mirVana miRNA Isolation kit (Ambion) and subjected
to low-stringency Northern blot analysis according to the manufacturer’s instruc-
tions with some modifications. Briefly, a 7.5-ug portion of the small-RNA frac-
tion was mixed with an equal volume (15 wl) of gel loading buffer IT (Ambion),
heat denatured, and separated in a 17.5% denaturing polyacrylamide gel con-
taining 7 M urea. The separated RNAs were transferred onto a Hybond N+
nylon membrane (Amersham Biosciences) by electroblotting using a semidry
blotting apparatus (ATTO) and then cross-linked by exposure to UV light.
Prehybridization was carried out for 2 h at 37°C in a hybridization solution (6x
SSC [1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 5X Denhardt’s
solution, 0.5% SDS, 0.1 mg/ml denatured and sheared salmon sperm DNA).
Hybridization was performed at 37°C in the same solution containing DNA
probes, which had been labeled with [a->?P]dCTP (Amersham Biosciences)
using a BcaBEST Labeling kit (Takara). After overnight hybridization, the mem-
branes were washed twice in 6X SSC containing 0.2% SDS at 37°C for a total of
30 min. Finally, the blots were exposed to an imaging plate overnight and
analyzed using a BAS-2500 Biolmaging Analyzer (Fuji Film). Digoxigenin-la-
beled 22-nucleotide (nt) and 25-nt oligonucleotides (gifts from T. Natsuaki,
Utsunomiya University, Utsunomiya, Japan) were used as molecular-size mark-
ers. The sequences of the DNA probes corresponded to nucleotides in different
regions of the integrated plasmid p3216PCbeta (AB236435) as follows: lac op-
erator (35 to 181), TRE (9391 to 9652), CMVm promoter (13471 to 13616), CFP
(13630 to 14360), and nontranscribed vector (15434 to 15689).

Cloning of a hamster Dicer partial cDNA. Total RNA was isolated from BHK
cells using an RNeasy mini kit (QIAGEN) according to the manufacturer’s
instructions. The first-strand cDNA was synthesized from 1.5 pg of total RNA in
a 20-pl reverse transcription reaction mixture containing reaction buffer, 1 mM
each dNTP, 2 U/pl ReverTra Ace reverse transcriptase (Toyobo), and 0.25 uM
mouse Dicer reverse primer. The mixture was incubated at 42°C for 60 min and
then inactivated at 99°C for 5 min. A 5-pl aliquot of the heat-inactivated reverse
transcription product was PCR amplified using Pfu DNA polymerase with mouse
Dicer forward and reverse primers. The PCR cycling conditions were 1 min at
94°C and 35 cycles of 30 s at 94°C, 30 s at 57°C, and 1.5 min at 72°C, with a final
extension for 2 min at 72°C. The 437-bp amplified fragment was subcloned into
the EcoRV site of pBluescriptIl KS(—) and sequenced.
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FIG. 1. Endogenous HP1B and HP1y are enriched at the con-
densed transgenic locus but depleted upon transcriptional activation.
At 24 h posttransfection with EYFP-LacR (A to D) (silent) or a
combination of EYFP-LacR-VP16 and hTet-Off (E to H) (double
activation), cells were immunofluorescently labeled with antibodies
against HP1B (B and F) or HP1vy (D and H). The transgenic locus is
highly condensed in silent cells (A and C; marked by EYFP-LacR), but
significantly decondensed upon double activation (E and G; marked by
EYFP-LacR-VP16). The images shown are optical sections taken with
an ApoTome. Scale bar, 5 pwm.

RNAi-mediated Dicer knockdown. Hamster Dicer-specific siRNA transfection
was carried out with Lipofectamine 2000 according to the manufacturer’s in-
structions, using 5 pg of reagent per 35-mm dish. To achieve complete Dicer
knockdown, clone 2 cells were pretreated with three consecutive siRNA (20
pmol) transfections at 48-h intervals, followed by a fourth siRNA (5 pmol)
transfection, together with 4 pg of plasmids as indicated for specific experiments.
The siRNA transfection efficiency was monitored by cotransfection with 1 g of
pEYFP-SKL (17), followed by calculation of the percentage of cells showing
peroxisomal EYFP signals. The synthetic Dicer siRNA duplex (sense, 5'-GUA
CUCAAACCUAGAAGUAJTAT-3', and antisense, 5'-UACUUCUAGGUUU
GAGUACATAT-3") was purchased from Proligo. A siRNA duplex (sense, 5'-G
AUCUGCUCGUACAAGAAUATAT-3’, and antisense, 5'-AUUCUUGUACG
AGCAGAUCATAT-3") targeted to the angiotensin-converting enzyme (ACE)
gene of the silkworm Bombyx mori was used as a control (a gift from H. Ka-
wasaki, Utsunomiya University, Utsunomiya, Japan).

Quantitative real-time RT-PCR. Total RNA was isolated from clone 2 cells
using an RNeasy Mini kit (QIAGEN) with on-column DNase I treatment.
Quantitative real-time reverse transcription (RT)-PCR analysis was performed
in an iCycler (Bio-Rad) using a one-step QuantiTect SYBR Green RT-PCR kit
(QIAGEN) according to the manufacturer’s instructions. The reverse transcrip-
tion was carried out at 50°C for 30 min, followed by an initial PCR activation step
at 95°C for 15 min. The subsequent PCR conditions were 30 cycles of 15 s at
94°C, 30 s at 55°C, and 30 s at 72°C. The number of cycles required to produce
a detectable product above the background level was measured and used to
calculate the difference in the starting mRNA level for each sample. The relative
mRNA levels of Dicer and CFP were normalized to that of B-actin.

