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Introduction
The centromeres of eukaryotic chromosomes are fl anked by 

pericentric heterochromatin that is highly variable between spe-

cies in size and repetitive DNA sequence composition but 

remarkably conserved in chromatin protein composition and 

structure from fi ssion yeast to humans (Huisinga et al., 2006). 

Pericentric heterochromatin structure is essential for accurate 

chromosome segregation during mitosis (Peters et al., 2001; 

Pidoux and Allshire, 2004) and is similar in composition to con-

stitutive heterochromatin found at other chromosome regions 

that also contain repetitive sequences and transposable ele-

ments, where it functions to silence transcription, reduce the 

frequency of recombination, and promote long-range chromatin 

interactions (Jia et al., 2004; Grewal and Elgin, 2007). Hetero-

chromatin is composed of regular tightly packed arrays of hypo-

acetylated nucleosomes that are methylated at lysine 9 of 

histone H3 (MeK9H3), mediated by the Su(VAR)3-9 histone 

methyltransferases (Clr4 in fission yeast and Suv39h1,2 in 

mammals). MeK9H3 recruits the heterochromatin protein 1 

(HP1) family of proteins (Swi6 in fi ssion yeast), which in turn 

recruit Su(VAR)3-9 as part of a complex self-reinforcing 

network of proteins that are enriched at heterochromatic loci 

(Huisinga et al., 2006; Grewal and Elgin, 2007; Grewal and Jia, 

2007). Although species-specifi c differences exist for some 

components of this network, the overall conservation of hetero-

chromatin structure and function suggests that detailed mecha-

nistic insights gained from experiments in fi ssion yeast and fl ies 

will also apply to mammals.

Paradoxically, although constitutive heterochromatin fun-

ctions to silence transcription, in fi ssion yeast it has been shown 

that transcription from within pericentric heterochromatin is 

required for the formation and maintenance of heterochromatin 

and for sister chromatid cohesion (Kato et al., 2005; Grewal 

and Jia, 2007). Transcripts generated by RNA polymerase II 

are processed into siRNA that is in turn recognized by 

an RNAi-induced transcriptional silencing complex that is 

recruited to and required for heterochromatin assembly and 

gene silencing (Huisinga et al., 2006; Grewal and Elgin, 2007; 

Grewal and Jia, 2007). The RNAi pathway is also required for 

the formation of heterochromatin and silencing of repetitive se-

quences in Drosophila melanogaster (Grewal and Elgin, 2007). 

In mammalian cells, an unidentifi ed RNA component is re-

quired for the association of HP1 with pericentric heterochro-

matin (Maison et al., 2002; Muchardt et al., 2002). However, 

mammalian homologues to certain key components of the fi s-

sion yeast transcription–mediated gene silencing network have 
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not been identifi ed (Huisinga et al., 2006; Zaratiegui et al., 

2007). Moreover, attempts to detect transcription from mam-

malian pericentric heterochromatin have met with varied levels 

of success, with discrepancies found both in the ability to detect 

such transcripts and the sizes of any transcripts detected (Harel 

et al., 1968; Flamm et al., 1969; Cohen et al., 1973; Maio and 

Kurnit, 1974; Gaubatz and Cutler, 1990; Rudert et al., 1995; 

Lehnertz et al., 2003; Rizzi et al., 2004; Cobb et al., 2005; 

Figure 1. Northern analysis of 𝛄 sat-
ellite transcripts during the cell cycle. 
(A) Mouse C127 cells were synchro-
nized by mitotic selection and released 
into G1 phase. One group of cells was 
collected at hourly intervals thereafter, 
and a second group was treated with 
10 μg/ml aphidicolin at G1-5 h for 
10–12 h and released into S phase 
for 20 h. Cells were collected at the 
indicated time points. Total RNA was 
isolated and subjected to Northern hy-
bridization using a γ satellite probe 
(see Materials and methods). 18S ribo-
somal RNA is shown at the bottom 
as loading control. (B) Densitometric 
traces of signal intensities for each 
lane in A after background subtraction. 
The positions of 18 and 28S ribosomal 
RNA are shown in the G1-5 lane. 
(C) Quantifi cation of the total inten-
sity of hybridization signal per lane 
for each sample in A. Similar results 
were obtained in three independent 
synchronization experiments. (D) Small 
RNA (<200 nt) was isolated from 
aliquots of the same cell populations 
and subjected to PAGE and Northern 
analysis using the same probe as in A. 
(E) Quantifi cation of the total hybridiza-
tion of the small RNA signals, as in C. 
Similar results were obtained in two in-
dependent experiments. (F) M phase (M) 
or G1-7 h cells were collected with or 
without prior DRB treatment (1 h), and 
Northern hybridization was performed 
as in A. (G) Nuclear run-on analysis 
of transcription. Labeled nascent RNA 
from nuclear run-on reactions with per-
meabilized cells synchronized at mito-
sis, G1-3 h, G1-7 h, and S-7 h were 
hybridized to the same major satellite 
plasmid (γ-sat.) used as a probe in 
A–F. The corresponding empty plasmid 
vector (vect.) was used as a negative 
control. Plasmids were immobilized on 
nylon fi lters using a slot blot at quanti-
ties of 1, 2, 4, and 8 μg per slot as in-
dicated. As a positive control, 2 μg of 
a purifi ed PCR product corresponding 
to the mouse β-actin gene was also hy-
bridized with the same labeled nascent 
RNA. Similar results were obtained in 
two independent experiments.
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Kanellopoulou et al., 2005; Martens et al., 2005; Murchison 

et al., 2005; Valgardsdottir et al., 2005).

