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Pericentric heterochromatin provides a structural scaffold for centro-
mere formation and is essential for maintaining genome integrity in 
eukaryotic cells1. The DNA sequences at pericentric heterochromatin 
differ substantially among species2; the only common feature among 
them is their repetitive nature. In mice, the basic unit of pericentric 
heterochromatin is the major satellite repeat. This AT-rich sequence 
is 234 base pairs (bp) long and can be divided into four subrepeats3. 
Major satellite repeats are represented about 10,000 times in every 
chromosome and make up ~10% of the mouse genome4. In addition 
to these repetitive elements, pericentric heterochromatin in mam-
mals has a distinct combination of epigenetic modifications, such 
as histone H3 Lys9 methylation (H3K9me3), H4K20me3 and DNA 
methylation5,6. Despite this accumulation of repressive epigenetic 
marks, heterochromatin is transcribed in many organisms, giving 
rise to noncoding RNAs7. The intersection of the RNA-interference 
pathway and heterochromatin formation has been well documented 
in Schizosaccharomyces pombe and plants8, but it remains unresolved 
in mammals. Nonetheless, noncoding RNAs also represent an integral 
component of mammalian heterochromatin. In mouse cells, RNA 
might have a structural role in heterochromatin, as cells treated with 
RNaseA lose heterochromatic marks9. Mouse heterochromatin is 
also a template for the synthesis of double-stranded RNA (dsRNA), 
which is generated by the bidirectional transcription of major satel-
lite repeats10. The synthesis of these heterochromatic transcripts is 
tightly coupled to the cell cycle11 and is essential for the establishment 

of heterochromatin during early mouse development12,13. Notably, 
transcriptional derepression of satellite repeats is a hallmark of pan-
creatic and epithelial cancers14.

Although many genetic and epigenetic principles of heterochromatin 
have been uncovered over the past decade, the mechanisms that initiate 
heterochromatin formation and maintain its distinction from euchro-
matin remain elusive. DNA sequence composition, DNA methylation, 
histone modifications, histone variants and noncoding RNAs might be 
involved, but none of these seem to be specific to heterochromatin or 
euchromatin. Given this conundrum, we hypothesized that a distinct 
arrangement of DNA sequences and/or aberrant transcriptional activity  
such as a higher probability of dsRNA generation might be an early 
trigger to discriminate heterochromatin from euchromatin. Because 
heterochromatin is not transcriptionally inert, we reasoned that it 
could depend, as any regulatory euchromatic region, on sequence-
specific transcription factors that modulate RNA production.

RESULTS
Pax3 binds to major satellite repeats
To examine transcription factors operating at heterochromatic 
regions, we first investigated transcription factors that had been 
shown to associate with heterochromatic core components15. Pax3 
emerged as a particularly notable candidate because it has been 
reported to interact with both heterochromatin protein-1 (HP1) and 
the transcriptional regulator Kap1(Trim28)16. In addition, subrepeat 
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A transcription factor–based mechanism for mouse 
heterochromatin formation
Aydan Bulut-Karslioglu1,7, Valentina Perrera1,2,7, Manuela Scaranaro2, Inti Alberto de la Rosa-Velazquez1,2, 
Suzanne van de Nobelen1, Nicholas Shukeir1, Johannes Popow2,6, Borbala Gerle2,6, Susanne Opravil2,  
Michaela Pagani2, Simone Meidhof3–5, Thomas Brabletz3, Thomas Manke1, Monika Lachner1 & Thomas Jenuwein1,2

Heterochromatin is important for genome integrity and stabilization of gene-expression programs. We have identified the 
transcription factors Pax3 and Pax9 as redundant regulators of mouse heterochromatin, as they repress RNA output from major 
satellite repeats by associating with DNA within pericentric heterochromatin. Simultaneous depletion of Pax3 and Pax9 resulted in 
dramatic derepression of major satellite transcripts, persistent impairment of heterochromatic marks and defects in chromosome 
segregation. Genome-wide analyses of methylated histone H3 at Lys9 showed enrichment at intergenic major satellite repeats only 
when these sequences retained intact binding sites for Pax and other transcription factors. Additionally, bioinformatic interrogation of 
all histone methyltransferase Suv39h–dependent heterochromatic repeat regions in the mouse genome revealed a high concordance 
with the presence of transcription factor binding sites. These data define a general model in which reiterated arrangement of 
transcription factor binding sites within repeat sequences is an intrinsic mechanism of the formation of heterochromatin.
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2 of the major satellite sequence contains a palindrome (Fig. 1a) that 
is very similar to the consensus sequence recognized by the Pax3 
homeodomain17,18. Pax3 is a member of the mammalian Pax fam-
ily, which comprises nine important developmental regulators19,20. 
To examine whether Pax3 constitutes a component of pericentric 
heterochromatin, we analyzed the subnuclear localization of Pax3 
tagged with enhanced green fluorescent protein (Pax3-eGFP) in 
mouse embryonic fibroblasts (MEFs). Owing to its high similar-
ity to Pax3 (ref. 20), we also included Pax7 in this analysis. Pax5, 
which does not contain an apparent consensus binding site within 
the major satellite repeats, served as a negative control. Although 
ectopic Pax5 also showed a speckled subnuclear pattern, only ectopic 
Pax3 and Pax7 colocalized with DAPI-dense foci (Fig. 1b), which 
occurred in approximately 30% of cells transfected. The remaining 
fraction of the cell population showed broad nuclear staining for the 
ectopic proteins, a distribution similar to that of endogenous Pax3 
(Supplementary Fig. 1a). This variable staining pattern is consistent 
with previous reports on the subnuclear localization of Pax3-eGFP 
in MEFs21. Because neither Pax5 nor Pax7 is expressed in MEFs  
(Fig. 1c), we focused our further analysis on Pax3.