Western blot analysis. Total cell lysates were separated by SDS-polyacrylam-
ide gel electrophoresis (PAGE) and transferred onto ClearBlot membrane-P
(ATTO) by electroblotting using a semidry blotting apparatus (ATTO) according
to the manufacturer’s instructions. After blocking with 5% ECL blocking reagent
(Amersham Biosciences), the membrane was probed with appropriate primary
antibodies specific for Dicer (1:200 dilution), FLAG tag (1:500 dilution), or
catalase (1:200 dilution) and subsequently with horseradish peroxidase-conju-
gated secondary antibodies (donkey anti-rabbit IgG, 1:2,500 dilution; sheep
anti-mouse IgG, 1:7,500 dilution). ECL or ECL Plus reagent (Amersham Bio-
sciences) was used for immunological detection of the labeled proteins. Chemi-
luminescence was detected using an LAS1000UV mini-imager (Fuji Film) and
quantified using Image Gauge software (Fuji Film).

Nucleotide sequence accession number. The GenBank/EMBL/DDBJ acces-
sion number of the 437-bp amplified hamster Dicer partial cDNA is AB248867.
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FIG. 2. ECFP-HPla and ECFP-SUV39H1 localize to the con-

densed transgenic locus. Cells were transiently transfected with com-
binations of plasmids encoding proteins as follows: EYFP-LacR and
ECFP-HP1la (A and B) (silent); EYFP-LacR-VP16, ECFP-HP1a, and
hTet-Off (C and D) (double activation); EYFP-LacR and ECFP-HP1a
V22M (E and F) (silent); EYFP-LacR and ECFP-SUV39H1 (G and
H) (silent); and EYFP-LacR, ECFP-SUV39H1, and hTet-Off (I and J)
(single activation). The left panels show the transgenic loci, and the
right panels show the distribution patterns of the ECFP fusion pro-
teins. The cytoplasmic punctate fluorescence (D and J) represents
peroxisomal CFP signals in the activated cells. The triangles indicate
the sites of the transgenic loci. Scale bar, 5 um.

RESULTS

Endogenous HP13 and HP1+y are enriched at the condensed
transgenic locus. HP1 is a major component of heterochroma-
tin. To characterize the transgenic locus in clone 2 cells, we
first performed immunofluorescence staining to examine the
enrichment of endogenous HP1 at the condensed transgenic
locus. Cells transiently expressing EYFP-LacR were immun-
ofluorescently labeled with anti-human HP1B or HP1y anti-
body. The distributions of endogenous HP1B and HP1y were
analyzed by fluorescence microscopy in both silent and tran-
scriptionally activated cells. As shown in Fig. 1, in silent cells,
endogenous HP1B (Fig. 1B) and HP1ly (Fig. 1D) were en-
riched at the condensed locus (Fig. 1A and C) marked by
EYFP-LacR. In contrast, upon “double activation” by tether-
ing EYFP-LacR-VP16 and hTet-Off to the transgenic locus,
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FIG. 3. The CMVm promoter and transcribed CFP regions of the transgene are associated with HP1B, HP1y, and H3K9me3. Cells mock
transfected with pBluescriptII KS(—) (silent, indicated as OFF) or transcriptionally activated by hTet-Off (indicated as ON) were subjected to ChIP
assays using antibodies against HP1B, HP1y, and H3K9me3. The IP DNA and input DNA were analyzed by quantitative real-time PCR. The
relative enrichment was determined by normalizing the immunoprecipitation percentage of transgene sequences (CMVm, black bars; CFP, gray
bars), defined as the ratio of IP DNA to input DNA, against that of the active B-actin promoter region (white bars). The mean values and standard

deviations from three independent experiments are shown.

HP1B (Fig. 1F) and HP1y (Fig. 1H) were hardly detectable at
the highly decondensed locus (Fig. 1E and G) marked by
EYFP-LacR-VP16. Upon single activation by tethering hTet-
Off alone, HP1B and HP1y were present at lower, but detect-
able, levels in the decondensed locus (data not shown), sug-
gesting incomplete decondensation of the lac operator array,
which shares about 50% of the reporter plasmid in length.
Thus, endogenous HP1p and HP1+y are enriched at the inac-
tive condensed locus.

ECFP-HP1a and ECFP-SUV39H1 localize to the condensed
transgenic locus. Since we did not have an appropriate anti-
body for detecting enrichment of endogenous HPla at the
condensed locus, we sought to examine the intracellular local-
ization of ECFP-HP1la in clone 2 cells. As shown in Fig. 2,
concentrated localization of ECFP-HP1a was observed at the
condensed locus in silent cells (Fig. 2A and B) but not at the
decondensed locus upon double activation (Fig. 2C and D).
Moreover, ECFP-HP1la carrying the point mutation V22M,
which is known to virtually eliminate binding of HP1 to
H3K9me in vitro (36) and localization of ECFP-HP1 to het-
erochromatin regions in vivo (5), did not localize to the con-
densed locus in silent cells (Fig. 2E and F). Similar results were
obtained using ECFP-fused HP1B, HP1vy, and their point mu-
tants (HP1B V23M and HP1y V22M, respectively) (data not
shown). In addition, ECFP-fused SUV39H1, a histone methyl-
transferase responsible for H3K9me3 in human pericentric
heterochromatin (41), localized to the condensed locus in silent
cells (Fig. 2G and H) but not to the decondensed locus upon
single activation (Fig. 2I and J), suggesting that H3K9me3 is
enriched at the inactive locus.