One possible explanation for these inconsistencies is that 

the transcription of satellite DNA could be cell cycle regulated, 

making it diffi cult to detect in asynchronously growing cells or 

tissues in which most cells are not cycling. In fact, cell cycle 

regulation of heterochromatin transcription could provide a 

logical means to drive the reassembly of heterochromatin after 

the disruptive processes of DNA replication and mitosis, which 

might not be necessary in a quiescent cell. Here, we show that 

different types of RNA polymerase II–transcribed RNA species 

are synthesized from the AT-rich mouse γ (major) satellite re-

peat sequences at different times during the cell cycle: a small 

species induced specifi cally during mitosis and a large hetero-

geneous set of RNAs induced during late G1 and early S phase. 

Both were short lived and dependent on the passage of cells 

through the restriction point.

Results
Different RNA species corresponding 
to mouse 𝛄 satellite pericentric 
heterochromatin are detected at 
specifi c cell cycle stages
To examine satellite transcription during the cell cycle, mouse 

C127 cells were synchronized by selective detachment during 

mitosis and released into G1 phase for up to 7 h, at which time 

5–10% of cells begin to enter S phase (Fig. 2 C; Gilbert and Cohen, 

1987). To monitor S phase progression, a portion of mitotic 

cells were arrested at the G1/S boundary in the presence of the 

DNA polymerase inhibitor aphidicolin for 10–12 h and released 

into S phase for an additional 20 h. Total RNA from various time 

points was then isolated and analyzed by Northern blot hybrid-

ization using a mouse γ satellite DNA probe. As shown in Fig. 1 

(A–C), molecules smaller than 200 nt were detected specifi-

cally in mitotic cells and were undetectable by 1 h after mitosis. 

These are smaller than the size of the γ satellite repeat (234 bp). 

When small RNAs were selectively enriched before Northern 

hybridization, hybridization signals were detected almost exclu-

sively during mitosis (Fig. 1, D and E). Later in G1 phase, a 

more heterogeneous set of RNAs were detected that were mainly 

larger than 1 kb, which is consistent with previous papers 

(Gaubatz and Cutler, 1990; Rudert et al., 1995). These accumu-

lated gradually during the course of G1, reaching a peak in late 

G1/early S phase, after which the amount of detectable RNA 

was substantially reduced but still higher than during early G1.

To confi rm the short half-life of these transcripts, we exam-

ined their sensitivity to the RNA polymerase II inhibitor 

5,6-dichloro-1-β-d-ribofuranosylbenzimidazole (DRB; Fig. 1 F). 

DRB added for as little as 1 h strongly reduced levels of both the 

small transcripts during mitosis and the large transcripts at 7 h into 

G1 phase, confi rming that both species have a relatively short 

half-life. To determine whether the relative abundance of these 

transcripts at different times during the cell cycle refl ects their 

de novo transcription rates, we evaluated the synthesis of nascent 

transcripts from preengaged RNA polymerase complexes using 

nuclear run-on assays (Fig. 1 G). Transcription from γ satellite 

DNA was strongest during late G1 phase and was also detected 

in late S phase and mitosis, but was virtually undetectable during 

early G1 phase. In contrast, transcription from the β-actin gene 

could be detected at all times except mitosis. In fact, most tran-

scription is silenced during mitosis by phosphorylation and the 

eviction of transcription factors (Prasanth et al., 2003). Together, 

these results demonstrate that small heterochromatic RNAs are 

synthesized de novo during mitosis and not processed from tran-

scripts synthesized before mitosis, although they could be pro-

cessed from larger transcripts synthesized during mitosis.

The short half-life for detection of both the mitotic and late 

G1/early S phase transcripts could be caused by the rapid degra-

dation of the RNA or rapid modifi cation of the transcripts in ways 

that prevent their detection by hybridization, such as RNA edit-

ing (Stuart and Panigrahi, 2002; Samuel, 2003). The adenosine-

rich and potentially double-stranded (Kanellopoulou et al., 2005) 

transcripts produced from γ satellite DNA would make excel-

lent substrates for hydrolytic deamination of adeno sine residues 

to inosine residues by double-stranded RNA–specifi c adenosine 

deaminases. In fact, vigilin, a component of an adenosine de-

aminase acting on RNA complex, appears to colocalize with 

dense chromatin in monkey COS7 cells and, when overexpressed, 

associates with pericentric satellite sequences in human HEK293T 

cells (Wang et al., 2005). However, immunolocalization of 

vigilin with two independent antibodies revealed no colocaliza-

tion of vigilin with DAPI-dense pericentric heterochromatin 

clusters (chromocenters) at any time during the cell cycle (un-

published data). Moreover, we sequenced RT-PCR products 

amplifi ed with degenerate primers or primers designed against 

γ satellite regions that were unlikely to be affected by editing 

(Zhang and Carmichael, 2004). 10 different products from 

M phase, G1/S phase, and asynchronous cells were identical to the 

original γ satellite sequence (unpublished data). From these 

experiments, we conclude that A-to-I editing of γ satellite tran-

scripts is not a major contributor to the rapid loss in detection of 

the mitotic transcripts.

