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Insulators help separate active chromatin domains from
silenced ones. In yeast, gene promoters act as insulators to
block the spread of Sir and HP1 mediated silencing while
in metazoans most insulators are multipartite autonomous
entities. tDNAs are repetitive sequences dispersed
throughout the human genome and we now show that
some of these tDNAs can function as insulators in human
cells. Using computational methods, we identiﬁed putative
human tDNA insulators. Using silencer blocking, transgene protection and repressor blocking assays we show
that some of these tDNA-containing fragments can function as barrier insulators in human cells. We ﬁnd that
these elements also have the ability to block enhancers
from activating RNA pol II transcribed promoters.
Characterization of a putative tDNA insulator in human
cells reveals that the site possesses chromatin signatures
similar to those observed at other better-characterized
eukaryotic insulators. Enhanced 4C analysis demonstrates
that the tDNA insulator makes long-range chromatin
contacts with other tDNAs and ETC sites but not with
intervening or ﬂanking RNA pol II transcribed genes.
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Introduction
The differential packaging of chromatin in the eukaryotic
nucleus results in differential gene regulation. Euchromatin is
characterized by open, more accessible chromatin that is
more likely to be transcribed while heterochromatin is
more densely packed, and generally refractive to transcription (Elgin and Grewal, 2003; Huisinga et al, 2006).
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Regulatory elements such as enhancers positively regulate
gene expression while silencers negatively affect gene expression within the context of these domains (Visel et al, 2009;
Raab and Kamakaka, 2010; Sen and Grosschedl, 2010; Bulger
and Groudine, 2011). Euchromatic and heterochromatic domains often reside adjacent to one another along the linear
chromosome and mechanisms exist to spatially separate
these domains thus aiding in proper gene expression.
Regulatory elements such as enhancers and silencers are
conﬁned to the appropriate domain by several mechanisms.
DNA elements called insulators are one mechanism for isolating regulatory elements (Maeda and Karch, 2003; Gaszner
and Felsenfeld, 2006; Valenzuela and Kamakaka, 2006;
Bushey et al, 2008).
Insulators are deﬁned by their ability to isolate and insulate long-range regulatory elements. Enhancer-blocking
insulators are DNA elements that when placed between an
enhancer and a promoter block the ability of the enhancer to
activate the promoter. Barrier insulators block the spread
of silenced chromatin when placed between a silencing
element and a gene promoter (Gaszner and Felsenfeld,
2006; Valenzuela and Kamakaka, 2006; Bushey et al, 2008).
Insulators are present from yeast to man and characterization
of these elements demonstrate that these elements share
many common properties and mechanisms. All insulators
bind speciﬁc transcription factors and localize to DNaseI
hypersensitive sites. Several insulators have been shown to
recruit chromatin-modifying and remodelling machines,
which aid in the formation of the DNaseI hypersensitive
sites. Another conserved property of insulators is that they
cluster together in the nucleus forming ‘insulator bodies’ and
by this process they isolate genes and their cognate regulatory elements into speciﬁc chromatin loops and sequester the
genes to speciﬁc compartments in the nucleus (Maeda and
Karch, 2007; Bushey et al, 2008; Raab and Kamakaka, 2010).
Silenced chromatin in Saccharomyces cerevisiae occurs at
the telomeres and HM loci and involves silencers and the Sir
repressors. Sir2p deacetylates histones while Sir3p and Sir4p
bind the deacetylated histones in chromatin leading to gene
repression (Rusche et al, 2003). In Schizosaccharomyces
pombe, the centromeres, telomeres and cryptic mating type
loci are packaged into silent heterochromatin. Histone
deacetylases deacetylate the histones, which are then methylated by speciﬁc methylases, and the methylated histones are
in turn bound by the HP1 homologue, Swi6 resulting in gene
silencing (Grewal and Moazed, 2003). In vertebrates, constitutive centromeric heterochromatin is very similar to
S. pombe heterochromatin with histone H3 methylated at
K9 and being bound by HP1 containing protein complexes
(Fodor et al, 2010). In mammals, besides constitutive heterochromatin, there is facultative intercalary heterochromatin on
the chromosome arms (Trojer and Reinberg, 2007). Enzyme
complexes speciﬁcally deacetylate histone H3 following
which, speciﬁc enzymes methylate histone H3 at K27 and
polycomb group proteins bind these modiﬁed residues result& 2012 European Molecular Biology Organization
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ing in the formation of silenced facultative heterochromatin.
These silenced chromatin domains are separated from active
chromatin domains by insulators.
Although heterochromatin is distinct in S. cerevisiae and
S. pombe, speciﬁc tDNA genes function as insulators in both
species suggesting conservation of function (McFarlane and
Whitehall, 2009). tRNA genes are moderately repetitive,
present singly or in small clusters, transcribed by RNA pol
III (Dieci et al, 2007) and their expression is subject to
developmental and cell-cycle regulation (Stutz et al, 1989;
Fairley et al, 2003). Transcription of tRNA genes (tDNA) is
mediated by the transcription factors TFIIIB and TFIIIC along
with RNA pol III (Geiduschek and Kassavetis, 2001).
Mammalian cells have additional factors such as OCT1,
Myc, Fos/Jun and Rb that directly or indirectly regulate
their transcription (Felton-Edkins et al, 2003). tDNAs have
an internal promoter consisting of the A and the B box, which
recruits the transcription factor TFIIIC. The B box has been
shown to solely recruit TFIIIC and a single base change in the
B box has been shown to completely abolish TFIIIC recruitment and tRNA transcription, replication pausing and insulation. TFIIIC mediated recruitment of TFIIIB upstream of the
tDNA followed by the recruitment of RNA polymerase III
culminates in transcription of the gene (Geiduschek and
Kassavetis, 2001; Schramm and Hernandez, 2002).
In S. cerevisiae, a tRNA-thr gene and its ﬂanking sequences
function as an insulator and restrict the spread of silent
chromatin at the cryptic mating locus HMR in either orientation (Donze et al, 1999; Donze and Kamakaka, 2001), while
30% of the tDNAs in S. pombe are found ﬂanking centromeric
heterochromatin and several of these genes have been shown
to act as barrier insulators (Noma et al, 2006; Scott et al, 2006;
Iwasaki et al, 2010). The insulator function of tDNAs is
critically dependent upon the recruitment/binding of the
transcription factors TFIIIB and TFIIIC while transcription
by RNA polymerase III is not necessary for insulation
(Noma et al, 2006; Simms et al, 2008; Biswas et al, 2009;
Valenzuela et al, 2009). tDNA mediated insulation utilizes
cohesin proteins as well as speciﬁc chromatin remodellers and
histone modiﬁers to generate a specialized nucleosome depleted DNaseI hypersensitive site (Donze et al, 1999; Donze
and Kamakaka, 2001; Damelin et al, 2002; Ng et al, 2002;
Bachman et al, 2005; Gelbart et al, 2005; Jambunathan et al,
2005; Oki and Kamakaka, 2005; Dubey and Gartenberg, 2007;
Parnell et al, 2008; Dhillon et al, 2009). Studies also show that
TFIIIC-bound loci in S. cerevisiae and S. pombe coalesce at
speciﬁc foci, which results in the formation of chromatin
loops (Noma et al, 2006; D’Ambrosio et al, 2008; Haeusler
et al, 2008; Duan et al, 2010; Iwasaki et al, 2010).
In Drosophila, Su(Hw) protein binds the Gypsy retrotransposon and functions as a barrier and enhancer-blocking
insulator (Roseman et al, 1993). Su(Hw) mediates insulation
by interacting with numerous cofactors (Gdula et al, 1996)
and the protein also coalesces together forming insulator
bodies that likely aid in the formation of chromatin loops
(Gerasimova et al, 2000; Capelson and Corces, 2005).
The chicken HS4 site of the b-globin locus is the archetypal
autonomous vertebrate insulator (Chung et al, 1993; Pikaart
et al, 1998; Bell et al, 1999; Recillas-Targa et al, 2002; West
et al, 2004; Huang et al, 2007; Dickson et al, 2010). Three
proteins are recruited to this insulator and each is important
for a speciﬁc aspect of insulator function. USF1 binds a site
& 2012 European Molecular Biology Organization