The promoter and transcribed regions of the silent trans-
gene array are associated with HP1(3, HP1y, and H3K9me3.
Next, we performed ChIP assays to further examine the asso-
ciation of the transgene array with HP1 and H3K9me3. Clone
2 cells mock transfected with pBluescriptll KS(—) (silent) or
transfected with phTet-Off were used for ChIP assays with
antibodies specific for HP1B, HP1vy, and H3K9me3. The im-
munoprecipitated (IP) DNA and input DNA were analyzed by
quantitative real-time PCR using primers specific for the
CMVm promoter region and the transcribed CFP region of the
transgene, as well as the promoter region of the active B-actin

gene. The CMVm primers were designed to eliminate ampli-
fication of the CMV promoter in phTet-Off. The relative en-
richment was determined by normalizing the immunoprecipi-
tation percentage of transgene sequence, defined as the ratio
of IP DNA to input DNA, against that of the B-actin promoter
region.

Figure 3 shows that, in silent cells, significant enrichment of
HP1B (12.8-fold) and H3K9me3 (9.8-fold) and relatively mod-
erate enrichment of HP1vy (6.4-fold) was present in the inactive
CMVm promoter region relative to the active B-actin pro-
moter region. Upon single activation, the enrichment of HP13
was significantly reduced to 5.2-fold, while the enrichment of
H3K9me3 and HP1y was moderately reduced to 6.9- and 4.9-
fold, respectively. Very similar results were obtained using
primers specific for the CFP region. The lack of clear reduction
in the enrichment of H3K9me3 and HP 1y upon activation may
be due to the low transfection efficiency of phTet-Off or vari-
ation in the extent of unfolding of the transgene array among
transfected cells or transgene copies in individual cells. The
relatively moderate enrichment of HP1vy at the inactive trans-
gene array may also reflect its tendency to localize in euchro-
matic regions (19). Thus, the CMVm promoter and transcribed
CFP regions in the silent transgene array are associated with
endogenous HP1B, HP1+y, and H3K9me3.

CpG methylation in the promoter and 5’ untranslated re-
gion of the transgene. CpG methylation is an important epi-
genetic marker of constitutive heterochromatin in mammals.
We next performed bisulfite genomic sequencing to analyze
the CpG methylation status of the transgene array in both
silent and single-activated cells. Under each condition, a total
of 20 individual clones were sequenced to reveal the methyl-
ation pattern of the 20 CpG sites in the CMVm promoter and
5" untranslated region of the transgene (Fig. 4A). As shown in
Fig. 4B, 16 of the 20 CpG sites were more heavily methylated
in silent cells than in activated cells. Notably, a more significant
reduction in CpG methylation upon activation was observed at
sites 12 to 18 in the 5’ untranslated region than in other
regions. These results indicate that the stable transgene array
is methylated in silent cells and undergoes demethylation fol-
lowing transcriptional activation.

Taken together, the condensed transgenic locus in clone 2
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FIG. 4. Bisulfite genomic sequencing analysis of CpG methylation in the transgene array. (A) Distribution of 20 CpG dinucleotides in the
CMVm promoter and 5’ untranslated region of the transgene. (B) Percentage of methylated clones for each CpG. Genomic DNA isolated from
cells mock transfected with pBluescriptIl KS(—) (silent, black bars) or activated by hTet-Off (gray bars) was used for bisulfite sequencing. A total
of 20 individual clones were sequenced to reveal the methylation pattern of the 20 CpG sites over the amplified region.

cells is heterochromatin in nature, since it shows all the im-
portant hallmarks of constitutive heterochromatin in mam-
mals. Upon transcriptional activation, the heterochromatic lo-
cus becomes decondensed, accompanied by depletion of these
heterochromatic markers, indicating a structural transition, at
least partially, to the euchromatic state.

The inactive transgene repeats do not generate small RNAs.
An important feature of RNAi-mediated heterochromatin as-
sembly is the generation of siRNAs homologous to their target
loci. Previous studies have identified numerous siRNAs corre-
sponding to repetitive DNA sequences, which are often asso-
ciated with heterochromatin (1, 14, 30, 40). In the case of
transgene silencing, siRNAs derived from transgene arrays
have been detected in Drosophila cells (38). Having demon-
strated that the tandem transgene repeats are assembled into a
heterochromatin locus in clone 2 cells, we next investigated
whether these tandem repeats are potential sources for the
generation of small RNAs that might be functionally involved
in the assembly and maintenance of the heterochromatic locus.
To this end, we performed low-stringency Northern blot anal-
yses using DNA probes with homologous sequences to differ-
ent regions of the transgene to examine the existence of trans-
gene-derived small RNAs. As shown in Fig. 5, probe specific
for the lac operator sequence did not detect any small RNAs of
around 22 to 25 nt in clone 2 cells (lane 2). The other longer or
shorter bands detected in clone 2 cells were similar to those in
parental BHK cells lacking the transgene (lane 1), indicating
that they were unrelated RNAs, probably identified due to the
low-stringency hybridization. In contrast, exogenously ex-
pressed siRNAs were readily detected in clone 2 cells trans-
fected with pSilencer-lac operator (lane 3) but not in those

transfected with pSilencer-negative (lane 4), even though only
1/15 of the amount of small RNAs was loaded in lanes 3 and 4.
Similar results were obtained using probes specific for the
sequences of TRE (lanes 5 to 8), CMVm promoter (lanes 9 to

probe lac operator TRE CMV CFP

) cells BHK clone2 BHK clone2 BHK clone2 BHK clone2
pSilencer - - lac N - -TREN - - CMVN “CFP N