Cell cycle regulation of the number 
of discrete transcription sites
To confi rm these results using an alternative method, we used 

RNA-FISH. RNA-FISH detects nascent transcripts as they are 

produced at the site of transcription (Levsky et al., 2002; Osborne 

et al., 2004) and accurately refl ects results obtained with the 

more laborious nuclear run-on method (Becker et al., 2002). 

RNA-FISH signals hybridizing to the mouse satellite probe 

were detected on the outer surface of chromocenters (Fig. 2 A, 

i–iii), which are easily visualized with a DAPI stain (Wu et al., 

2006a). No sites were detected with a control probe that did not 

contain γ satellite sequences (unpublished data). Detection of 

these sites was completely abolished by treatment of nuclei with 

RNaseA (Fig. 2 A, iv), demonstrating that they did not result 

from unintentional DNA denaturation. Treatment of cells with 

DRB for 1 h before collection resulted in a complete inhibition 

of detectable RNA-FISH signals (Fig. 2 A, v). These controls 

demonstrate that the signals detected by RNA-FISH represent 

nascent RNA transcripts originating from γ satellite DNA within 

pericentric heterochromatin.
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The number of transcription sites detected per cell was 

highly heterogeneous, ranging from 0 to >15. Hence, we quan-

tifi ed both the percentage of positive cells as well as the number 

of transcription sites per cell at each cell cycle stage (Fig. 2 B). 

During mitosis (Fig. 2 B; M, metaphase; P/M, prophase and 

metaphase), �90% of cells had one to three sites of transcrip-

tion. This could be an underestimate because the signal intensity 

per site was weaker in mitotic cells (relative to later times in the 

cell cycle), possibly caused by the small size of the RNA during 

mitosis (Fig. 1). The percentage of positive cells dropped con-

siderably during mitotic exit (Fig. 2 B; A/T, anaphase and telo-

phase), and by early G1 phase, <10% of cells displayed one to 

four intermediate intensity transcription sites, which is consis-

tent with the lack of detectable transcripts by Northern analysis 

(Fig. 1). The percentage of positive cells, the number of tran-

scription sites per cell, and the intensity of each site all increased 

in late G1 and early S phase, followed by a dramatic drop by 4 h 

in S phase, with only �15% cells showing a strong FISH signal. 

As cells progressed toward the end of S phase, the number of 

positive cells began to increase again, but with fewer numbers 

of sites per cell, indicating that a low level of de novo transcrip-

tion continues into late S phase. The variable increase in detect-

able sites per cell at 20 h may represent entry of cells into the 

subsequent cell cycle.

To simplify the distinction between high and low levels of 

transcription, we estimated the number of cells carrying out the 

late G1/early S phase mode of satellite DNA transcription by 

quantifying cells that have an early S phase number of detect-

able transcription foci (fi ve or greater). This plot (Fig. 2 C, pink) 

resembles the Northern quantifi cation shown in Fig. 1 C. To moni-

tor the progression of these cells through S phase, cells were 

labeled with BrdU just before collection for RNA-FISH, and 

aliquots were stained with anti-BrdU antibodies (and DAPI). 

These results revealed that transcriptional induction clearly 

occurred before the onset of S phase and was down-regulated 

during mid S phase (Fig. 2 C, yellow).

We have previously shown that replication of mouse 

chromo centers takes place during mid S phase (Wu et al., 2006a), 

close to the time at which satellite DNA transcription decreases. 

Cells engaged in chromocenter replication can be easily scored 

because of the prominent intranuclear appearance of the DAPI-

stained chromocenters (Fig. 2 D). Replication begins at the 

periphery of the chromocenters (Fig. 2 D, III) followed by a period 

during which virtually all DNA synthesis in the cell consists of 

chromocenter replication (IV; Guenatri et al., 2004; Wu et al., 

2006a). When the percentage of BrdU-positive cells engaged in 

the replication of chromocenters (Fig. 2 D, III and IV) was 

quantifi ed in the same cell populations used for Fig. 2 C (yellow), 

a sharp increase in their number was seen within the same 4-h 

period as the decrease in transcription of γ satellite DNA within 

the chromocenters (Fig. 2 C, blue).