within cHS4 and is necessary for the recruitment of chromatin-modifying enzymes that modify histones, generate a
hypersensitive site and block the spread of heterochromatin.
VEZF1 binds to different sites and is important for barrier
activity through its effects on DNA methylation. CTCF
mediates enhancer-blocking activity and is also required to
localize the insulator to speciﬁc regions of the nucleus
forming chromatin loops (Yusufzai and Felsenfeld, 2004;
Yusufzai et al, 2004).
The majority of functionally characterized mammalian
insulators bind CTCF and CTCF is necessary for enhancerblocking insulation in vertebrates (Bell and Felsenfeld, 1999;
Magdinier et al, 2004; Filippova et al, 2005; Mishiro et al,
2009; Phillips and Corces, 2009) and data also indicate that
cohesins are required for CTCF mediated insulation (Wendt
et al, 2008; Mishiro et al, 2009). Besides CTCF, very few other
proteins required for enhancer blocking have been identiﬁed
in mammalian cells and the barrier activity of mammalian
insulators has also not been well characterized either
(Burgess-Beusse et al, 2002; Kim et al, 2009; Ottaviani et al,
2009a, b).
One CTCF-independent mammalian enhancer-blocking
insulator is an RNA polymerase III transcribed Short
Interspersed Nuclear Element (SINE) (Lunyak et al, 2007;
Roman et al, 2011). SINEs are transposable elements that bind
RNA pol III transcription factors TFIIIC and TFIIIB and are
transcribed by RNA polymerase III or RNA polymerase II
(Rowold and Herrera, 2000). However, it is currently
unknown if RNA pol III transcribed genes as opposed to
SINE elements have the ability to function as enhancerblocking insulators in vertebrates and it is also unclear if
human pol III transcribed loci function as barrier insulators
(Kim et al, 2009; Roman et al, 2011) like the recently
identiﬁed mouse tDNA insulator (Ebersole et al, 2011).
Given the observation that TFIIIC-bound loci function as
barrier insulators in the distantly related yeast, S. cerevisiae
and S. pombe, as well as enhancer-blocking insulators in mice
(Donze et al, 1999; Noma et al, 2006; Scott et al, 2006;
Lunyak et al, 2007; Biswas et al, 2009), we inquired if tRNA
genes could function as insulators in human cells. Here, we
identify fragments in human cells that contain tRNA genes and
are capable of insulator activity. We show that tRNA genes are
often found in close proximity to the boundaries of repressed
chromatin domains. We also ﬁnd that many tRNA gene locations with respect to neighbouring RNA pol II transcribed
genes are conserved through evolution, suggesting a location-speciﬁc functional role for these genes. Using a functional
assay in S. pombe, we demonstrate that human tRNA genes are
capable of blocking heterochromatin. We further show that the
human tRNA genes also block repression mediated by the
polycomb group proteins in human cells and protect transgenes from position effects. Finally, we show that, like SINE
elements and other mammalian insulators, tRNA genes can
efﬁciently block enhancer mediated transcription activation.
Mapping studies of the chromatin environment at the native
locus of the 3-kb putative tRNA insulator fragment has a
signature found at other insulators and we also show that
the tDNA-containing fragment interacts with other tDNAcontaining fragments via long-range interactions thereby clustering in the nucleus and possibly forming chromatin loops
and these data collectively suggest that tRNA genes likely
function as insulators in human cells.
The EMBO Journal
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Results
In silico identiﬁcation of putative tDNA insulators
In light of previous observations that DNA elements bound
by the RNA pol III transcription factors TFIIIC and TFIIIB
function as insulators in yeast and mice (Raab and
Kamakaka, 2010), we wished to determine the locations of
potential RNA pol III insulators in human cells. Given that
TFIIIC recruitment is critical for these elements to function
we initially mapped TFIIIC binding site containing DNA
sequences (B boxes) throughout the human genome using a
TFIIIC consensus sequence-based weight matrix based on a
11-bp consensus sequence (Pavesi et al, 1994). Following
clustering analyses and a cutoff score of more than 9.3
and a window size of 2 kbp, we determined B-box counts and
B-box probabilities and ranked 4600 000 putative TFIIIC
binding sites. The distribution of these putative sites is
shown in Supplementary Figure S1A. In all, 608 out of the
631 human tDNA and tDNA pseudo genes (as deﬁned by
tRNAdb; http://gtRNAdb.ucsc.edu) were present in our
B-box predictions with 42% of all tDNAs in the top 1% of
our predictions.
Since clusters or tandem arrays of TFIIIC bound sites
function as better insulators in yeast (Donze and
Kamakaka, 2001; Noma et al, 2006; Valenzuela et al, 2009),
we reasoned that clusters of these sites are more likely to
function as insulators in humans. We therefore focused on
identifying loci where multiple TFIIIC sites (two or more over
a 2-kb distance) clustered together. The strongest clustered
sites resided at or near tDNAs and we therefore chose to focus
further analysis on clusters of tDNAs rather than B boxes
alone. The top three clusters of tRNA genes were located on
chromosomes 1, 6 and 17. ETC loci bind TFIIIC but not RNA
pol III and interestingly these loci are not present in repetitive
clusters along human chromosomes.
We next measured the distance between each tDNA and its
neighbour (Supplementary Figure S1B), plotting the cumulative frequency. Approximately 50% of human tDNAs are
located within 5 kb of another tDNA and many (23%) of
the tDNAs are found o1 kb from a second tDNA (Oler et al,
2010). This clustering is similar to what is observed for tDNAs
in Drosophila melanogaster, Caenorhabditis elegans and
S. pombe but distinct from what is observed for S. cerevisiae
(Kuhn et al, 1991), suggesting that tDNA clusters may have
functional signiﬁcance.
Syntenic conservation of tDNAs
tDNAs are moderate copy repetitive elements, present in
multiple copies within the genome (Guthrie and Abelson,
1982; Frenkel et al, 2004; Goodenbour and Pan, 2006),
suggesting that the selection pressure on any individual
tDNA gene should not be high and therefore its position
within the genome need not be strongly conserved.
Consistent with this hypothesis, in bacterial cells the position
of tDNAs is not well conserved among closely related species
(Withers et al, 2006; Copeland et al, 2009). Syntenic alignments highlight blocks of the human genome that are conserved in another organism’s genome. We asked whether or
not human tDNA locations were syntenically conserved with
respect to their neighbouring pol II transcribed genes.
We used syntenic alignments of the human, chimp, mouse
and opossum genomes (Waterston et al, 2002; Karolchik et al,
332 The EMBO Journal VOL 31 | NO 2 | 2012

Table I Percent of repetitive RNA in conserved positions in genome

Chimp
Mouse
Opossum

tDNA

snRNA

7SL RNA

85
44
26

92
3
3

89
1
NAa

a

7SL RNA data not available in RepeatMasker data set.