We next performed electrophoretic mobility shift assays (EMSAs) 
to assess direct binding of Pax3 to full-length major satellite repeats 
(Fig. 1d). In addition to glutathione S-transferase (GST)-tagged Pax3, 
we included GST-tagged Pax7, Pax5 and Gfi1b (a zinc-finger protein) 
as positive controls22. Pax3, Pax7 and Gfi1b reduced the mobility of 
the full-length major satellite probe, whereas Pax5 did not (Fig. 1d). 
Partial deletions of Pax3 revealed that a truncated protein (amino 
acids (aa) 161–479) containing the homeodomain is sufficient for 
binding (Fig. 1d). A point mutation in the recognition helix of the 
homeodomain (S273A) abolished DNA interaction (Fig. 1d), indicat-
ing that an intact homeodomain in Pax3 is required for major satel-
lite binding. This result was in line with previous reports describing 
pericentric localization of the isolated Pax3 homeodomain23.

Pax3 represses RNA output from mouse major satellite repeats
Pax3 has been described as an activator and repressor of transcrip-
tion in euchromatic gene regulation24. To elucidate its function at 
pericentric heterochromatin, we analyzed the RNA output from this 
chromatin region in wild-type and Pax3-deficient cells. For this, 
we generated primary MEFs (pMEFs) from splotch-mutant (Sp2H) 
mice25,26 (Supplementary Fig. 1a), which carry a radiation-induced 
32-bp deletion in the Pax3 locus that leads to the expression of a 
truncated protein (aa 1–237) that lacks the homeodomain and is 
unable to bind to mouse major satellite repeats (Fig. 1d). In addition 
to these ‘Pax3-deficient’ pMEFs, we also analyzed Pax3-null embry-
onic stem cells (ESCs) from mice (Supplementary Fig. 1b), in which 
a different Pax3 mutation, Sp2G, abrogates expression of the Pax3 
protein as a consequence of insertion of LacZ in the first exon of 
the Pax3 locus27. Pax3-null ESCs and Pax3-deficient pMEFs showed 
comparable impairment of pericentric heterochromatin (see below 
and Supplementary Fig. 1c). Because the subnuclear definition of 
heterochromatin was clearer in the MEFs, we focused the following 
RNA and immunofluorescence analyses on these cells.

To quantify RNA output, we performed reverse transcription fol-
lowed by quantitative PCR (qRT-PCR) on total RNA isolated from 
wild-type and Pax3-deficient pMEFs and from MEFs lacking the 
genes encoding Suv39h1 and Suv39h2 (Suv39h–double-null), using 
a primer pair that amplifies one unit of the 234-bp mouse major 
satellite repeat. As previously described for Suv39h–double-null 
cells10, Pax3-deficient cells also produced fivefold more major satel-
lite transcripts than wild-type cells (Fig. 2a). Next, we asked whether 
these elevated levels could reflect an accumulation of dsRNA. To 
answer this, we first digested total RNA with RNaseONE to enrich 
for a pool of dsRNA10 and then conducted qRT-PCR analysis. After 
this enrichment step, the signal for major satellite transcripts in 
Pax3-deficient cells was more than tenfold higher than in wild-type 
cells and, notably, in Suv39h–double-null cells (Fig. 2b). To directly  
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Figure 1 The transcription factor Pax3 localizes to  
pericentric heterochromatin through a binding site  
within the major satellite repeats. (a) Alignment of  
a portion of the major satellite consensus sequence3  
with the canonical recognition sequence of the Pax3  
homeodomain. (b) Immunofluorescence analysis of  
eGFP-tagged Pax3, Pax5 and Pax7 proteins in MEFs.  
Scale bar, 10 m. (c) RT-PCR analysis of Pax3, Pax5  
and Pax7 in MEFs and B cells. -tubulin, loading  
control. (d) Left, diagram of the domain structures of  
Pax3, Pax5, Pax7 and Gfi1b. Pax3 (aa 1–237) is the  
truncated protein that is expressed in Sp2H mutant mice.  
Pax3 (aa 161–479*) contains a point mutation (S237A) in the recognition helix of the homeodomain. Paired domains are represented in red, 
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demonstrate transcriptional activity from both DNA strands, we  
performed northern blots using strand-specific probes. A 15% gel 
was chosen to allow for detection of fragments shorter than 100 bp, 
which would not be amplified by qRT-PCR. These northern blots 
confirmed that both forward and reverse transcripts were sub-
stantially more abundant in Pax3-deficient than wild-type MEFs  
(Fig. 2c). We also observed an accumulation of smaller transcripts 
in Pax3-deficient cells as compared to Suv39h–double-null cells  
(Fig. 2c, see signal below the 100-bp marker). On the basis of these 
data, we concluded that Pax3 represses transcription from both 
strands of major satellite repeats.