Down-regulation of 𝛄 satellite 
transcription is coincident with 
replication of pericentric heterochromatin
The results in Fig. 2 C suggest that γ satellite transcription may 

be down-regulated upon chromocenter replication. To investigate 

this possibility, we repeated the experiments shown in Fig. 2 

with more precise S phase time points, starting from the G1/S 

border through 7 h into S phase. These results (Fig. 3, A and B) 

revealed a sharp decrease in the percentage of cells positive for 

transcription between 3 and 4 h, which coincides with a sharp 

increase in cells replicating chromocenters. However, there were 

two concerns with these BrdU/RNA-FISH experiments. First, 

because the denaturation step necessary to reveal BrdU incorpora-

tion is incompatible with RNA-FISH detection, it was necessary 

to quantify each property in separate cell samples. Second, we 

wanted to rule out the possibility that the cell-synchronizing 

agent aphidicolin may have affected the results. Hence, to 

visualize replication of pericentric heterochromatin and tran -

s cription of satellite RNA simultaneously within individual 

asynchronously growing cells, we combined RNA-FISH with 

immunolocalization of the replication fork protein proliferating 

cell nuclear antigen (PCNA). After elimination of the soluble pool 

of PCNA that is not engaged in DNA synthesis (Dimitrova and 

Gilbert, 2000), PCNA staining patterns resembled BrdU pat-

terns throughout S phase (Fig. 3 C), as was expected (Leonhardt 

et al., 2000). Hence, cells in G1 phase could be identifi ed by 

their small, PCNA-negative nuclei, cells at different stages of 

S phase could be identifi ed by their PCNA staining pattern 

(Fig. 3 C, I–VI), and cells in G2 phase could be identifi ed as 

large PCNA-negative cells. PCNA and RNA-FISH signals did 

not colocalize throughout almost the entire duration of S phase 

(Fig. 3 C), with the exception of 16% of cells in very late S phase 

(VI), for reasons that are not understood.

As shown in Fig. 3 (D and E), transcription of γ satellite 

is considerably higher in early S phase and decreases starting 

with the onset of chromocenter replication (III). Moreover, the 

percentage of cells with more than fi ve sites of γ satellite tran-

scription increases from G1 to early S phase and then decreases 

at the time of chromocenter replication. These results confi rm a 

general incompatibility between γ satellite transcription and 

replication during S phase, similar to what has been observed 

for individual sites of replication and transcription throughout 

S phase (Wei et al., 1998). It is possible that the reduction in tran-

scription is exclusively caused by interference of replication 

with transcription. However, only a subset of pericentric regions 

are engaged in replication at any particular moment in time 

(Wu et al., 2006a), so it is unlikely that replication is simultane-

ously interfering with transcription of all pericentric regions.

Cell cycle regulation of 𝛄 satellite RNA 
is independent of Suv39h1,2-dependent 
epigenetic modifi cations
Suv39h1,2 is responsible for the trimethylation of lysine 9 of 

histone H3 (Me3K9H3) at pericentric heterochromatin in mice 

(Peters et al., 2001). In Suv39h1,2 double knockout mouse 

embryonic fi broblast (MEF) cells, Me3K9H3 is lost, HP1 dissoci-

ates, DNA methylation is drastically reduced, and the trimethyl-

ation of histone H4 lysine 20 (Me3K20H4) is lost (Peters et al., 

2001; Lehnertz et al., 2003; Schotta et al., 2004; Kourmouli et al., 

2005). These cells show karyotypic instability and elevated steady-

state levels of γ satellite transcripts (Peters et al., 2001). Because 

these prior experiments were performed on asynchronously 
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growing cells, the accumulation of γ satellite transcripts could have 

resulted either from elevated transcription rates or a disruption 

of cell cycle regulation resulting in transcription throughout the 

entire cell cycle.