2003; Schwartz et al, 2003) and identiﬁed the locations of
tDNAs in each of these organisms (Lowe and Eddy, 1997;
http://gtRNAdb.ucsc.edu). We considered a tDNA to be the
same if tDNAs from both organisms had the same anticodon
(this constraint was more stringent than using the same
isoacceptor). Genome-wide analyses of all the human
tDNAs showed that the majority of tDNAs were syntenic in
chimps and nearly 50% of the human tDNAs were in syntenic
positions in mouse (274/622) and B25% of tDNAs were
syntenic in opossum (159/622) (see Table I and Figure 1A).
These results are similar to recent results on the distribution
of tDNAs in other eukaryotes (Bermudez-Santana et al, 2010).
As a control, we used the RepeatMasker data for other
small repetitive RNA families to compare their locations
within the genome (Smit, Hubley Green: RepeatMasker
Open-3.0 http://www.repeatmasker.org; 1996–2007). snRNA
and 7SL RNA are transcribed by RNA pol II and pol III. We
determined the locations of the genes for these RNAs across
different mammalian species as well and found that these
genes were not conserved relative to their neighbouring pol II
transcribed protein-coding genes (human–mouse snRNA that
was syntenically conserved was 140/4287 and human–opossum was 115/4287. Similarly, human-mouse 7SL RNAs that
were syntenic were 6/943, but human-opossum data were not
available in repeat masker). The relatively high degree of
location conservation of tDNAs suggests that the tDNA position within the genome may have a functional signiﬁcance
(though there are other interpretations such as slower turnover as well).
tDNA clusters are located at transitions of chromatin
domains
Gene regulation is mediated in part by modiﬁcations of the
histones in chromatin. Numerous studies have demonstrated
that particular modiﬁcations correlate with speciﬁc gene
activity states (Barski et al, 2007; Mikkelsen et al, 2007).
Histone H3 K27 trimethylation (H3K27me3) is most often
associated with silenced genes while histone H3 K36 trimethylation is most often associated with transcriptionally
active genes (Schones and Zhao, 2008). Initially, we identiﬁed putative insulator tDNAs by examining their position
relative to H3K27me3 domains (Barski et al, 2007). We
reasoned that if some tDNAs functioned as insulators then
these should be present at these transition zones.
To determine in general if tDNAs were located at transition
points between active and repressed chromatin domains, we
measured the distance between each tDNA and the nearest
end point of an H3K27me3 repressed domain (Figure 1B).
Although in yeast nearly all the tDNAs are occupied by
TFIIIC, this is not the case for human cells (Harismendy
et al, 2003; Roberts et al, 2003; Moqtaderi and Struhl, 2004;
Barski et al, 2010; Moqtaderi et al, 2010; Oler et al, 2010; Raha
et al, 2010). We reasoned that occupied and unoccupied
& 2012 European Molecular Biology Organization
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Figure 1 Location of tDNAs suggests functional roles. (A) A schematic representation of a highly conserved genomic locus spanning B140 kb
on chromosome 17. Gene diagrams illustrate the positions of the nine RNA pol II transcribed genes in this region. The position of tDNAs is
depicted as tick marks. Synteny of the tDNAs within this locus is shown as a further tick mark in the row of the species in which it is syntenic.
(B) Box and whisker plots depicting the distance between binding sites and the end points of histone H3 lysine 27 trimethylated domains in
K562 cells.

tDNAs might vary in their position relative to H3K27me3
domains. To assess this, we used the occupancy levels for
each of the tDNAs from the ENCODE project. We subdivided
the list into quartiles and took the tDNAs in the ﬁrst (highly
occupied n ¼ 158) and last (unoccupied n ¼ 169) quartile. We
determined the distance between these tDNAs and the edges
of the H3K27me3 domains as deﬁned by the ENCODE project.
Active tDNAs were closer to the boundary of a repressed
domain (located on average 41 kbp (median of 28 kb) from
the boundary of the repressed domain) compared with
inactive tDNAs (average of 127 kbp from a boundary (median
of 33 kb) and located within the repressed domain), demonstrating that active tDNAs reside adjacent to an H3K27me3
domain boundary compared with the unoccupied tDNAs
(P ¼ 0.002 Wilcoxon test). As a control, we also performed
this analysis on putative CTCF insulators (n ¼ 18 441). CTCF,
Rad21 bound DNaseI hypersensitive sites were ﬁrst identiﬁed
as putative CTCF insulators sites. These sites were then
analysed with respect to distance from H3K27me3 domains
and were found to be on average 71 kbp (median of 31 kb)
from an H3K27me3 boundary. These data are consistent with
mapping data showing that only a subfraction of CTCF sites
ﬂank H3K27me3 domains (Barski et al, 2007; Cuddapah et al,
2009). The random sites, as expected, were not present near
the H3K27me3 domain boundaries.
Another function of chromatin insulators is to function as
enhancer blockers. The expression patterns of a pair of genes
separated by an insulator are less likely to be similar since the
insulator will prevent co-regulation of these genes. On the
other hand, pairs of genes lacking an insulator might have
similar expression patterns since there is a greater likelihood
of these genes sharing regulatory modules and therefore
being co-regulated. If tDNAs act as enhancer blockers, then
pairs of genes separated by tDNAs might have expression
patterns that are less correlated than pairs of genes lacking
tDNAs. We investigated 750 randomly chosen gene pairs and
& 2012 European Molecular Biology Organization

analysed the ENCODE expression data from K562 and HeLa
cells for these genes. There was some correlation in the
expression patterns for these pairs of genes (r ¼ 0.30 and
0.34 for K562 and HeLa cells, respectively), which is consistent with data showing that there is some clustering of
co-regulated genes in eukaryotes (Singer et al, 2005). We
next investigated all gene pairs separated by bound CTCF, a
known enhancer-blocking insulator. When two genes were
separated by CTCF, this correlation was lost (r ¼ 0.03 and
0.04 for K562 and HeLa cells, respectively). When gene pairs
were separated by TFIIIC bound tDNAs, similarly to the CTCF
data, the correlation in expression was also lost (r ¼ 0.04 and
0.09 for K562 and HeLa cells, respectively). These data are
consistent with the model that tDNAs might be functioning as
chromatin insulators.
We then identiﬁed speciﬁc loci where clusters of tDNA
resided at the boundaries of H3K27me3 domain. Our analyses
identiﬁed numerous loci where tDNAs could be functioning
as barrier insulators with tDNA clusters on chromosomes 6
and 17 being the most striking. We focused our attention on
the region of chromosome 17 that contains ﬁve clusters of
tDNAs (Figure 1A). This is a particularly gene-rich region
comprising 8 RNA pol II transcribed protein-coding genes,
one dubious unannotated open reading frame and 18 tDNAs
within 150 kb. This locus is highly conserved throughout
mammalian evolution (Figure 1A) and the RNA pol II transcribed genes within this locus remained syntenic throughout
mammalian evolution, during the 100 million years of evolutionary time between opossum and humans (Karolchik et al,
2003). Twelve of the eighteen tDNAs found in this region in
humans were also found in the same position in opossum.
Most importantly, the position of the tDNAs relative to the pol
II transcribed protein-coding genes is conserved.
In CD4 þ T cells at this locus on chromosome 17, high
levels of H3K27me3 encompass the arachidonate lipoxygenase gene (ALOXE3) but the levels of H3K27me3 reduce near
The EMBO Journal
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Figure 2 Identiﬁcation of chromatin domains in K562 cells. (A) ENCODE ChIP-seq data for the distribution of TFIIIC, histone H3K27me3,
H3K4me3 and H3K36me3 are plotted across the chromosome 17 domain. The position of tDNAs and RNA pol II transcribed genes is shown.
(B) Transcription status of genes at the chromosome 17 locus. Quantitative RT–PCR analyses of RNA isolated from K562 cells. RNA was
measured from three independent biological replicates and error bars represent standard deviation. Schematic representation showing the
locations of genes is present above the graph.