We next mapped the transcriptional start sites (TSSs) of forward 
and reverse transcripts by S1 nuclease digestion and 5  rapid amplifi-
cation of cDNA ends (RACE) in wild-type and Pax3-deficient MEFs. 
We used two sets of four strand-specific DNA probes annealing with 
either forward or reverse transcripts (Fig. 2d) for the analysis. We 
found that TSSs were not altered in the absence of Pax3 function, 
although overall transcript levels were higher in RNA preparations 
from Pax3-deficient cells (Fig. 2e). Notably, one forward probe 
(F1) protected a prominent signal for reverse transcripts of 80 bp  
(Fig. 2e), indicating that the TSS for reverse transcription resides 
within subrepeat 2 and is in close proximity to the Pax3 binding site 
(Fig. 2f). Although we did not detect unambiguous protection for 
forward transcription, S1 nuclease mapping suggested that forward 
transcription could start in subrepeat 1. We verified this by 5  RACE 
using the maj3R primer followed by sequencing of the RACE prod-
ucts, which showed that forward transcripts originate at nucleotide 
position 20 in subrepeat 1 (Fig. 2f). Subrepeat 1 has additional Pax3 
binding activity (see below), but we could not predict a binding site 
on the basis of the DNA sequence. Together, these data indicated that 
Pax3 binding sites are located at the TSSs of both forward and reverse 
major satellite transcripts. Moreover, the deregulated transcriptional 

activity of the forward and reverse TSSs could generate dsRNA tran-
scripts that would overlap by at least 60 bp (Fig. 2f).

Pax3 and Pax9 safeguard heterochromatin integrity
We next asked whether the upregulation of transcription from major 
satellite repeats in Pax3-deficient cells might also impair the epige-
netic signature of pericentric heterochromatin. Indirect immunofluo-
rescence for H3K9me3 and H4K20me3 showed that both marks 
were considerably reduced at pericentric heterochromatin in Pax3- 
deficient pMEFs (Fig. 3a) and Pax3-null ESCs (Supplementary Fig. 1c).  
Impaired chromatin signatures at pericentric heterochromatin 
are known to lead to dysfunctions in chromosome segregation; 
thus, there is often counterselection or compensation in mutant 
backgrounds, as exemplified by the redistribution of Polycomb 
components, such as the histone methyltransferase EZH2 and the asso-
ciated H3K27me3 mark, to pericentric heterochromatin in Suv39h– 
double-null ESCs28. Whereas association of H3K27me3 with the 
 inactive X chromosome was not altered in Pax3-deficient pMEFs 
from females (Supplementary Fig. 1d), Pax3-deficient pMEFs from 
both sexes recovered heterochromatic accumulation of H3K9me3 and 
H4K20me3 after extended cell passaging (Fig. 3a).

We reasoned that other Pax family members might be able to rescue 
impaired heterochromatin during the transition of Pax3-deficient pMEFs 
into immortalized fibroblasts (iMEFs). We therefore examined the expres-
sion of all nine Pax factors in wild-type and Pax3-deficient iMEFs by qRT-
PCR and found substantial transcriptional upregulation of Pax2, Pax4 
and, to a lesser extent, Pax9 in Pax3-deficient iMEFs (Supplementary 
Fig. 2a). Subsequent analysis by transient, short interfering RNA–
 mediated knockdown of Pax2, Pax4 or Pax9 (Supplementary Note) in 
Pax3-deficient iMEFs revealed redundant functions for Pax3 and Pax9 
(but not for Pax2 and Pax4) in protecting heterochromatic H3K9me3 and 
H4K20me3 marks in iMEFs (Supplementary Fig. 2b,c).
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To assess the relative contributions of 
Pax3 and Pax9 in mammalian heterochro-
matin maintenance, we generated lentivirus 
constructs expressing short hairpin RNAs 
(shRNAs) for stable knockdown of Pax3 and 
Pax9. Infected wild-type iMEFs were selected 
for successful transduction, and samples for 
qRT-PCR (Supplementary Fig. 3a) and 
immunofluorescence analyses (Fig. 3b and 
Supplementary Fig. 3b) were taken at day 3, 
day 10 and day 20 after infection. In both the Pax3- and Pax9-knockdown  
cells, we observed transient dispersion of H3K9me3 foci at day 10 
that had almost fully reverted to a wild-type staining pattern by day 
20 (Fig. 3b). Notably, the percentage of cells that showed a transient 
loss of H3K9me3 foci was higher upon knockdown of Pax3 (89%) 
than Pax9 (39%) (Fig. 3b), suggesting that Pax3 is the primary fac-
tor in safeguarding heterochromatin integrity. We then generated 
a stable knockdown for Pax9 (denoted (shPax9)) in Pax3-deficient 
iMEFs. In contrast to our observations in wild-type iMEFs, knock-
down of Pax9 in this Pax3-deficient background resulted in loss of 
H3K9me3 at pericentric heterochromatin that persisted at day 10 and 
day 20 (Fig. 3b). This suggested that, over the observed time window, 
there was no additional compensation, which was also indicated by 
progressive attenuation of cell viability and an increase in number 
of chromosome-segregation defects during the cultivation of Pax3- 
deficient (shPax9) iMEFs. These defects were visible as aberrant 
nuclear morphology, and by day 10, 74% of Pax3-deficient (shPax9) 
iMEFs showed hallmarks of mitotic dysfunction (such as multinu-
cleated and polylobed cells)29, whereas only 10% of Pax3-deficient 
iMEFs showed such irregularities (Supplementary Fig. 3c).