To distinguish between these possibilities, we performed 

PCNA/RNA-FISH staining in wild-type (WT) versus Suv39h1,2 

double knockout (D15) MEFs, as described in Fig. 3. Although 

D15 had a substantially higher percentage of cells transcribing 

γ satellite DNA from considerably more sites than WT cells, 

both cell lines showed an increase in transcription transitioning 

from G1 to early S phase and a decline in transcription upon 

replication of chromocenters (Fig. 4 A), which is similar to 

Figure 2. RNA-FISH analysis of 𝛄 satellite transcription during the cell cycle. Aliquots of cells from Fig. 1 were subjected to RNA-FISH analysis with a γ sat-
ellite probe as described in Materials and methods. (A) Single z-section images of hybridized nuclei (spots that do not appear to overlap DAPI are above 
or below chromocenters in another plane). DNA (DAPI), blue; RNA-FISH, green. Control hybridizations were performed after treatment of early S phase nu-
clei with RNase A (iv) or treatment of cells for 1 h with DRB (v). No FISH signals were detected in any cells from either of these controls. (B) Quantifi cation 
of the percentage of cells with any detectable RNA-FISH signal and the range (lowest to highest) in the number of transcription sites (RNA-FISH foci) per nu-
cleus. Because M phase cells had been briefl y treated (4 h) with nocodazole before mitotic shakeoff, we separately evaluated the presence of RNA-FISH 
foci during mitosis in asynchronously growing cell populations and quantifi ed their presence in cells that were clearly in prophase or metaphase (P/M) ver-
sus anaphase or telophase (A/T). (C) The percentage of cells from B with at least fi ve RNA-FISH foci per cell is plotted. Aliquots of these same cells were 
pulse labeled with BrdU and stained with anti-BrdU antibodies (and DAPI) to determine the percentage of cells in S phase (BrdU positive). Using the spatial 
patterns of BrdU labeling from these cells, as shown in D, we calculated the percentage of S phase (BrdU positive) cells that are engaged in replicating 
chromocenters, which contain γ satellite DNA. (D) Six spatial patterns of DNA synthesis can be distinguished in mouse fi broblasts representing different 
stages of S phase, as previously described in detail (Wu et al., 2005). DNA is stained with DAPI, and sites of DNA synthesis are visualized by indirect 
immunofl uorescence with an antibody specifi c to BrdU-substituted DNA. Images have been deconvolved and a merge of the BrdU and DAPI staining pat-
terns is shown to illustrate the two stages during which cells are engaged in the replication of chromocenters, used to score γ satellite replication in C and 
Fig. 3. A schematic of the length of time that C127 cells spend in each stage of S phase is given at the bottom (adapted from Wu et al., 2006a). Experi-
ments were repeated for three independent synchronizations. At least 150 cells were counted for each time point. Bars, 5 μm.
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Figure 3. Chromocenter replication coincides with down-regulation of 𝛄 satellite transcription. (A and B) C127 cells were synchronized at the G1/S 
boundary and released for the indicated time intervals. Cells were pulse labeled with BrdU for 30 min before collection and subjected to RNA-FISH and 
BrdU staining as in Fig. 2. (A) The percentage of cells replicating chromocenters, the percentage displaying any detectable RNA-FISH signals, and the 
range of RNA-FISH foci per cell were plotted as in Fig. 2 B. (B) The percentages of cells with at least fi ve sites of transcription (RNA-FISH foci) and of repli-
cating chromocenters (III and IV) were scored as in Fig. 2 C. Shown are the combined data from two independent experiments in which cells were collected 
at hourly intervals for either 4 or 7 h after release into S phase. More than 100 cells were counted for each time point in each experiment. The error bars 
represent the SD of two experiments. (C) Asynchronously growing cells were subjected to RNA-FISH with a γ satellite probe as in Fig. 2, and subsequently 
stained with fl uorescent anti-PCNA antibodies. Shown here are deconvolved single z-section images. Simultaneous visualization of PCNA and RNA-FISH 
signals allows direct quantifi cation of transcription during each stage of S phase without the need for synchronization. Cells in each stage of S phase were 
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C127 cells (Fig. 3 D). Mitotic transcription was also elevated in 

D15 (Fig. 4 C). To compare the percentage of cells transcribing 

γ satellite transcripts at late G1/early S phase levels, as was 

done for C127 cells in Fig. 3 E, we adjusted our criteria for the 

number of RNA-FISH foci per cell to refl ect the relatively low 

level of transcription in WT MEFs (more than one site per 

nucleus) and the higher level of transcription in the Suv39dn1,2, 

double knockout cells (more than seven sites per nucleus). 

When the percentage of cells meeting these criteria was scored, 

it revealed a clear reduction in the number of highly transcrib-

ing cells upon chromocenter replication (Fig. 4 B).

We conclude that the elevated γ satellite transcript levels 

detected in D15 result from transcription taking place simul-

taneously at an increased number of sites on mouse chromo-

centers, rather than from elevated transcription from a similar 

number of sites or a disruption of cell cycle regulation. More-

over, the increased number of sites did not appear to result 

from a disruption of centromere clustering because the size 

and number of chromocenters was similar in WT versus D15 

(unpublished data). Hence, cell cycle regulation of γ satellite 

transcription is independent of the Suv39h1,2-related features 

of heterochromatin.

Transcription of 𝛄 satellite requires 
activation of Cdk and passage through 
the restriction point
The very low levels of transcription during early G1 phase 

raised the intriguing possibility that transcription of pericentric 

heterochromatin might require passage through the restriction 

point and commitment to cell division. Hence, we examined 

cells that were arrested in G0 by contact inhibition. For all cell 

lines (C127, WT, and D15), very little transcription could be 

detected in arrested cells (Fig. 5 A). To distinguish whether 

long-term arrest in quiescence resulted in transcription down-

regulation or if transcription was not induced because cells were 

prevented from passing through the restriction point, C127 cells 

were synchronized in mitosis as in Fig. 1 and released into G1 

phase in the presence of various concentrations of serum in the 

medium or into a complete medium to which the Cdk inhibitor 

roscovatine was added 2 h after release into G1 phase. All cell 

populations were then allowed to proceed to 7 h after mitosis, 

when substantial up-regulation of γ satellite transcription was 

observed in control cells (Fig. 5 B). Both serum deprivation and 

roscovitine treatment severely inhibited γ satellite transcription. 