the cluster of four tDNAs, and drops further at the second
cluster of tDNAs adjacent to the hairy and enhancer of split 7
(HES7) gene. Adjacent to this domain is a large domain
enriched in H3K36me3, a mark of active chromatin (Barski
et al, 2007).
Recent chromatin proﬁling in nine different human cell
lines echoes this distribution pattern and adds further details
(Ernst et al, 2011; see Figure 2A). In K562 cells, H3K27me3 is
high over the ALOXE3 gene, decreases over the HES7 gene
and ﬁnally disappeared over the Period homologue 1 (PER1)
gene. In contrast, H3K4 trimethylation is very low over the
ALOXE3 gene, increases at the HES7 gene and is highly
enriched at genes beyond this region. Finally, H3K36me3 is
not observed on the ALOXE3 or HES7 genes but is present
over the coding regions PER1 and the other genes in this
cluster. Based on this distribution of histone marks, it was
proposed that ALOXE3 is transcriptionally silent, HES7 was
transcriptionally poised but inactive while PER1 was transcriptionally active. We have also mapped the distribution of
H3K27me3 and H3K36me3 across this region using qChIP and
the distribution pattern of these histone marks across most of
our probes show similar distribution patterns as the ENCODE
genome-wide patterns (see Supplementary Figure S2).

tDNAs demarcate differentially transcribed functional
domains on chromosome 17
The ChIP data show that tDNAs are present at the transition
between the K27me3 bound (potentially silenced) ALOXE3
gene and the H3K27me3 and H3K4me bound (potentially
inactive but poised) HES7 gene. The data further show that
tDNAs are present at the second transition between the
potentially inactive HES7 and the H3K36me3 and H3K4me3
bound (potentially active) PER1 genes. If indeed there are
distinct chromatin domains juxtaposed with each other, then
334 The EMBO Journal VOL 31 | NO 2 | 2012

a prediction is that genes within the H3K27me3 domain
should be transcriptionally silent while the genes enriched
for H3K36me3 should be active. We measured the transcriptional states of the genes within these two domains on
chromosome 17 by RT–PCR performed on total RNA puriﬁed
from actively dividing K562 cells (Figure 2B). ALOXE3, the
gene with the highest levels of H3K27me3 was highly
repressed in our cell line, as was HES7, the gene ﬂanked by
tDNAs and which contained both H3K27me3 and H3K4me3
conﬁrming the prediction that HES7 is an inactive gene. In
contrast, both PER1 and the vesicle-associated membrane
protein 2 (VAMP2) genes, which were enriched for
H3K4me3 and H3K36me3, were correspondingly highly
expressed in this cell line demonstrating that the tDNAs
reside in a transition zone separating both structural and
functional domains. The AurKB gene, which is located further
downstream and is enriched for H3K4me3 and H3K36me3, is
also active in K562 cells (data not shown).

TFIIIC binds to tDNAs on chr17
In yeast, tDNA mediated insulator activity is dependent in
part upon the binding of the transcription factor TFIIIC to the
tDNA promoter and in part on ﬂanking sequences. Unlike
yeast, where all of the tDNAs are occupied by TFIIIC, recent
mapping data for the RNA pol III transcriptome have clearly
shown that not all tDNAs in the human genome are occupied
by TFIIIC (Barski et al, 2010; Moqtaderi et al, 2010; Oler et al,
2010; Raha et al, 2010). If our model that tDNAs bound by
TFIIIC act as insulators is correct, then we would expect at a
minimum that the tDNAs on chromosome 17 to be bound by
TFIIIC. Due to the repetitive nature of tDNA and despite our
best efforts, we were unable to design speciﬁc primers for all
of the tDNAs across this region but were able to study TFIIIC
binding across some of the tDNAs. Using these primers, we
& 2012 European Molecular Biology Organization
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Figure 3 Distribution of proteins on chromosome 17. (A) Diagram of the tDNA clusters and surrounding RNA pol II transcribed genes on
chromosome 17. Numbered black bars (1–14) depict the location of PCR probes (sequences present in supplementary tables). All chromatin IP
experiments were performed in K562 cells. (B) Quantitative chromatin immunoprecipitations using antibodies against a TFIIIC subunit
(GTF3C5) were performed to determine the distribution of these proteins across a region of chromosome 17. (C) Acetylated histone H3
distribution across a region of chromosome 17. (D) CTCF was mapped across this region by quantitative chromatin immunoprecipitation.
(E) The protein Rad21 distribution was mapped across the tDNA cluster on chromosome 17 using quantitative ChIP and antibodies against
Rad21. All qChIP experiments are the average of at least two independent crosslinkings, with two immunoprecipitations from each
crosslinking. Error bars represent standard error.

mapped the distribution of TFIIIC by ChIP coupled with qPCR
along chromosome 17 (Figure 3A–B; Supplementary Figure
S3). TFIIIC was only bound to tDNA-containing loci (probes
4, 7 and 14) but was absent from regions of chromosome17
that lacked a tDNA (remaining probes). The recent genomewide mapping data for the RNA pol III transcriptome in
numerous human cells (Barski et al, 2010; Moqtaderi et al,
2010; Oler et al, 2010; Raha et al, 2010) also show that these
tRNA genes on chromosome 17 are bound by TFIIIC
(Figure 2A). Similarly to the results obtained in yeast
& 2012 European Molecular Biology Organization