’ it e

1234 567 8910111213141516

FIG. 5. Northern blot analyses of transgene-derived small RNAs.
Low-stringency Northern blot hybridization using radiolabeled DNA
probes homologous to the lac operator (lanes 1 to 4), TRE (lanes 5 to 8),
CMVm promoter (lanes 9 to 12), and CFP (lanes 13 to 16) sequences in
the transgene was performed to detect transgene-specific small RNAs.
Small RNA fractions isolated from parental BHK cells (7.5 pg/lane for
lanes 1, 5, 9, and 13), clone 2 cells (7.5 pg/lane for lanes 2, 6, 10, and 14),
or clone 2 cells transfected with pSilencer plasmids (0.5 pg/lane for lanes
3,4,7,8,11, 12, 15, and 16) were loaded for probing. The closed triangles
(lanes 3, 7, 11, and 15) represent transiently expressed siRNAs. The
electrophoretic mobilities of the digoxigenin-labeled 22-nt and 25-nt
DNA oligonucleotides are indicated. N, pSilencer-negative.
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12), and CFP (lanes 13 to 16). These results indicate that the
inactive transgene repeats do not generate detectable amounts
of small RNAs.

RNAi-mediated Dicer knockdown. A key step in the RNAIi
pathway is the cleavage of double-stranded RNA (dsRNA)
precursors by Dicer to produce siRNAs. RNAi-mediated Dicer
knockdown in mammalian cells leads to a defect in the gener-
ation of small RNAs from their dsRNA precursors (4, 20).
Although our Northern blot analysis did not detect any trans-
gene-derived small RNAs, we could not exclude the possibility
that even undetectable amounts of small RNAs derived from
the transgene repeats are sufficient for heterochromatiniza-
tion. To address this point, we carried out RNAi-mediated
Dicer knockdown to further deplete these undetectable (if
present) small RNAs. After four consecutive Dicer siRNA
transfections, the Dicer was specifically reduced by 73% and
79% at the mRNA (Fig. 6A) and protein (Fig. 6B) levels,
respectively. In a separate experiment, a 65% depletion of Dicer
caused a 61% reduction in the expression level of siRNAs pro-
cessed by Dicer from short-hairpin RNA (shRNA) precursors
transcribed from transiently transfected pSilencer-lac operator
(Fig. 6C). It indicated that Dicer-depleted cells were physiologi-
cally defective in processing dsSRNA precursors into siRNAs. Sep-
arate controls showed that one siRNA treatment with a transfec-
tion efficiency of about 50% resulted in an approximately 50%
reduction in the Dicer mRNA level. These results suggested that
Dicer was substantially depleted in the fraction of cells that were
consecutively transfected with Dicer siRNA.

Dicer knockdown does not cause up-regulation of transgene
expression. In a number of organisms in which RNAI has been
implicated in the assembly of centromeric heterochromatin,
Dicer knockout results in aberrant accumulation of centro-
meric transcripts (12, 24, 35, 51). If transgene-derived small
RNAs are indeed responsible for the transgene-induced het-
erochromatinization in clone 2 cells, depletion of these small
RNAs by Dicer knockdown would be predicted to relieve the
heterochromatic nature of the transgenic locus and thus cause
up-regulation of transgene expression. To address this point, at
the fourth siRNA transfection, clone 2 cells were either mock
transfected with pBluescriptll KS(—) (silent) or transfected
with phTet-Off and incubated for 24 h in the presence (weak
activation) or absence (strong activation) of Dox (0.1 pg/ml).
The effect of Dicer knockdown on transgene expression was
evaluated by real-time RT-PCR analysis of the CFP mRNA
levels. Figure 7A shows that, after mock transfection, the CFP
mRNA level in Dicer-depleted cells was lower than that in
control cells. In addition, the CFP mRNA levels in Dicer-
depleted and control cells were close to the background levels
(Fig. 7A) determined by direct PCR without the reverse tran-
scription step. These results indicated that the CFP mRNA was
hardly detectable in silent cells and that Dicer knockdown did
not cause leakage of the transgene expression. Moreover, in
cells transfected with control siRNA, weak activation (Fig. 7B)
resulted in a CFP mRNA level that was much higher than the
background level observed in silent cells (Fig. 7A) but about
480-fold lower than that in strongly activated cells (Fig. 7C),
indicating that the presence of Dox prevented hTet-Off from
binding to the TRE sequences and strongly impaired transgene
activation. Consistently, regardless of whether the transgene
was weakly or highly activated, Dicer knockdown did not in-
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FIG. 6. RNAi-mediated Dicer knockdown. (A) Quantitative real-
time RT-PCR analysis of the Dicer mRNA levels. The relative Dicer
mRNA levels in siRNA-transfected cells were determined by normal-
izing the ratios of Dicer mRNA to B-actin mRNA against that of a
nontransfected sample. An siRNA targeting the silkworm ACE gene
was used as a negative control. The mean values and standard devia-
tions from three independent experiments using the average value of
triplicate RT-PCRs are shown. (B) Western blot analysis of the Dicer
protein levels. Total cell lysates were resolved by 8% SDS-PAGE and
detected with an anti-Dicer antibody. The levels of catalase are shown
as a loading control. The indicated number (0.21) in the Dicer siRNA-
transfected cells was determined by normalizing the ratio of Dicer to
catalase against that of the control siRNA-transfected cells. (C) Dicer
knockdown caused a defect in siRNA generation from shRNA pre-
cursors. Top, Western blot analysis of Dicer knockdown. Bottom,
Northern blot analysis of the siRNA expression levels. Following trans-
fection of pSilencer-lac operator into control and Dicer-depleted cells,
small RNAs were detected by Northern blot analysis using radiola-
beled probes homologous to the lac operator sequence. The levels of
5S rRNA stained with ethidium bromide are shown as a loading con-
trol. The indicated number (0.39) in the Dicer-depleted cells was
determined by normalizing the ratio of siRNA to 5S rRNA against that
of control cells.
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FIG. 7. Dicer knockdown does not cause up-regulation of trans-
gene expression. Control or Dicer-depleted cells were either mock
transfected with pBluescriptll KS(—) (A) (silent) or transfected with
phTet-Off and incubated for 24 h in the presence (B) (weak activation)
or absence (C) (strong activation) of Dox. The relative CFP mRNA
levels were determined as the ratios of CFP mRNA to B-actin mRNA.
The mean values and standard deviations from three independent
experiments using the average value of triplicate RT-PCRs are shown.
The black bars represent the data from RT-PCRs, while the gray bars
in panel A represent the data from direct PCRs without the reverse
transcription step.