We conclude from this experiment that transcription of mouse 

pericentric heterochromatin is dependent on passage through 

the restriction point.

Discussion
We show that at least two different populations of RNA mole-

cules are expressed from mouse pericentric heterochromatin at 

different times during the cell cycle. Transcription was Cdk de-

pendent, indicating that cells do not synthesize these transcripts 

until after they commit to proliferation. Moreover, the transcripts 

were short-lived. Together, our results provide a satisfying expla-

nation for why such transcripts were not detected in many studies 

that examined quiescent or slowly growing tissue but were found 

Figure 4. Cell cycle regulation of 𝛄 satellite 
transcription in WT and Suv39h1,2 double 
knockout MEFs. Asynchronously growing WT 
and Suv39h1,2 double null cell line (D15) MEFs 
were subjected to PCNA and γ satellite RNA-
FISH analysis as in Fig. 3. (A) The percentage 
of cells with RNA-FISH signals and the range of 
signals per cell were scored and plotted as in 
Fig. 3. (B) The percentage of cells with at least 
one (WT) or seven (D15) sites of γ satellite tran-
scription revealed as RNA-FISH foci were 
scored as in Fig. 3. (C) RNA-FISH foci were 
scored in prophase/metaphase (P/M) and ana-
phase/telophase (A/T) cells as in Fig. 2 B.

clearly identifi ed, with PCNA patterns defi ned as BrdU patterns were in Fig. 2 D. G1 or G2 cells could be identifi ed as smaller or larger PCNA-negative nu-
clei, respectively. A schematic of the length of time that C127 cells spend in each stage of S phase is shown at the bottom (adapted from Wu et al., 2006a). 
Bar, 5 μm. (D) The percentage of cells from C with any number of RNA-FISH signals and the range in number of signals per cell were scored and plotted 
as in Figs. 2 B and 3 A. Triton extraction removed most mitotic cells from the slide. (E) The percentage of cells with at least fi ve RNA-FISH foci for each was 
scored as in Figs. 2 C and 3 B. At least 100 cells were counted for each stage, except PCNA patterns III and VI, which are the shortest periods, for which 
at least 50 cells were scored. Three independent repeats gave similar results.
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in tissues that contain proliferating cells. Moreover, they provide 

evidence for provocative links between heterochromatin and 

cellular proliferation that warrant further investigation.

Genesis and functions of 
pericentric transcripts
Although we cannot rule out the possibility that these hetero-

chromatic transcripts result from cryptic transcription, possibly 

because of a cell cycle–specifi c change in chromatin structure, 

an alternative possibility is that there are specific functional 

promoters within the γ satellite repeats. In fact, specifi c 300-bp, 

GC-rich non–γ satellite DNA sequence motifs are peppered 

within the mouse γ satellite repeats (Kuznetsova et al., 2006). 

Moreover, transcription factors YY1 (Shestakova et al., 2004) 

and C/EBPα (Liu et al., 2007) appear to bind to DNA sequences 

within the mouse major satellite, and in the case of YY1, this 

interaction is proliferation dependent. Such promoters need not 

be abundant. Indeed, relatively few sites of transcription occur 

within pericentric heterochromatin at any moment in time, and 

given the large fraction of genomic DNA that corresponds to 

γ satellite DNA (�5%; Waring and Britten, 1966; Prashad and 

Cutler, 1976), even the induced levels of transcription are not 

robust (Fig. 1 G).

Cell cycle regulation of both late G1/S phase and mitosis-

specifi c transcripts was independent of Suv39h1,2. Hence, al-

though our results do not address the role of these RNAs,  they 

suggest that transcription is upstream of Suv39h1,2 and has the 

potential to drive heterochromatin formation during the cell cycle. 

It is tempting to speculate that transcription during S phase 

and mitosis might assist with the reassembly of some structural 

components of heterochromatin that are disrupted during these 

phases of the cell cycle. Mammalian heterochromatin replicates 

late during S phase of the cell cycle, and late replication seeds 

the assembly of hypoacetylated chromatin (Zhang et al., 2002). 

The events occurring at the replication fork likely contribute to 

the propagation of heterochromatin structure, which in turn 

may dictate late replication in the following cell cycle, thus 

forming a self-reinforcing loop (Wu et al., 2006a). It is possible 

that transcription after cells commit to DNA replication is 

somehow involved in preparing heterochromatin for reassembly 

at the replication fork. Although fi ssion yeast pericentromeric 

heterochromatin is replicated early in the cell cycle (Kim et al., 

2003), there is no a priori reason why a similar mechanism 

couldn’t be operating at a different time during S phase.