(Valenzuela et al, 2009), the levels of TFIIIC occupancy at
the human tDNAs varied though the underlying reason for
the variation are not known.
Chromatin structure at the tDNA is ‘insulator-like’
Insulator activity in yeast, Drosophila and chicken cells
utilizes additional factors such as cohesins, histone
acetylases and chromatin remodellers (Donze et al, 1999;
West et al, 2004; Oki and Kamakaka, 2005; Gaszner and
Felsenfeld, 2006; Huang et al, 2007; McNairn and Gerton,
The EMBO Journal
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2008; Dhillon et al, 2009; Dorsett, 2009; Wendt and Peters,
2009; Bose and Gerton, 2010; Wood et al, 2010). We wished to
know if the DNA fragments containing human tDNA clusters
had a chromatin signature similar to that observed at insulators in yeast and chicken cells. We mapped the distribution of
acetylated histones by qChIP using PCR amplicons across the
tDNAs on chromosome 17. Peaks of histone acetylation were
observed at speciﬁc sites and these peaks were in the vicinity
of the TFIIIC peaks (Figure 3C) though these peaks were
shifted relative to the TFIIIC peaks possibly because tDNAs
are nucleosome free and position nucleosomes adjacent to
the gene (Morse et al, 1992).
Most mammalian insulators utilize CTCF for insulation,
which recruits cohesin proteins. Cohesin proteins have been
shown to function in both barrier and enhancer-blocking
insulator activity in yeast, Drosophila and mammalian cells
(Donze et al, 1999; Laloraya et al, 2000; Glynn et al, 2004;
Dubey and Gartenberg, 2007; Gause et al, 2008; Dorsett,
2009; Wendt and Peters, 2009; Zlatanova and Caiafa, 2009;
Bose and Gerton, 2010; Wood et al, 2010). We therefore
mapped the distribution of CTCF and the Rad21 subunit of
the cohesin protein complex across the region of interest on
chromosome 17 (Figure 3D and E). We identiﬁed a peak of
CTCF binding adjacent to the cluster of four tDNA genes
upstream of ALOXE3. The binding site identiﬁed maps to the
site previously shown to bind CTCF by the ENCODE consortium. We also observed peaks of cohesin binding and
some of these peaks are coincide with CTCF peaks consistent
with data that CTCF recruits cohesins to speciﬁc sites in the
genome (Gause et al, 2008; Parelho et al, 2008; Rubio et al,
2008; Stedman et al, 2008; Mishiro et al, 2009; Wendt and
Peters, 2009). Taken together, our mapping studies show
the chromatin environment near the tDNA fragment and
the trans-factors recruited to the fragment that contains the
tDNAs are characteristic of other known insulators. At this
point, the dependency relationships between TFIIIC, CTCF
and cohesins and their individual role in insulation are
not known.
tDNAs function as enhancer-blocking insulators
The presence of tDNAs at a chromatin state transition zone
could simply be a chance occurrence. Alternatively, the tDNA
genes could be functioning as insulators. Long-range gene
regulation involves enhancers and silencers that positively or
negatively regulate a promoter of a gene. Insulators restrict
the action of these elements in a position-dependent manner
(Raab and Kamakaka, 2010). We ﬁrst inquired if a human
tDNA-containing fragment had an ability to block communication between an enhancer and a promoter when inserted
between these two elements. While tDNAs function as barrier
insulators in yeast, they have never been tested for enhancerblocking activity since classic enhancers do not exist in these
organisms. We used the mammalian enhancer-blocking assay
developed by the Felsenfeld laboratory (Chung et al, 1993).
The human tDNA-containing fragments were cloned between
the murine HS2 enhancer of the globin locus and a neomycin
reporter driven by the human g-globin promoter. This enhancer–promoter pair is active in K562 cells. Chicken HS4, as
well as many other insulators, have been shown to robustly
block the activation of the neomycin gene by HS2. The
constructs generated were linearized and equal amounts of
these constructs were used to transfect K562 cells. Neomycin336 The EMBO Journal VOL 31 | NO 2 | 2012

resistant colonies were allowed to grow in soft agar on plates
and the number of neomycin-resistant colonies was counted
after staining.
A construct containing the enhancer–promoter cassette
was used as a control and all data were normalized to this
cassette (Figure 4B, lane 1). A construct containing just the
promoter was used as the negative control (Figure 4B, lane
2). We used a construct with a fragment containing two
copies of the 1.2-kb long full chicken HS4 insulator inserted
between the enhancer and promoter and used this construct
as a control for insulation (Figure 4B, lane 3). The duplicated
cHS4 insulator reduced the number of neomycin-resistant
colonies to B40% of the uninsulated construct. We next
tested six human DNA containing fragments from chromosome 17 (see Figure 4A for relative locations of these genes).
One fragment contained a single tDNA that is present immediately upstream of HES7 (Figure 4B, lane 5). One fragment contained two tDNAs that are present immediately
downstream of PER1 (Figure 4B, lane 6). One fragment
contained three tDNAs located upstream of AURKB
(Figure 4B, lane 9) and three DNA fragments contained
four tDNAs (Figure 4B, lanes 4, 7 and 8). In addition, we
tested three DNA fragments from chromosomes 6 and 19,
each of which contained between one and two tDNA genes
(Figure 4B, lanes 10–12).
With regards to the tDNAs on chromosome 17, the
fragment (labelled HES7) containing the single tDNA was
unable to block the enhancer. The fragment containing two
tDNAs (labelled PER1) has moderate enhancer-blocking
activity (50% of the uninsulated control) while the fragment
with four tDNAs (labelled ALOXE3) has robust enhancerblocking activity (40% of the uninsulated control), and was
equivalent to that observed for the duplicated chicken HS4
insulator. Similarly, the TMEM and AURK1 fragments have
strong insulator activity while the AURK2 is a weak insulator.
We see similar variability in insulation for tDNA-containing
fragments from chromosomes 6 and 19 with the fragment on
chromosome 19 being very robust in enhancer blocking.
We next focused our attention on the cluster of four tDNAs
upstream of ALOXE3. Besides binding TFIIIC, this cluster
has binding sites for CTCF. We focused on the two telomereproximal tDNAs from this cluster and asked if just these two
tDNAs (lacking CTCF) could function in enhancer blocking
(Figure 4C). Inserting this 1.2 kb fragment between the
enhancer and the promoter demonstrated that these two
tDNAs could block the enhancer but the activity was not as
robust as that observed for the entire cluster of four tDNAs
with the CTCF site (B60% of the control) (Figure 4C,
lane 13).
The yeast tDNA fragment can function as a barrier in either
orientation (Donze and Kamakaka, 2001). Similarly, the
chicken HS4 fragment can function as an enhancer blocker
in either orientation (Pikaart et al, 1998; Bell et al, 1999;
Recillas-Targa et al, 1999). We therefore tested the tDNAcontaining fragment in both orientations. Like chicken HS4,
the tDNA fragment functions in an orientation-independent
manner to block the enhancer from communicating with the
promoter (compare lanes 13 and 14 in Figure 4).
It was possible that proteins binding ﬂanking sequences
mediated the insulation observed. tDNAs have an internal
promoter composed of two binding sites called the A and B
boxes. The tDNA B box is only known to bind the transcription
& 2012 European Molecular Biology Organization
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Figure 4 Human tDNAs possess enhancer-blocking activity. (A) Schematic representation of the chromosome 17 locus analysed in the
enhancer-blocking assay with the tDNA clusters shown as bars. (B) Enhancer-blocking constructs containing murine HS2 enhancer of the
b-globin gene and the human g-globin promoter drive expression of a neomycin-resistant gene. A positive control for insulator activity contains
two copies of the cHS4 insulator. Constructs lacking the enhancer or lacking an insulator fragment were used as controls for expression of the
neomycin resistance gene. tDNA-containing fragments from chromosomes 6, 17 and 19 were cloned between the enhancer and the promoter.
The arrowheads indicate the number of tDNAs present in each test fragment. K562 cells were transfected and the number of neomycin-resistant
colonies growing in soft agar were quantiﬁed. The data are the average of three transfection experiments and error bars are standard error.
(C) Analysis of enhancer-blocking ability of the ﬁrst two clustered tDNAs from upstream of the ALOXE3 gene. Arrowheads indicate the number
and orientation of the DNA fragments (asterisks denote Po0.02).