crease the CFP mRNA levels compared to control siRNA-
transfected cells (Fig. 7B and C), indicating that Dicer knock-
down did not up-regulate transgene expression.

Dicer knockdown does not cause deconstruction of the het-
erochromatic locus. It has been shown that loss of Dicer leads
to deconstruction of centromeric heterochromatin in Dicer-
deficient fission yeast (51), chicken-human hybrid DT40 cells
(12), and mouse ES cells (24). To evaluate the effect of Dicer
knockdown on the heterochromatic nature of the transgenic
locus, we first used fluorescence microscopy to examine the
cytological morphology of the transgenic locus, as well as its as-
sociation with HP1 and SUV39H1 in Dicer-depleted cells. The
results showed that the transgenic locus retained a condensed
structure in cells transfected with Dicer siRNA, as shown in the
representative cells (Fig. 8A, C, E and G). Moreover, enrichment
of ECFP-HP1a (Fig. 8B) and ECFP-SUV39H1 (Fig. 8D), as well
as endogenous HP1B (Fig. 8F) and HP1vy (Fig. 8H), was ob-
served at the condensed locus in cells transfected with Dicer
siRNA (Fig. 8A-H), similar to the case for the control siRNA-
transfected cells (data not shown). These results suggested that
the HP1 binding sites, i.e., H3K9me3, were still present in the
transgene array after Dicer knockdown. To further confirm
this finding, we performed ChIP assays to examine whether
H3K9me3 was altered in the transgene array following Dicer
knockdown. As shown in Fig. 8I, Dicer knockdown did not
cause any reduction in the enrichment of H3K9me3 in the
CMVm promoter region and CFP region. It should be noted
that, although we did not perform immunofluorescence stain-
ing to confirm the Dicer depletion in the individual cells shown
in Fig. 8A to H, the expression of EYFP-LacR or coexpression
of EYFP-LacR and ECFP fusion proteins in the cells chosen
for observation indicated that cotransfection of plasmids with
Dicer siRNA had indeed occurred, at least at the fourth
siRNA transfection. In addition, the almost 80% reduction in
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FIG. 8. Dicer knockdown does not cause deconstruction of the
heterochromatic transgenic locus. ECFP-HPla (B) and ECFP-
SUV39H1 (D) localized to the condensed locus (A and C) in Dicer
siRNA-transfected cells. Enrichment of endogenous HP1B (F) and
HP1y (H) at the condensed locus (E and F) in Dicer siRNA-trans-
fected cells was detected by immunofluorescence staining. The trans-
genic locus is marked by EYFP-LacR (A, C, E, and G). Scale bar, 5
pm. (I) ChIP analysis of H3K9me3 in the CMVm promoter region
(black bars) and transcribed CFP region (gray bars), in control or
Dicer siRNA-transfected cells. The mean values and standard devia-
tions from three independent experiments are shown.
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the Dicer protein level revealed by Western blot analysis sug-
gested that Dicer was substantially depleted in the majority of
the cells. Collectively, these data suggest that Dicer knockdown
does not cause deconstruction of the heterochromatic locus.
Dicer knockdown does not alter the bidirectional transition
of the transgenic locus between the heterochromatic and eu-
chromatic states. As mentioned earlier, the transgenic locus
changed from a closed (heterochromatic) to an open (euchro-
matic) structure upon activation by hTet-Off; we further ob-
served that removal of hTet-Off from activated transgene ar-
rays by adding Dox caused quick reversion of the decondensed
locus to its former heterochromatic state. This feature is an
advantage that allows the effect of Dicer knockdown on the
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FIG. 9. Effects of overexpressed transgene-directed siRNAs on
transgene expression. Cells were activated by transfection with phTet-
Off, together with the indicated pSilencer plasmids. The relative CFP
mRNA levels in cells expressing transgene-directed siRNAs were de-
termined by normalizing the ratios of CFP mRNA to B-actin mRNA
against that of control cells cotransfected with pSilencer-negative. The
mean values and standard deviations from three independent experi-
ments using the average value of triplicate RT-PCRs are shown.

bidirectional transition of the transgenic locus between the
heterochromatic and euchromatic states to be evaluated.