Cell-cycle analysis of major satellite transcription
Whereas single knockdown of Pax3 or Pax9 in wild-type iMEFs 
resulted in an increase in major satellite transcription—of around ten-
fold for shPax9 and 18-fold for shPax3 (Fig. 3c)—there was dramatic 
derepression (a >1,000-fold increase) of major satellite transcripts 
in Pax3-deficient (shPax9) iMEFs (Fig. 3c). This result indicated 
that the functions of Pax3 and Pax9 are not only redundant but also 
synergistic in safeguarding heterochromatin silencing. The massive 
RNA output did not reflect general transcriptional dysregulation of 
repetitive elements, because transcript levels of other repeats, such 

as long interspersed nuclear elements (LINEs), were only slightly 
elevated (Fig. 3c)—although they were significantly upregulated in 
Suv39h–double-null cells (A.B.K, I.A.d.l.R.-V., B.G. and T.J., unpub-
lished data; ref. 30).

These qRT-PCR experiments were performed on asynchro-
nous cell populations and thus did not allow analysis of cell cycle– 
specific alterations in major satellite transcription. In wild-type cells, 
mouse heterochromatin shows the highest transcriptional activity at 
the G1/S transition and in early S phase and is then silenced during 
the G2 phase11. To demonstrate that the observed increase in major 
satellite transcripts was due to the loss of Pax3 and Pax9 rather than 
cell-cycle dysregulation, we analyzed the cell-cycle profile of Pax3-
deficient cells infected with an empty lentiviral vector (shCtrl) and 
Pax3-deficient (shPax9) iMEFs at days 3, 10 and 20 after virus trans-
duction. Over this time course, Pax3-deficient (shPax9) cells showed 
enrichment in G2/M phase (Fig. 4a), consistent with the observed 
mitotic defects (Supplementary Fig. 3c). We also observed fewer 
Pax3-deficient (shPax9) cells in G1/S and S phase than Pax3-deficient 
iMEFs. Because most major satellite transcripts are synthesized at the 
G1/S transition11, we could thus conclude that the observed >1,000-
fold increase in major satellite transcription was not a consequence 
of cell-cycle dysregulation.

To further address whether Pax3 and Pax9 contribute to the cell 
cycle–dependent regulation of major satellite transcription, we ana-
lyzed the RNA output from major satellite repeats at distinct cell-cycle 
stages in Pax3-deficient iMEFs and Pax3-deficient (shPax9) iMEFs 
by RNA fluorescence in situ hybridization (RNA-FISH). For this, we 
synchronized cells with aphidicolin and used a combination of four 
major satellite–specific RNA oligonucleotide probes detecting either 
forward or reverse transcripts. In Pax3-deficient iMEFs, forward tran-
scripts are less abundant than reverse transcripts. In addition, reverse 
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transcripts show a more prominent signal at the G1/S transition, and 
this signal is downregulated in G2 phase (Fig. 4b). In Pax3-deficient 
(shPax9) iMEFs, we observed marked derepression of forward tran-
scripts at the G1/S transition and enhanced transcription from the 
reverse strand in G2 phase (Fig. 4b). These data indicate an important 
role for Pax3 and Pax9 in repression of RNA output from major satel-
lite repeats in the G1/S and G2 stages of the cell cycle.

Intact transcription factor binding sites recruit H3K9me3 to 
major satellites
The above data demonstrate that the Pax3 and Pax9 transcription 
factors are components of mouse heterochromatin. Although we 
observed a distinct heterochromatic accumulation only for eGFP-
Pax3 with immunofluorescence (Supplementary Fig. 4a), we detected 
both eGFP-tagged Pax factors at mouse pericentric heterochromatin 
by chromatin immunoprecipitation (ChIP) (Supplementary Fig. 4b). 
Furthermore, we could also demonstrate that Pax3 and Pax9 bind 
in vitro to full-length major satellite repeats and distinct subrepeats 
(Supplementary Fig. 4c). These results, in combination with previ-
ously published results22,31, indicate that the 234-bp major satellite 
repeat represents an assembly of various transcription factor binding 
sites, including Pax3, Gfi1b, Sall1 and Zeb1 (Fig. 5a), and it is likely 
that other transcription factor binding sites are also present. The over-
lap of some of these transcription factor binding sites suggested that 
each major satellite repeat could serve as a base for bidirectional tran-
scription, which is then silenced by heterochromatin formation.

It is very difficult to investigate this possibility, however, because 
the sequence identity of the major satellite repeats defies annotation of 
individual repeat entities within the large array of pericentric hetero-
chromatin. But there are 42 intergenic major satellite sequences inter-
spersed in the mouse genome, and these can be mapped to distinct 

chromatin regions (outside pericentric heterochromatin) accord-
ing to their single nucleotide polymorphisms32. Of those intergenic 
major satellite repeats, seven sequences maintain binding sites for 
Pax3 and most of the other transcription factors, and 35 sequences 
show severely permutated transcription factor binding sites. These 
intergenic major satellite sequences are spread across the mouse 
chromosomes and are listed in Supplementary Table 1 as C1–C7 
(conserved Pax3 binding site in subrepeat 2) or M1–M35 (mutated 
Pax3 binding site in subrepeat 2).