factor TFIIIC is critical for TFIIIC binding to the tDNA promoter
and for tDNA transcription (Geiduschek and TocchiniValentini, 1988). In addition, insulator activity of tDNAs in
yeast requires the binding of TFIIIC to the tDNA
B-box promoter (Donze and Kamakaka, 2001) and mutations
in the B box abolish binding of TFIIIC, which results in loss of
& 2012 European Molecular Biology Organization

gene transcription and insulation. To determine if TFIIIC was
necessary for enhancer-blocking activity in human K562 cells,
we made three base pair mutations in the highly conserved
tDNA B box. We assayed the ability of this mutated tDNA to
block communication between the enhancer and the promoter.
The results from this experiment show that the mutated tDNAThe EMBO Journal
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containing fragment had signiﬁcantly reduced ability to block
the enhancer (compare lanes 1, 14 and 15 in Figure 4). This
result also indicates that the reduction in number of colonies in
constructs containing an insulator was not due to an increase
in distance between the enhancer and the promoter.
Furthermore, since this fragment does not contain any CTCF
binding sites it is likely that enhancer blocking is mediated in a
CTCF-independent manner.
In yeast, a single tDNA that is a weak insulator can be
converted to a strong insulator by multimerization (Donze
and Kamakaka, 2001; Noma et al, 2006; Valenzuela et al,
2009). The chicken HS4 insulator also has the same property
(Pikaart et al, 1998). Since the two tDNAs were not as robust
in insulation as the entire native cluster of four tDNAs at
ALOXE3, we asked if duplicating these two tDNAs would
improve insulation. The duplicated fragment led to a further
decrease in the number of neomycin-resistant colonies to
B35% of constructs containing no insulator (compare lanes
14 and 16 in Figure 4C). These data show clearly that
duplication increased activity to that observed for the native
fragment containing four tDNAs (Figure 4B, lane 4).
Mutagenizing the four B boxes in the duplicated fragment
signiﬁcantly eliminated its ability to insulate (compare lanes
16 and 17 in Figure 4C).
One possibility was that the tDNAs were functioning not
only by blocking the enhancer from communicating with the
promoter but also by simply repressing the enhancer.
To address this issue, we cloned the tDNA-containing
fragment immediately upstream of the enhancer. Our data
show that in this conﬁguration (lane 18 in Figure 4C) the
enhancer was still able to activate the promoter, demonstrating that the tDNA was functioning as a bona ﬁde enhancer
blocker and not simply as a silencer of the enhancer, though
these may be related phenomenon (Petrykowska et al, 2008).
The 1.2-kb tDNA-containing fragment functions as an
enhancer blocker only in the presence of a functional B-box
promoter and insulation is lost upon mutating the B box.
To conﬁrm that the effect is due to loss of TFIIIC binding, we
decided to map the distribution of TFIIIC in the wild-type and
mutant fragment. We subcloned the wild-type or mutant
1.2 kb fragments into an episome (pCEP9) and stably transfected K562 cells with the construct (which was autonomously maintained by the EBNA1 protein and the OriP
origin present on the episome) (Supplementary Figure
S4A). In order to distinguish the episomal tDNAs from the
chromosomal tDNAs, we incorporated 29 bp unique tags
ﬂanking the two tDNAs. ChIP with antibodies against
TFIIIC showed binding to the wild-type tDNA Gln (though
not the tDNA Lys) and TFIIIC binding to the Gln tDNA was
lost in the 3-bp B-box mutant (Supplementary Figure S4B).
Human tDNAs function as barrier insulators in S. pombe
Some insulators function solely as enhancer blockers or
as barrier insulators while other insulators are composite
insulators that possess both activities (Raab and Kamakaka,
2010). Having shown for the ﬁrst time that tDNAs can
function as enhancer-blocking insulators, we next turned
our attention to ask whether human tDNA-containing DNA
fragments could also function as barrier insulators and had
the ability to block silenced heterochromatin. In S. pombe,
the RNAi machinery works in conjunction with transcription
factors to recruit histone deacetylases and methylases to
338 The EMBO Journal VOL 31 | NO 2 | 2012

generate chromatin depleted of acetylated histones and
enriched for histone H3K9me3. The HP1 sequence homologue Swi6p binds the methylated chromatin to mediate silencing of genes (Grewal and Moazed, 2003; Grewal and Elgin,
2007). This heterochromatin is very similar to constitutive
heterochromatin in mammals (Trojer and Reinberg, 2007).
Furthermore, tDNA transcription factors are conserved
between yeast and mammals such that yeast factors can
transcribe mammalian tDNAs (Huang and Maraia, 2001). In
addition, the binding sites for S. pombe TFIIIC is very similar
to the binding site for human TFIIIC (Hamada et al, 2001;
Moqtaderi et al, 2010). We therefore chose to begin our
barrier analyses of human tDNAs by using an assay for
barrier activity in S. pombe.
We developed a barrier assay in S. pombe that is similar to
the barrier assay in S. cerevisiae. When an S. pombe replicating plasmid with an Ura4 þ reporter gene is transformed into
an S. pombe uracil auxotroph, it enables the strain to grow on
medium lacking uracil. However, incorporation of an
S. pombe silencer such as the 6.4-kb centromeric K repeat
from chromosome 3 into this replicating plasmid allows the
silencer to recruit various histone deacetylases, methylases
and repressor proteins to generate heterochromatin which
spreads to silence the Ura4 þ reporter. Thus, strains transformed with this plasmid are unable to grow on media
lacking uracil and appear untransformed (Partridge et al,
2002). As a test of the assay, we ﬁrst determined if ﬂanking
the silencer with an S. pombe tDNA insulator would block the
spread of heterochromatin and allow growth of the transformants on medium lacking uracil. We generated plasmids
where we inserted an S. pombe tDNA insulator upstream
of, or ﬂanking the K repeat silencer (Figure 5). As controls we
had plasmids either lacking the silencer or plasmids containing the silencer but lacking a putative tDNA insulator. Equal
amounts of these plasmids were used to independently transform an ura4 leu1 S. pombe auxotroph. In order to control
for transformation efﬁciency, we co-transformed the
S. pombe strain with a second S. pombe replicating plasmid
that contained the Leu1 þ gene but no silencer sequences.
Half of the transformation was plated on S. pombe minimal
media plates lacking uracil, while the remaining transformants were plated on minimal media plates lacking leucine.
Colonies were counted and the number of Ura þ colonies
was normalized to the Leu þ colonies for each transformation. A plot of the number of transformants using this assay is
shown in Figure 5B. Ura4 þ plasmids containing no silencer
generated a large number of colonies, while plasmids with
the silencer (no insulator) generated very few colonies.
Interestingly, insertion of an S. pombe tDNA upstream of
the silencer (tDNA upstream) resulted in little insulation of
the reporter whereas ﬂanking the silencer with the tDNA
(tDNA ﬂanking) led to higher levels of insulation.
Having developed this simple assay we next asked if
human tDNAs can function as insulators in S. pombe to
block heterochromatin. We also tested the highly characterized S. cerevisiae tDNA insulator for its ability to block
silencing in S. pombe. PCR fragments containing tDNAs
were cloned between the S. pombe silencer and the Ura4 þ
gene (Figure 5A). The S. cerevisiae HMR tDNA insulator was
able to function as an insulator in S. pombe, albeit less
strongly than the S. pombe tDNA (Figure 5C). Analyses of
the human tDNAs from chromosomes 6 and 17 indicated that
& 2012 European Molecular Biology Organization
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Figure 5 Human tDNAs function as barrier insulators in S. pombe.
(A) Schematic depiction of the plasmid construct used to test for
barrier insulation in S. pombe. (B) Equal amounts of various
plasmids containing S. pombe tDNAs were used along with a
Leu1 þ plasmid to transform an S. pombe strain. Transformants
were plated on minimal media plates lacking either uracil or leucine
and the number of colonies able to grow on media lacking uracil or
leucine were counted. Data shown is the average with standard
error of three independent transformation experiments. (C) Human
tDNA pairs from the ALOXE3 and PER1 cluster (horizontal bars) on
chromosome 17 were cloned into the plasmid shown in (A).
Insulator activity of recombinant plasmids containing human
tDNAs was determined as described for (B). Data shown is the
average with standard error of three independent transformation
experiments. Colony number was normalized to the number of
colonies in a construct lacking a silencer. (D) A 3 bp mutation in the
human tDNAs in the strongest fragment (hatched column in C) was
mutated and the insulator assay was repeated as described.