To this end, clone 2 cells were cotransfected with EYFP-
LacR and hTet-Off at the fourth siRNA transfection and then
incubated for 24 h in the absence of Dox. Subsequently, the
cells were either fixed or allowed to grow for an additional
2.5 h in the presence of Dox (0.1 pg/ml). A total of 200
EYFP-positive cells were randomly chosen from the Dicer-
depleted and control cells for analysis of their transgenic locus
morphologies (open or closed). The results showed that only
9% of the Dicer-depleted cells exhibited a closed locus at 24 h
postactivation, similar to the percentage observed in control
cells (10%), indicating that binding of hTet-Off to the trans-
gene array efficiently induced large-scale chromatin deconden-
sation and that Dicer knockdown did not facilitate chromatin
decondensation. Moreover, the percentage of cells showing a
closed locus markedly increased to 61.5% in Dicer-depleted
cells at 2.5 h after Dox exposure, similar to the percentage
observed in control cells (63.5%), indicating that a similar large
proportion (close to 60%) of the decondensed loci underwent
recondensation during transcription shutdown, regardless of
the Dicer expression level. Thus, Dicer knockdown does not
facilitate transition of the heterochromatic locus to the euchro-
matic state or inhibit reversion of the euchromatic locus to the
heterochromatic state.

Exogenous expression of transgene-directed siRNAs does
not antagonize chromatin decondensation or facilitate chro-
matin recondensation at the transgenic locus. A recent paper
showed that siRNA targeted to the promoter region of an
integrated transgene in mammalian cells induces transcrip-
tional gene silencing (33). If a very low concentration of trans-
gene-derived small RNAs is sufficient to maintain the hetero-
chromatic locus, overexpression of transgene-directed siRNAs
could induce a silent chromatin structure and thus antagonize
transition of the heterochromatic locus to the euchromatic
state or facilitate reversion of the euchromatic locus to the
heterochromatic state. To address this point, pSilencer plas-
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mids carrying siRNAs targeted to different regions of the trans-
gene were cotransfected into clone 2 cells, along with EYFP-
LacR and hTet-Off, and the effects of transgene-directed
siRNAs on transgene expression, as well as chromatin decon-
densation and recondensation, were evaluated as described
above.

As shown in Fig. 9, compared to control cells cotransfected
with pSilencer-negative, the CFP mRNA level was reduced by
20% and 26% in cells expressing siRNAs targeted to the se-
quences of the lac operator and TRE, respectively. However,
siRNAs targeted to regions of the CMVm promoter, nontran-
scribed vector sequence, or a combination of regions of the lac
operator, TRE, and vector sequence did not reduce the CFP
mRNA level. As expected, a CFP-targeted siRNA significantly
reduced the CFP mRNA level by 87% due to its posttranscrip-
tional gene-silencing activity. The presence of siRNAs targeted
to regions of the lac operator, TRE, CMVm, and CFP were
confirmed by Northern blot analyses using radiolabeled probes
(Fig. 5, lanes 3, 7, 11, and 15, respectively). The presence of
vector sequence-directed shRNA was confirmed by Northern
blot analysis using digoxigenin-labeled probe (data not shown).

Table 1 shows that, in 100 EYFP-positive cells that were
randomly chosen, only 12 to 19% of the cells expressing trans-
gene-directed siRNAs exhibited a closed locus at 24 h postac-
tivation, similar to the percentage observed in control cells
(16%). Moreover, after 2.5 h of Dox exposure, 60 to 70% of
the cells expressing transgene-directed siRNAs showed a
closed locus, similar to the percentage observed in control cells
(65%). Thus, overexpression of transgene-directed siRNAs
does not antagonize heterochromatin decondensation during
transcriptional activation or facilitate chromatin recondensa-
tion after removal of the activator.

HP1 tethering induces transgene silencing and chromatin
condensation. Having demonstrated that HP1s are enriched at
the heterochromatic transgenic locus, we further examined
whether they are capable of regulating the transgene expres-
sion and large-scale chromatin structure and whether the HP1
function depends on the Dicer-related RNAi pathway. To this
end, clone 2 cells were cotransfected with phTet-On-FLAG-
HP1 and phTet-On-FLAG-NLS-VP16 at the fourth siRNA
transfection, followed by incubation for 18 h in the presence of
Dox (1.0 pg/ml). The effects of HP1 tethering on VP16-in-
duced transgene expression and heterochromatin decondensa-

TABLE 1. Overexpression of transgene-directed siRNAs does not
antagonize chromatin decondensation (Dox™) or facilitate
chromatin recondensation (Dox~—Dox™")

Closed locus®

pSilencer 7 Dox™, 24 h
Dox™, 24 h —Dox*, 2.5 h
lac operator 14 68
TRE 13 68
CMV 12 60
CFP 19 64
Vector 14 63
lac operator + TRE + vector 18 70
Negative 16 65