We performed ChIP sequencing (ChIP-seq) for H3K9me3 in wild-
type, Pax3-deficient and Pax3-deficient (shPax9) iMEFs to identify 
whether nearly intact or permutated major satellite sequences would 
differ in the accumulation of H3K9me3. This analysis was done with 
two distinct H3K9me3-specific antibodies (no. 1926 and no. 4861, 
generated in our laboratory) covering an average depth of 50 million 
reads uniquely mapped to the genome (Supplementary Table 1). For 
the major satellite consensus sequence, there was strong enrichment 
of H3K9me3 in wild-type iMEFs, which was modestly attenuated 
in Pax3-deficient iMEFs but substantially reduced in Pax3-deficient 
(shPax9) iMEFs (Fig. 5b). The 20% reduction in H3K9me3 reads that 
we observed in Pax3-deficient (shPax9) iMEFs was much smaller than 
the >90% reduction in H3K9me3 enrichment observed in directed 
ChIP experiments (Supplementary Fig. 5a,b). This difference was 
probably due to technical limitations of the library preparation, 
which, even at only 18 PCR cycles, did not allow linear amplification 
of repetitive sequences.

For conserved intergenic major satellite repeats in wild-type iMEFs, 
there were between 9,000 and 1,300,000 mapped reads for H3K9me3, 
whereas the number of H3K9me3 tags for permutated major satel-
lite repeats was generally <50 and only in a few cases reached >500 
H3K9me3 reads (Fig. 5b and Supplementary Table 1). Consistent with 
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of Pax3-deficient (shCtrl) and Pax3-deficient (shPax9) iMEFs. Fluorescence-activated cell sorting profiles of DNA content at days 3, 10 and 20 after 
shRNA transduction are shown. Percentages of cells in each cell-cycle stage (G0/G1, S and G2/M) are listed in the table below. PI-A, propidium iodide 
area. (b) RNA-FISH detecting forward and reverse major satellite transcripts in synchronized Pax3-deficient (shCtrl) and Pax3-deficient (shPax9) iMEFs. 
Cells were arrested with aphidicolin at the G1/S transition and subsequently released into G2 phase. On average, 250 cells were analyzed per sample, 
and representative images are shown. Scale bars, 10 m.

np
g

©
 2

01
2 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



1028 VOLUME 19 NUMBER 10 OCTOBER 2012 NATURE STRUCTURAL & MOLECULAR BIOLOGY

A R T I C L E S

the general reduction of H3K9me3 enrichment for the consensus major 
satellite sequence in Pax3-deficient (shPax9) iMEFs, there were also 
substantially fewer (an average reduction of ~25%) H3K9me3 reads 
at the seven conserved intergenic major satellite repeats (Fig. 5c,d and 
Supplementary Table 1). These data verified a role for Pax3 and Pax9 in 
heterochromatin protection and further suggested that initiation of het-
erochromatin formation depends in part on the number and reiteration 
of intact transcription factor binding sites within repeat sequences.

Transcription factor binding motifs in Suv39h-dependent 
heterochromatin
We next asked whether a reiterated distribution of transcription 
factor binding motifs could constitute a general denominator for 
the definition of heterochromatin. For this, we extended our analy-
sis to other heterochromatic repeat regions that were identified by 
genome-wide ChIP-seq for H3K9me3 in wild-type and Suv39h–
double-null ESCs (A.B.K., I.A.d.l.R.-V. and T.J., unpublished data). 

We identified 6,387 chromatin regions that 
showed a substantial decrease in H3K9me3 
in Suv39h–double-null cells. This Suv39h-
dependent heterochromatin was established 
mainly across DNA sequences containing 
endogenous retroviruses (primarily long 
terminal repeats (LTRs)) and LINE elements 
(see example in Fig. 6a).

We assembled the DNA sequences underly-
ing these H3K9me3 peaks and interrogated the 
data set with the transcription factor affinity 
prediction (TRAP) algorithm33–35, which can 
estimate binding affinities for transcription  
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pericentric major satellite repeat3. Transcription factor binding  
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DNA sequence. (b) Number and distribution of H3K9me3  
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factors on the basis of their annotated binding sites (Genomatix 
MatBase). We focused on the Pax3, Pax9 and Zeb1 binding sites, as 
we had already detected these in the major satellite repeats (Fig. 5a). 
We also included the binding motif for Pax2, for which we observed 
neither a DNA binding sequence in the major satellite repeats nor 
an accumulation of eGFP-Pax2 at pericentric heterochromatin 
(Supplementary Fig. 4a–c). TRAP scores for Pax3, Pax9 and Zeb1 
binding sites showed strong enrichment across the heterochromatic 
peak regions, extending from the peak start to the peak end (Fig. 6b) 
and remaining high over a domain that spanned from 582 bp to  
>36 kilobases (kb), depending on the extension of the underlying repeat 
arrays. There was no such enrichment for Pax2 binding motifs.