several human tDNA fragments were able to protect the
Ura4 þ gene from silencing (Figure 5C; Supplementary
Figure S4). Interestingly, not all human tDNA fragments
had robust insulation abilities. This is consistent with the
enhancer-blocking data and data in S. cerevisiae where some
tDNAs are able to function as insulators while other tDNAs
are not (Donze and Kamakaka, 2001). Among the human
tDNAs, there appears to be a range of abilities to protect the
Ura4 þ gene from silencing, which do not strictly fall into yes
or no categories, but instead appear to show a continuum of
ability. Similar results were seen using tDNA genes from
other loci on chromosome 6 (see Supplementary Figure S4).
& 2012 European Molecular Biology Organization

Some of the human tDNA fragments with robust insulation
abilities were similar in strength to the known S. pombe tDNA
barrier insulator. The most effective human tDNA fragment in
this assay contained two out of the four tDNAs that are the
most telomere-proximal tDNAs in the chromosome 17 cluster
and separate the ALOXE3 gene from the HES7 gene.
To determine if the B-box sequence is required for human
tDNAs to act as insulators in S. pombe, we made 3 bp
mutations in the highly conserved residues in the B box in
the tDNAs contained within the strongest insulator in
Figure 5C (dark bar). These mutations signiﬁcantly reduced
the ability of this fragment to block silencing (Figure 5D).
These data suggest that insulation by the human tDNAs in
S. pombe was most likely mediated by the binding of
S. pombe TFIIIC to the promoter of these genes (Huang and
Maraia, 2001).
tDNAs can block repression in human cells
We chose to further characterize the DNA fragment containing these two tDNAs (ALOXE3 tDNA1). These two genes are
in the same relative position in the opossum genome as they
are in human genome (Figure 1) and are located near the
transition between the active and repressed chromatin domains (Figure 2) and displayed robust insulation activity
in the human enhancer blocking as well as the S. pombe
barrier assay.
Tethering a repressor protein (polycomb protein CBX4)
upstream of a reporter gene has been shown to induce a
repressed state at the reporter gene (Smallwood et al, 2007;
Vincenz and Kerppola, 2008). We decided to adapt this assay
to further test the ability of the tDNA to function as an
insulator. We developed a system to determine if tDNAs
could block repression originating from a speciﬁc source.
Nine Gal4 binding sites were cloned upstream of a luciferase
reporter gene that was driven by the CMV promoter and we
inserted the 1.2-kb DNA fragment containing the ALOXE3
tDNAs (but lacking CTCF) or one copy of the 1.2-kb chicken
HS4 insulator between the Gal4 binding sites and the luciferase gene (Figure 6). These reporters were integrated into the
genome of HEK-293 cells at a speciﬁc site using recombination mediated cassette exchange (Bode et al, 2000). The cell
lines were analysed for proper integration by PCR. We then
transiently transfected these cell lines with expression plasmids expressing Gal4–CBX4 or the Gal4 DNA binding domain
(DBD) along with a plasmid expressing eGFP to mark
transfected cells.
We sorted eGFP-positive cells by ﬂuorescence activated
cell sorting (FACS), equal numbers of these transfected cells
were replated, and after 24 h luciferase activity was quantiﬁed. In three independent experiments, we found that when
cell lines containing no insulator were transfected with Gal4–
CBX4, expression of luciferase was reduced 50% relative to
the same cell line transfected with Gal4–DBD alone. In cell
lines containing a tDNA insulator, expression of the luciferase
reporter was two-fold higher than in the no insulator line
(Figure 6). We also tested a single copy of the chicken HS4
insulator, and in this experiment, this well-established insulator functioned intermediately such that the expression of
luciferase was 1.5-fold that of the no insulator cell line
(Figure 6).
We also generated a cell line where the B box in the tDNA
insulator had a 3-bbp mutation. When these lines were tested
The EMBO Journal
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Figure 6 Human tDNAs can block repression. Tethering of a repressor protein can silence genes. ALOXE3 tDNA pair1 or a cHS4 insulatorcontaining fragment were cloned between 9  Gal4 binding sites and the luciferase gene and integrated into an FRT site in HEK-293 cells. Gal4–
CBX4 or Gal4 DBD alone was transfected along with a GFP expressing plasmid and GFP þ cells were ﬁrst sorted and then replated. Expression
of the luciferase gene was measured 24 h later. The graph depicts percent expression by comparing Gal4–DBD transfected lines with GBD-CBX4
lines from three experiments. Asterisk denotes Po0.05.

for their ability to block Gal4–CBX4 mediated repression of
the luciferase gene, we found that the mutations in the tDNA
insulator’s B box disrupted the ability of the tDNA to act as an
insulator such that the expression of luciferase was nearly
identical to cell lines with no insulator (Figure 6).
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tDNAs can protect a randomly integrated transgene
from silencing in human cells
While the previous experiment demonstrated that tDNAs
could block the spread of polycomb-mediated repression
from a synthetic silencer, the effect was not very robust due
to the narrow dynamic range of this assay. To directly assess
the ability of tDNA-containing fragments to act as a barrier
insulator in human cells, we performed a classical transgene
protection assay (Pikaart et al, 1998; Emery et al, 2000).
In mammalian cells, transgenes randomly integrate into the
genome either as single or as multiple tandem copies. The
expression of the transgene is dependent upon the number of
copies integrated as well as the site of integration. Most often,
single copy transgenes become silenced after a few days in
culture due to the spread of heterochromatin from neighbouring sequences. Flanking the transgenes with insulators has
previously been shown to slow the rate of silencing of
transgenes, protecting them from the neighbouring heterochromatic silencing (Pikaart et al, 1998; Emery et al, 2000).
We built a cassette where an eGFP reporter gene was placed
under the control of the human g-globin promoter
(Figure 7A). Upon random integration into the human genome, the eGFP is usually silenced. We ﬂanked the eGFP gene
with either a single copy of the 1.2-kb fragment (containing
two tDNAs) from chromosome 17 or with one copy of the
well-characterized 1.2 kb chicken insulator from the b-globin
locus, cHS4. We also tested the tDNA-containing DNA fragment where the B boxes were mutated. Human K562 cells
were co-transfected with the linear plasmid containing the
transgene as well as a plasmid expressing the puromycin
resistance gene. We initially selected for puromycin-resistant
transfectant colonies and then analysed the expression of the
eGFP reporter after the drug was withdrawn. This allowed us
to select for stable transfectants without any bias towards
sites that are permissive to transcription. Once we
had obtained stable transfectants, we determined the copy
340 The EMBO Journal VOL 31 | NO 2 | 2012
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Figure 7 tDNAs can protect a randomly integrated transgene from
silencing. (A) Schematic representation of the constructs used in the
transgene protection assay. (B) A box plot of the percent of GFP
expressing cells is plotted as a function of number of days. A single
copy of chicken HS4 is compared with a single copy of the ALOXE3
tDNA pair1 insulator and an uninsulated transgene. The box
includes the 25th–75th percent quartiles, the line is the median
and the whiskers are 1.5  the interquartile range. Open circles
denote data points that are outside the whiskers (n ¼ 13 cell lines
for no insulator; 15 cell lines for chicken HS4, 13 cell lines for tDNA
and 15 cell lines for B-box delete).