“ Data shown are the number of cells with a closed locus (homogeneous and
compact) among a total of 100 EYFP-positive cells.
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FIG. 10. HP1 tethering represses VP16-induced transgene activation in a Dicer-independent manner. (A) Real-time RT-PCR analysis of CFP
mRNA levels. Cells consecutively transfected with control (black bars) or Dicer (gray bars) siRNA were cotransfected with plasmids as indicated. The
relative CFP mRNA levels were determined by normalizing the ratios of CFP mRNA to B-actin mRNA against those of cells cotransfected with control
siRNA, phTet-On-FLAG-NLS-VP16, and pBluescriptll KS(—). The remaining levels of Dicer mRNA and protein in Dicer-depleted cells relative to that
of control siRNA-transfected cells are shown in parentheses (left, mRNA; right, protein). The mean values and standard deviations from three
independent experiments are shown. (B) Western blot analysis of FLAG-tagged fusion proteins in control siRNA-transfected cells. Total cell
lysates were resolved by 10% SDS-PAGE and detected with an anti-FLAG antibody. pBlue, pBluescriptll KS(—); VP16, hTet-On-FLAG-NLS-
VP16 (bands indicated by arrows in lanes 1 to 5); AVP, hTet-On-FLAG-NLS-AVP (band indicated by open triangle in lane 2); HP1, hTet-On-

FLAG-HP1 (bands indicated by closed triangles in lanes 3 to 5).

tion were examined as described above. As shown in Fig. 10A,
in control siRNA-transfected cells, tethering of HP1a, HP1,
or HP1v significantly reduced the CFP mRNA levels by 95 to
99% compared to cells cotransfected with phTet-On-FLAG-
NLS-VP16 and pBluescriptIl KS(—). As a control, tethering of
hTet-On-FLAG-NLS-AVP lacking VP16 AAD caused a
smaller reduction (13%) in the CFP mRNA level. Western blot
analysis revealed that hTet-On-FLAG-NLS-VP16 was ex-
pressed at similar levels among the five samples (Fig. 10B,
compare bands indicated by arrows in lanes 1 to 5) and that
hTet-On-FLAG-NLS-AVP was expressed at a level similar to
or higher than that of hTet-On-FLAG-HP1 (Fig. 10B, com-
pare band indicated by open triangle in lane 2 with bands
indicated by closed triangles in lanes 3 to 5). These results
indicated that HP1 tethering effectively antagonized the trans-
gene activation induced by the simultaneously tethered VP16.
Furthermore, HP1 tethering effectively repressed transgene
expression in Dicer-depleted cells, similar to its effect in con-
trol siRNA-transfected cells (Fig. 10A), indicating that HP1-
mediated transcriptional repression is independent of the Di-
cer-related RNAIi pathway.

Table 2 shows the effect of HP1 tethering on VP16-induced
heterochromatin decondensation. In control siRNA-transfected
cells, cotransfection of phTet-On-FLAG-NLS-VP16 and pBlue-
scriptIl KS(—) resulted in 90% of the EYFP-positive cells (n =
50) showing a decondensed locus with peroxisomal CFP sig-
nals, whereas cells showing a closed locus without peroxisomal
CFP signals were very rare. Similarly, in cells cotransfected
with phTet-On-FLAG-NLS-VP16 and phTet-On-FLAG-NLS-
AVP, 72% of the cells showed a decondensed locus with per-
oxisomal CFP signals and very rare cells showed a closed locus
without peroxisomal CFP signals. In contrast, in cells cotrans-
fected with phTet-On-FLAG-NLS-VP16 and phTet-On-
FLAG-HP1, very rare cells had a decondensed locus with per-
oxisomal CFP signals, whereas a large proportion (62 to 68%)

of the cells appeared to have a closed locus without peroxiso-
mal CFP signals, indicating that HP1 tethering effectively re-
pressed chromatin decondensation induced by VP16. Very
similar results were obtained in Dicer-depleted cells (Table 2).
Thus, HP1 tethering effectively induced chromatin compaction
independently of the Dicer-related RNAi pathway. Taken to-
gether, these results suggest that HP1 may play a key role in
maintaining the transgene-induced heterochromatic locus.

DISCUSSION

In the present study, we used a BHK-derived cell line con-
taining a tandem 1,000-copy inducible transgene to test
whether the RNAI pathway is responsible for the transgene-
induced heterochromatinization in mammals. Through a com-
bination of fluorescence microscopy of individual cells and cell

TABLE 2. HP1 tethering antagonizes VP16-induced chromatin
decondensation in a Dicer-independent manner

No. of cells showing chromatin morphology and
peroxisomal CFP signals (n = 50)

Control siRNA-transfected Dicer siRNA-transfected
Plasmid cells cells

Open” Closed” Open Closed

Per*" Per~ Pert Per~ Per™ Per~ Per® Per™

VP16+pBlue? 45 0 3 2 44 3 2 1
VP16+AVP16 36 3 9 2 34 3 6 7
VP16+HPla 4 12 3 31 4 9 1 36
VP16+HP1B 1 15 1 33 2 6 3 39
VP16+HP1y 3 11 2 34 6 8 0 36

“ Open, heterogeneous and extended locus.
’ Closed, homogeneous and compact locus.
¢ Per, peroxisomal CFP signals.

“ pBlue, pBluescriptIl KS(—).
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population analyses, such as ChIP assays and bisulfite genomic
sequencing, we demonstrated that the condensed locus is het-
erochromatic and that VP16-induced large-scale chromatin de-
condensation is accompanied by loss of the heterochromatic
markers of the locus. These results are consistent with an
earlier study of a human cell line containing a similar trans-
genic locus (21).