We next compared this TRAP profile with a set of DNA sequences 
corresponding to the 28,028 annotated promoters in the mouse 
genome (Ensembl version 51) and spanning from 1-kb upstream to 
1-kb downstream of the annotated TSSs. There was a clear correlation 
with the TSSs for all four transcription factor binding sites, but Pax3 
and Pax9 motifs were enriched at promoter regions, whereas Zeb1 and 
Pax2 motifs seemed to be underrepresented (Fig. 6b). Notably, and in 
contrast to the TRAP scores across the set of heterochromatic regions, 
the TSS association of Pax3 and Pax9 binding sites was concentrated 
in a narrower window <310 bp from the TSS.

DISCUSSION
Our study reveals a paradigm pathway in which transcriptional 
repression of pericentric repeats by sequence-specific transcription 
factors is essential for the integrity of heterochromatin, considerably 
expanding the role of transcription factors beyond euchromatic gene 
regulation. This function is not restricted to Pax3 and Pax9, as mouse 
major satellite repeats contain multiple binding sites for Sall1 (ref. 31), 
Gfi1b (ref. 22), Zeb1 (Fig. 5a) and probably many other transcription 
factors. Thus, in cell types other than fibroblasts or ESCs, other Pax 
proteins (such as Pax7 in muscle cells) or cell type–specific transcrip-
tion factors could mediate heterochromatin silencing.

Moreover, most heterochromatic sequences in other model organ-
isms also comprise transcription factor binding sites that are embed-
ded in repetitive elements. For example, the S. pombe mat locus 
includes binding sites for transcription factors of the CREB family36, 
and in Drosophila melanogaster, zinc finger–containing proteins 
such as GAGA37, Prod38 and Su(var)3–7 (ref. 39) associate with the  
heterochromatic chromocenter. In addition, bioinformatic interro-
gation of human -satellite sequences revealed several transcription 
 factor binding sites (data not shown) and exposed ZEB1, an important 
developmental regulator containing zinc fingers and a homeodomain40, 
as a potential factor in safeguarding human heterochromatin. Indeed, 
we found that depletion of Zeb1 in iMEFs also impairs pericentric 
heterochromatin by a mechanism similar to that described for Pax3 and 
Pax9 (Supplementary Fig. 6). It is conceivable that the great variety 
of zinc-finger factors (>600 in the mammalian genome) has evolved, 
at least in part, to restrict transcriptional output from the vast pool of 
highly divergent repetitive segments in the eukaryotic genome.

Our analysis provides compelling evidence that transcription fac-
tors have a function outside of euchromatic gene regulation. What, 
then, distinguishes euchromatin from heterochromatin? We propose 
a model in which this distinction ultimately resides in the transcrip-
tional control and RNA output of the underlying DNA sequence. In 
this model, any DNA sequence containing transcription factor binding 
sites would have the potential to be transcribed. Whereas euchromatic 
gene transcription has evolved to select a cooperative combination 
of transcription factor binding sites at regulatory modules such as 
promoters and enhancers, heterochromatic sequences largely lack 

this synergy and present a more uncoordinated and reiterated com-
position of transcription factor binding sites (see for example, the 
overlapping binding sites for Pax3, Sall1 and Gfi1b shown in Fig. 5a) 
that would defy the generation of a highly controlled and processed 
primary RNA transcript. Although heterochromatic repeat sequences 
are not transcriptionally inert initially, repression mechanisms pre-
vail, resulting in the silencing of the underlying chromatin region 
(Fig. 7). This silencing is mediated by direct transcriptional repression 
through transcription factors and can be further stabilized by chro-
matin-based mechanisms such as transcription factor–coupled16,41 or 
RNA-guided42,43 recruitment of histone methyltransferases and other 
enzymes (Fig. 7). Our model would also explain earlier observations, 
where the quantity and/or quality of RNA transcripts would be a 
major signal in the definition of chromatin regions as euchromatic or 
heterochromatic. For example, heterochromatin can be converted into 
euchromatin by the insertion of strong enhancers and promoters44,45. 
Conversely, if the processing and export of primary transcripts is 
impaired, euchromatic positions can adopt heterochromatic marks, 
particularly when there is accumulation of dsRNA46,47. Our data 
suggest that one major factor in the discrimination of euchromatin 
from heterochromatin is the synergistic organization, versus a more 
 random distribution, of transcription factor binding sites.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Gene Expression Omnibus: fastq files of H3K9me3 
ChIP-seq in wild-type, Pax3-deficient and Pax3-deficient (shPax9) 
iMEFs have been deposited with the accession number GSE40086.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Cell lines and tissue culture. Sp2H (Pax3-deficient) heterozygous mice were 
obtained from the laboratory of A. Copp25 and crossed to homozygosity. Wild-
type and Pax3-deficient pMEFs were derived and immortalized following the 
standard 3T3 protocol48. Pax3-null ESCs were obtained from A. Mansouri27 
and cultured on a feeder layer in standard embryonic stem cell medium. Feeder-
independent embryonic stem cell lines (wild type and Suv39h double-null) were 
grown on dishes coated with 0.2% gelatin.

Transient transfection of eGFP-tagged Pax factors. MEFs were transfected with 
plasmids encoding Pax3-eGFP, Pax5-eGFP and Pax7-eGFP under the control of a 
CMV promoter using PLUS-Reagent and Lipofectamine (Invitrogen). For eGFP 
localization studies, cells were plated on glass chamber slides, fixed in 2% PFA 
and analyzed 48 h after transfection.