The vast majority of transcription is shut down in mitosis 

because of the eviction of transcription factors (Prasanth et al., 

2003), making the mitotic transcription of heterochromatin a 

particularly intriguing fi nding. What role if any such transcripts 

might play during mitosis is diffi cult to imagine; however, there 

may be a renewed requirement to reinforce heterochromatin 

structure during the late stages of mitosis when most cohesin 

has been removed (Dai et al., 2006). It is also possible that the 

eviction of one or more factors from heterochromatin allows for 

its transcription. In fact, HP1 is evicted from heterochromatin 

during mitosis (Fischle et al., 2005; Wu et al., 2006a), and an 

RNA component is required to tether HP1 to pericentric hetero-

chromatin (Maison et al., 2002), so it is possible that mitotic 

heterochromatin transcription is induced by HP1 loss and/or 

assists in the reloading of HP1, which occurs during anaphase 

(Wu et al., 2006a). Mitotic transcription may also assist in the 

maintenance of centromere structure, as it has recently been 

shown that interactions with a single-stranded RNA are required 

for the integrity of kinetochore structure during mitosis in hu-

man cells (Wong et al., 2007). Finally, a more speculative pos-

sibility is that these RNAs may be components of the RNA 

helicase p68 and CENP-B–containing interchromosomal con-

nections during mitosis (Kuznetsova et al., 2007).

In short, it is now of considerable importance to identify 

the promoter elements involved in regulating the transcription 

of both the S phase and mitotic transcripts and the functional 

consequences of perturbing this regulation.

Fission yeast and mammals: similarities 
and differences
Despite the conservation of most heterochromatin structural 

components from fi ssion yeast to mammals, a requirement for 

Figure 5 . Transcription from pericentric heterochro-
matin is proliferation dependent. (A) C127 cells, 
MEFs, and Suv39h1,2 double null MEFs (D15) were 
rendered quiescent by contact inhibition and sub-
jected to PCNA immunofl uorescence and RNA-FISH 
with a γ satellite probe, along with asynchronously 
growing control cells. Because there was variability in 
the response of the different cells to contact inhibition, 
we focused on cells that were negative for PCNA in all 
populations (including asynchronous cells). The per-
centage of PCNA-negative cells with any number of 
RNA-FISH signals for contact-inhibited (gray) or con-
trol cells and the range of signals per cell were scored 
and plotted as in Fig. 3. (B) C127 cells were synchro-
nized in mitosis by shakeoff as in Fig. 1 and released 
into G1 phase for 7 h with the indicated concentra-
tions of serum or in 10% serum with roscovitine added 
at 2 h after release. RNA-FISH was quantifi ed as in 
Fig. 2 C and shows the percentage positive and 
number of transcription sites per nucleus. For both A 
and B, the percentage of PCNA-positive cells are indi-
cated above each graph. Two independent experi-
ments gave the same results.
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transcription in the assembly of mammalian heterochromatin 

has been diffi cult to ascertain. In addition to inconsistent detec-

tion of γ satellite transcription, key components of the fi ssion 

yeast posttranscriptional silencing machinery have not been de-

tected (Huisinga et al., 2006). Although Dicer mutants in mice 

exhibit elevated levels of γ satellite transcripts (Fukagawa et al., 

2004; Kanellopoulou et al., 2005), this has no consequence on 

histone or DNA methylation in heterochromatin (Murchison 

et al., 2005). Elevated levels of γ satellite transcripts detected in 

Suv39h1,2 knockouts could be interpreted as resulting from the 

disruption of repressive heterochromatin. However, we also see 

intermediate levels of these transcripts in C127 cells that have 

apparently normal pericentric heterochromatin (Wu et al., 

2005). The elevated transcription in C127 cells may be a conse-

quence of the more rapidly proliferating state of C127 cells, but 

this could also refl ect transient changes in heterochromatin 

structure that might occur during the cell cycle.

Transcription of both species of RNA described here is 

mediated by RNA polymerase II, which is similar to heterochro-

matin transcription in fi ssion yeast. However, we do not fi nd evi-

dence for siRNA-sized molecules at any time during the cell 

cycle, suggesting that if the RNA species we discuss here are in-

volved in heterochromatin structure, important differences with 

the fi ssion yeast system must exist. One notable difference is the 

apparent lack of an RNA-dependent RNA polymerase in mam-

mals (Huisinga et al., 2006) that could amplify and maintain 

heterochromatic RNA after transcription, as in fi ssion yeast. 

Because the mammalian transcripts have a short half-life and we 

fi nd no evidence for their editing to undetectable forms, either 

there is some transcription throughout the cell cycle that has 

gone undetected in our experiments or, unlike fi ssion yeast, these 

transcripts are only required transiently, perhaps to initiate rather 

than to maintain heterochromatin. It is now of considerable in-

terest to know if fi ssion yeast heterochromatin transcription me-

diated by RNA polymerase II is under cell cycle control, which 

could provide a novel direction with which to investigate paral-

lels between fi ssion yeast and mammalian heterochromatin.