We suggest that the RNAI pathway is not responsible for the
assembly and maintenance of the transgene repeat-induced
heterochromatic locus in clone 2 cells. Several lines of evidence
support this conclusion. First, Northern blot analysis did not
detect any transgene-specific small RNAs, indicating that the
tandem inducible transgene repeats do not generate small
RNAs that might be functionally involved in the heterochro-
matinization. This result seems reasonable, since the only po-
tential promoter for generating RNA in the reporter plasmid is
the CMVm promoter, which is completely inactive without
transcriptional activation. Consistently, RT-PCR analysis
showed that the CFP mRNA level in silent cells is close to the
background level, indicating that no double-stranded tran-
scripts are available for Dicer to generate small RNAs. More-
over, no mammalian-derived sequences, except for a short rat
c¢DNA encoding SKL, are present in the reporter plasmid, so
there is little chance that endogenous small RNAs show acci-
dental similarity to the transgene.

Second, Dicer knockdown does not cause any leakage of the
transgene transcription or disruption of the heterochromatic
locus in silent cells. Given that Dicer-depleted cells are defec-
tive in processing siRNAs from their exogenously expressed
shRNA precursors and that the cells underwent more than 10
divisions during the time course (168 h) of the consecutive
siRNA transfections, we predict that the abundance of unde-
tectable transgene-derived small RNAs, if any, should have
been largely reduced in the fraction of Dicer-depleted cells. In
addition, Dicer knockdown does not up-regulate transgene
expression or facilitate heterochromatin decondensation dur-
ing transcriptional activation. At this point, one may wonder
whether, if Dicer really does act in heterochromatinization, it
may not be sufficient to overcome VP16-induced heterochro-
matin decondensation and transgene expression in activated
cells. We attempted to address this by showing that, in a special
situation (weak activation) in which VP16 is incapable of de-
condensing the transgenic locus (data not shown) and the
transgene activation is largely impaired, Dicer knockdown
does not cause any elevation of the CFP mRNA level. This
suggests that, even in the presence of weakly bound VP16,
Dicer knockdown does not facilitate the accessibility of VP16
to the transgenic locus, which would be expected to increase
transgene transcription. Moreover, the quick condensation of
the unfolded locus after removal of VP16 in Dicer-depleted
cells, similar to that observed in wild-type cells, further sug-
gests that the Dicer-related RNAi pathway is not responsible
for reassembly of the condensed locus.

Third, overexpression of transgene-directed siRNAs does
not antagonize chromatin decondensation or facilitate chro-
matin recondensation, suggesting that these siRNAs do not
have the potential to induce a silent chromatin state. Based on
these results with the aforementioned Dicer knockdown exper-
iments, we can rule out the possibility that undetectable
amounts of transgene-derived small RNAs, if any, account for
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the heterochromatin assembly and maintenance at the trans-
genic locus. On the other hand, a preliminary experiment to
identify the factors responsible for maintenance of the hetero-
chromatic locus showed that HP1 tethered to the transgenic
locus simultaneously induces transgene silencing and chroma-
tin condensation in Dicer-depleted cells, similar to its effects in
control cells. This result is consistent with, and advances, the
results of previous related studies (8, 50). Since the hetero-
chromatic locus is composed of 1,000 copies of a reporter
plasmid, it is possible that, in some cases, some reporter plas-
mid copies may accidentally show euchromatic properties in
silent cells. It remains unclear whether the tethered HP1 in-
duces heterochromatin formation by further tightening the
transgene array or by recruiting HP1-interacting factors that
antagonize the VP16 effects. Experiments are being carried out
to identify the molecular determinants for HP1-mediated het-
erochromatin maintenance and transcriptional gene silencing.

In clone 2 cells, a strong promoter, enhancer, and endoge-
nous replication origin are absent from the tandemly arranged
transgene repeats. If free methyltransferase in the nucleus is
enzymatically active and randomly methylates histone H3, such
a large block of repetitive DNA sequences tends to be assem-
bled into a condensed chromosome domain in a sequence-
independent manner. Once established, the heterochromatic
domain can be maintained as a consequence of modifications
of the DNA and surrounding histones and subsequent binding
of nonhistone chromosomal proteins, such as HP1. Since the
majority of mammalian genomes is comprised of intergenic
DNA and should be kept in the silent state, the idea that the
default pathway is heterochromatinization is reasonable. This
hypothesis may explain the previous observations that a large
tandem array of the lac operator without a strong promoter
(21, 28, 47), but not a tandem array with the mouse mammary
tumor virus promoter (34), forms a highly condensed chroma-
tin structure after integration into the genome.

It is noteworthy that, although a requirement for RNAIi in
centromeric heterochromatin formation has been demon-
strated in diverse organisms, RNAi-independent pathways for
heterochromatin formation also occur in organisms in which
RNAI takes place (6, 11, 22, 25). In addition, to date, the
evidence that siRNAs can induce a silent chromatin status
along a homologous DNA region remains inconclusive (26, 33,
45, 46). Moreover, there are contradictory reports that the
pericentric heterochromatin in Dicer-null mouse ES cells is
partially disrupted (24) or remains completely intact (35). Be-
sides, although RNA transcripts corresponding to both strands
of the centromeric major satellite repeats have been detected
in mouse cells (24, 27, 31, 35, 44), centromeric small RNAs
have not been identified in mammals (2). These results suggest
that RNAi may not play a ubiquitous role in the maintenance
of heterochromatin in mammals and that there are probably
subtle differences in the pathways that establish heterochro-
matin in different genomic regions. With regard to the trans-
gene array investigated in the present study, our observations
suggest that the assembly and maintenance of the heterochro-
matic transgenic locus are independent of the RNAi pathway,
although we still do not know whether this mechanism acts on
endogenous genes. The RNAi-mediated pathways in the nuclei
of mammalian cells remain attractive topics for further inves-
tigations.
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