Immunofluorescence. Immunofluorescence analysis was performed as 
described28 and with the following antibodies and dilutions: antibody to 
H3K9me3 (anti-H3K9me3; 1:1,000; ref. 28), anti-H3K27me3 (1:1,000; ref. 28), 
anti-H4K20me3 (1:1,000; ref. 49), anti-Pax3 (1:100; the Developmental Studies 
Hybridoma Bank, Iowa University), anti-GFP (1:500; Invitrogen A11122).

Expression profiling by qRT-PCR. Total RNA was extracted with TRIzol 
(Invitrogen) and reverse transcribed with random hexamers and SuperScript 
II reverse transcriptase (Invitrogen). First-strand cDNA was then subjected 
to qRT-PCR using specific primer sets. Primer sequences are listed in the 
Supplementary Table 2.

Electrophoretic mobility shift assay. We amplified full-length major satellite 
repeats (234 bp) using pCR-Maj1-3 (ref. 50) as a template and radioactively  
end-labeled with 32P by T4 polynucleotide kinase (T4-PNK). For the analysis of 
subrepeats, DNA oligos representing subrepeat 1 and subrepeat 2 were hybrid-
ized and radioactively end-labeled with 32P. A probe derived from the Drosophila 
even-skipped promoter (e5) served as a positive control. Sequences of all probes 
and primers are listed in the Supplementary Table 2.

GST-tagged proteins were expressed and purified as described49 and incubated 
with labeled probes. Binding reactions had a total volume of 20 l containing  
4 l 5× binding buffer (20% glycerol, 5 mM MgCl2, 2.5 mM EDTA, 250 mM  
NaCl, 50 mM TRIS-HCl (pH 7.5)), 0.2 l 0.1 M DTT, 1 l poly(dI-dC)  
(300 ng/ l) and 20,000 c.p.m. of the labeled probe, 200 ng recombinant protein, 
and loaded on a 5% polyacrylamide native gel. The gel was dried and exposed to 
Phosphor Imager overnight.

RNaseONE treatment. Total RNA (5 g) was digested with 2 units RNaseONE 
(Promega, M4261) for 30 s, extracted with RNeasy (Qiagen) and converted into 
cDNA, which was subsequently amplified with primers specific for the major 
satellites (Supplementary Table 2; RT-PCR primers).

Northern blot. We purified total RNA (10 g) using a MirVana kit (Ambion, 
AM1560), separated it on a 15% polyacrylamide-urea gel (National Diagnostic) 
and transferred it to a nylon membrane (GeneScreen Plus HybridizationTransfer 
Membrane, Perkin Elmer). RNA probes were synthesized by in vitro transcription 
of pCR4-Maj1-3 (ref. 50) with either T3 or T7 RNA polymerase and digested 
in alkaline buffer to generate 15-nt-long fragments. Prehybridization (2 h) and 
hybridization (overnight) were done at 50 °C with 5× saline-sodium citrate (SSC), 
20mM Na2HPO4, 7% SDS, 1× Denhardt’s solution, 30% formamide and 1 mg 
sheared salmon sperm (Ambion, AM9680). The membrane was washed once 
with 2× SSC, 1% SDS and once with 0.5× SSC, 1% SDS and exposed to Phosphor 
Imager overnight.

S1 nuclease digestion assay. pCR4-Maj1-3 (ref. 50) was linearized with NotI for 
the synthesis of the forward probes and with SpeI for the synthesis of the reverse 
probes. Primers used for the synthesis of the single-stranded probes are listed in 
Supplementary Table 2. We end-labeled probes with 32P by T4-PNK and used 
50,000 c.p.m. of each probe for hybridization. Hybridization, S1 nuclease diges-
tion (Sigma Aldrich, N5661-50KU) and recovery of the undigested DNA probe 
were performed according to a standard protocol51. Dried gel was exposed for 
48 h to a Phosphor Imager cassette.

5  RACE. Nuclear RNA was purified with a MirVana kit (Ambion, AM1560). 
cDNA was synthesized with the major3 reverse primer and polyadenylated with 
terminal transferase (Roche, 03 333 566 001). Amplification was achieved with 
the major3 reverse and adaptor-polyT primers (Supplementary Table 2). The 
resulting PCR products were phosphorylated, cloned and sequenced.

Stable shRNA-mediated knockdown of Pax3, Pax9 and Zeb1. For the initial 
characterization, we designed five shRNAs against Pax3 using the Invitrogen 
RNAi tool and cloned them into pLenti4-SV40-mCherry. Constructs were pack-
aged into lentiviral particles for efficient transduction of wild-type iMEFs. Cells 
were sorted for mCherry expression. For Pax9 and Zeb1, five shRNAs were pur-
chased from the Sigma Mission RNAi library, packaged into lentiviral particles 
and transduced into wild-type and Pax3-deficient iMEFs. Transduced cells were 
selected with puromycin. The shRNA sequences resulting in the best knockdown 
efficiency are listed in Supplementary Table 2. Cells were collected at three dis-
tinct time points (day 3, day 10 and day 20 after transduction), analyzed for 
knockdown efficiency by qRT-PCR and stained for H3K9me3 by immunofluo-
rescence. Heterochromatic staining as well as cell morphology was scored on an 
average of 500 cells.