Materials and methods
Cell synchronization
Mouse C127 cells were synchronized in mitosis by mechanical shakeoff 
after a brief and fully reversible nocodazole treatment (Sigma-Aldrich) as 
described previously (Wu et al., 1997). Similar results were obtained in 
experiments repeated without the use of nocodazole. For G1/S synchroni-
zation, 10 μg/ml aphidicolin (Calbiochem) was added 5 h after release 
from mitosis for an additional 10–12 h. Where roscovitine (Calbiochem) 
was used, 40 μM was added at 2 h after mitosis. For serum deprivation, 
mitotic cells were plated directly into a medium containing either 0.1% or 
no serum. For contact inhibition, cells were further cultured for 7 d after 
reaching confl uence with fresh media every day.  For BrdU pulse labeling, 
15 μg/ml BrdU (Sigma-Aldrich) was added to medium for 30 min be-
fore fi xation.

Northern hybridization and nuclear run-on
Total RNA was prepared using an mirVana microRNA isolation kit (Ambion) 
and treated with DNase (Promega). In parallel, <200 nt RNA (small) frac-
tions were separated from total RNA using the same kit. To rule out any 
possibility of DNA contamination in our samples, we performed RT-PCR 
analysis using γ satellite–specifi c primers. Only reverse transcribed sam-
ples gave ladderlike PCR bands, and RNase A (Sigma-Aldrich) treatment 
completely eliminated the product. Total RNA was resolved via electrophoresis 

with a denaturing agarose gel, whereas <200 nt fractions were resolved 
with a denaturing 15% polyacrylamide gel. RNAs were then transferred to 
a nylon membrane. The γ satellite probe was plasmid pγSat (Lundgren 
et al., 2000) containing eight copies of the 234-bp repeat as a template 
(provided by N. Dillon, Imperial College London, London, UK), which was 
labeled with α-[32P]dATP using a random labeling kit (Invitrogen). Total and 
small RNA hybridization was done at 60 and 25°C, respectively. Nuclear 
run-on with equal numbers of cells (10 million) was performed as described 
previously (Sasaki et al., 2006), except that cells were permeabilized with 
digitonin (Sigma-Aldrich) as described previously (Wu et al., 1997) to 
maintain the integrity of mitotic chromosomes and allow detection of tran-
scription during mitosis.

RNA-FISH and immuno–RNA-FISH
The RNA-FISH procedure was performed as described previously (Tam 
et al., 2002), using cells that were either grown on coverslips or centri-
fuged from suspension onto coverslips using a cytocentrifuge (Cytospin 2; 
Shandon). In brief, cells were washed with CSK buffer (100 mM NaCl, 
300 mM sucrose, 3 mM MgCl2, and 10 mM Pipes, pH 6.8), followed by 
CSK + 0.5% Triton X-100 (Sigma-Aldrich) permeablization for 5 min and 
4% PFA fi xation for 10 min on ice, and then stored in 70% ethanol at 
−20°C for no longer than 2 d. Slides were hybridized with a digoxigenin 
(Roche Applied Science) nick-translated γ satellite probe overnight at 37°C 
followed by fl uorescent antibody detection as described previously 
(Li et al., 2001). In the case of immuno–RNA-FISH, PCNA staining, and 
RNA-FISH, PCNA immunostaining was performed using a monoclonal 
PCNA antibody (Oncogene Research Products) after RNA-FISH detection. 
For RNase A treatment, cells were treated with RNase A after permeabili-
zation and before fi xation.

Microscopy
Images were captured with an image restoration microscope system (Delta-
Vision; Applied Precision) attached to a fl uorescence microscope (IX-71; 
Olympus) equipped with an oil objective lens (PlanApo 60×, 1.42 NA; 
Olympus) using a charge-coupled device camera (Coolsnap HQ; Photo-
metrics) at RT. Approximately 40 optical sections (with 0.2-μm spacing) 
were taken and enhanced using the SoftWorx (Applied Precision) con-
strained iterative deconvolution process.

Immunostaining
BrdU staining was performed as described previously (Wu et al., 2006b). 
For vigilin staining, cells grown on coverslips were fi xed with cold 70% 
ethanol. After blocking with 10% normal goat serum in phosphate buffer 
for 30 min, cells were then incubated with polyclonal antibodies against 
N and C termini of vigilin (gift of G. Neu-yilik, University of Heidelberg, 
Heidelberg, Germany) for 1 h at RT, followed by incubation with FITC-
conjugated secondary antibodies.

RT-PCR
For conventional RT-PCR, RNA samples were reverse transcribed using 
either poly-dT, major satellite-specifi c, or random primer and subjected to 
PCR with γ satellite primers (5′-C A T A T T C C A G G T C C T T C A G T G T G C -3′ and 
5′-G A C G A C T T G A A A A A T G A C G A A A T C -3′). For the attempt to detect A-to-
I–edited RNA, we used a degenerate primer (5′-C G G A A T T C G A A A A Y 
[A/C]GAGAAAC-3′) or primers from unlikely-to-be-edited regions (5′-G G A -
A A A T G A G A A A C A T C C A C -3′) for reverse transcription and secondary prim-
ers (5′-C G G G A T C C G T T T T C T C G C C -3′ or 5′-T T T T C A G T T T T C T C G C C -3′) 
for amplifi cation.
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