Cell-cycle analysis. A single suspension of 107 cells was fixed in 70% ethanol 
for 2 h at −20 °C, then resuspended in 1 ml of propidium iodide–Triton X-100 
solution with RNaseA and incubated at room temperature for 30 min before 
performing flow cytometry.

Cell synchronization. Exponentially growing cells were first arrested with  
0.05 g/ml nocodazole for 4 h and harvested by mitotic shake-off. Cells were 
washed twice with PBS and resuspended in normal growth medium. After 5 h, 
aphidicolin was added to the medium to a final concentration of 10 g/ml and 
cells were incubated for 10–12 h. Synchronized cells were subsequently released 
into aphidicolin-free medium and harvested at time points corresponding to 
G1/S (0 h) and G2 (10 h). Synchronized cell-cycle progression was monitored 
by FACS analysis of DNA content.

RNA-FISH. For RNA-FISH, cells were plated on chamber slides and fixed with 
4% PFA for 10 min, permeabilized with triton X-100 for 5 min and fixed again 
with 4% PFA for 10 min. The slides were then washed for 3 min each with 70% 
EtOH, 80% EtOH, 95% EtOH and 100% EtOH. For detection of major satellite 
transcripts, we hybridized a mixture of the specific probes containing locked 
oligonucleotides (sequences are listed in the Supplementary Table 2) overnight 
at 37 °C in 2× SSC and 50% formamide. Slides were washed twice with 2× SSC, 
50% formamide and 0.1% SSC. Cells were then blocked with 2.5% BSA diluted 
in 4× SSC and 0.1% Tween, incubated with avidin–Alexa 488 for 30 min at 37 °C 
and washed twice with 0.1% Tween in PBS. On average, 250 cells were analyzed 
for the RNA-FISH signal.

Chromatin immunoprecipitation. ChIP was performed according to standard 
protocols10 and immunoprecipitated DNA was analyzed by qRT-PCR with 
 primers specific for major satellites (see Supplementary Table 2, RT-PCR 
 primers). H3K9me3-specific antibodies (5 l crude serum per 25 g chromatin; 
no. 4861 and no. 1926, Jenuwein laboratory) were used for ChIP in wild-type, 
Pax3- deficient and Pax3-deficient (shPax9) iMEFs. Chromatin from iMEFs 
overexpressing eGFP-tagged Pax proteins was precipitated with a ChIP-grade  
anti-GFP antibody (4 g antibody per 10 g chromatin; Invitrogen A11122).

ChIP-seq and data analysis. Wild-type, Pax3-deficient and Pax3-deficient 
(shPax9) iMEFs and wild-type and Suv39h–double-null ESCs were subjected to 
the ChIP protocol as described above. We used 10 ng DNA from each ChIP sample  
for library preparation, following the instructions of the ChIP-seq sample-prep 
kit from Illumina. The Illumina GAxII platform was used for sample sequencing. 
Bowtie was used to map reads to the mouse genome (mm9), and the resulting bam 
files were displayed in the Integrative Genomics Viewer genome browser32.

We identified heterochromatic regions (n = 6,387) by differential peak calling 
using wild-type and Suv39h–double-null cells. The bed file HET_6387 is avail-
able upon request.

Consensus major satellite sequence was defined on the basis of previous 
publications3,50 and confirmed by our own sequence data. Annotated major 
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satellite repeats outside of pericentric heterochromatin were retrieved from the 
University of California, Santa Cruz (Repeatmasker GSAT_MM). We used the 
density array method in SeqMiner52 for the meta-analysis of H3K9me3 enrich-
ment on annotated major satellite repeats. Respective fastq files are available at 
the GEO database.

TRAP analysis. To assess the overall sequence properties of heterochromatic 
regions, we adapted the TRAP physical binding model34 for a selected set of tran-
scription factors (Pax2, Pax3, Pax9 and Zeb1). To each heterochromatic region we 
added equidistant upstream and downstream flanking sequences. The combined 
region was divided into 40 equal bins. For each bin we calculated the logarithmic 
binding affinity and normalized it with respect to different sequence lengths, 
as detailed in refs. 33–35. For each bin, the resulting score, also called TRAP 
score, was averaged over all (6,387) heterochromatic regions. Similarly, for the 

analysis of promoter regions, we defined a flanking sequence of 1 kb around all 
annotated TSSs (Ensembl) and divided their sequences into 40 equal bins. After 
aligning 28,028 promoter regions, the average TRAP score was calculated for 
each selected transcription factor. We selected as controls random regions from 
the genome that did not overlap with the identified heterochromatic regions 
(HET_6387) or annotated promoters. This provided the background distribution 
of affinities, which could also be inferred from sufficiently large flanking regions. 
Our approach relied on prior information about the binding preferences of tran-
scription factors obtained from alignments of known binding sites available in 
the Genomatix MatBase.

51. Sambrook, J. & Russell, D.W. Molecular Cloning: A Laboratory Manual 3rd edn, 
Vol. 1, 7.51–7.62 (Cold Spring Harbor Laboratory Press, 2001).

52. Ye, T. et al. seqMINER: an integrated ChIP-seq data interpretation platform. Nucleic 
Acids Res. 39, e35 (2011).
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