number of the eGFP reporter cassette that had integrated by
qPCR of genomic DNA isolated from various stable cell lines.
We investigated cell lines where the eGFP was in 1–3 copies
in the genome (since K562 cells are effectively triploid cells;
Naumann et al, 2001). We monitored expression of eGFP in
many independent cell lines for each reporter construct by
FACS over a period of 11 weeks.
The difference between the insulated and uninsulated lines
is most apparent by looking at a box plot of cells expressing
eGFP at a given day among all cell lines combined
(Figure 7B). Our results showed that in most cell lines,
cassettes with no ﬂanking insulators were rapidly silenced
(yellow box plot), while cassettes which were ﬂanked with
either the 1.2-kb tDNA-containing fragment (green box plot)
or a single copy of the 1.2-kb chicken HS4 element (blue box
plot) were partially protected from silencing in many cell
& 2012 European Molecular Biology Organization
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lines over an 80-day period. Seven of the ten uninsulated
lines (single copy integrants) were silenced by day 40.
However, for both cHS4 and the tDNA-ﬂanked lines, the
majority of lines were still expressing at moderate-to-high
levels at day 40 and even at day 80 (see Supplementary
Figure S6A–D, for data on individual cell lines). These data
show that both cHS4 and the human tDNA fragment were
similarly effective in insulation. Interestingly, silencing did
not appear to be a gradual decrease in expression of the
reporter but an all or none phenomenon generating two
populations of cells—either expressing eGFP or silenced
and not expressing eGFP at all. To determine if the B-box
sequence is required for the human tDNA-containing fragment to act as an insulator, we made 3 bp mutations in the
highly conserved residues in the B box in the tDNAs.
Mutations in the B box severely reduced the ability of this
fragment to protect the transgenes. Mutations in the B box do
not abolish insulation, suggesting that either this mutation
does not completely eliminate TFIIIC binding or other factors
that bind this DNA fragment play a role in insulation. These
results do suggest that a single copy of the 1.2-kb tDNAcontaining fragment was equivalent to a single copy of the
well-characterized chicken insulator HS4 in the transgene
protection assay and show that this effect is partially dependent upon TFIIIC binding to the B-box element present within
the tDNA.
tDNAs coalesce together in human cells
Studies in yeast (Noma et al, 2006; Ruben et al, 2011),
Drosophila (Gerasimova et al, 2000; Capelson and Corces,
2005), chicken (Yusufzai and Felsenfeld, 2004; Yusufzai et al,
2004) and human cells (Bartolomei, 2009; Mishiro et al,
2009) have shown that insulators cluster together and/or
localize to special compartments in the nucleus separating
distinct functional domains into separate chromatin domains.
Since we show that tDNA-containing fragments have the
ability to insulate genes, one prediction would be that these
putative insulators would coalesce together in the nucleus
forming distinct chromatin domains thereby sequestering
different genes and their regulatory elements in different
nuclear subcompartments. We decided to focus our attention
on the DNA fragment containing four tDNAs immediately
upstream of ALOXE3 on chromosome 17. We were curious
about the three-dimensional organization of this region and
decided to perform a 4C experiment (Zhao et al, 2006). We
were interested in identifying interactions between the tDNA
cluster and other sites in the genome in K562 cells in an
unbiased manner. We performed a modiﬁed e4C-Seq (see
Materials and methods; Schoenfelder et al, 2010b) using a
Csp6I restriction fragment present in the ALOXE3 tDNA
cluster as bait. Following deep sequencing, the prey sequences were mapped across the reference genome. This
analysis was repeated using independently crosslinked samples and the hits from the two biological replicates were
compared (Figure 8, sample 1 and sample 2). Very similar
long-range interaction patterns were observed in both experiments (correlation coefﬁcient for all sequenced prey fragments was 0.85), suggesting that the interactions are robust
and reproducible. We focused our attention on interactions
between the bait fragment and prey fragments on chromosome 17 and have not tried to comprehensively identify
interactions between this tDNA cluster and sites on other
& 2012 European Molecular Biology Organization

chromosomes. Peaks were identiﬁed and analysed (see
Supplementary Figure S7). The tRNA genes on chromosome
17 are evolutionarily conserved with respect to gene organization and contain many different RNA pol II transcribed
genes that play different roles in the cell. Our analysis showed
that the tDNA cluster physically contacted the neighbouring
tDNA clusters on chromosome 17 but not the promoters of
the RNA pol II transcribed genes even though these genes
were closer to the bait. Interestingly, the ALOXE3 cluster
makes physical contact with the PER1 tDNA cluster, the
TMEM tDNA cluster and the AURK1 tDNA cluster. At this
point, it is not clear if these contacts are simultaneous and
long lasting or occur transiently in pair-wise fashion.
Surprisingly, even though the second AURK2 tDNA cluster
is only 3 kbp from the ﬁrst AURK1 tDNA cluster, the ALOXE3
tDNA cluster did not make signiﬁcant contact with this
second cluster but the reason for this is unclear and will
require additional experiments. We also detect small but
reproducible interactions with ETC loci (that bind TFIIIC
but not RNA pol III) present between PER1 and VAMP2 as
well as between PFAS and C17orf68 (see asterisks in
Figure 8A). This property of TFIIIC bound sites interacting
with other TFIIIC bound sites is not solely a property of
tDNAs on chromosome 17. An independent 4C experiment
using a different bait sequence containing tDNAs on chromosome 6 also showed speciﬁc contacts between the bait tDNA
and other tDNAs on that chromosome (data not shown).
Having identiﬁed numerous interactions between the
tDNA-containing fragments on chromosome 17 we conﬁrmed
these interactions using 3C (Dekker et al, 2002). To perform
this analysis, we designed primers across the region of
interest on chromosome 17 with all primers oriented in a
single direction (Supplementary Table 4). The primers were
ﬁrst tested for ampliﬁcation efﬁciencies using a BAC clone
encompassing the 150-kb domain from chromosome 17 (data
not shown) and all primers had similar binding/ampliﬁcation
efﬁciencies. K562 cells were then crosslinked, digested with
PstI, ligated and the ligation products were analysed by PCR
using these primers followed by quantitation as described
(Miele et al, 2006). Major interactions were observed for
primers present in restriction fragments containing tDNAs
(Figure 8B) while intervening fragments showed low to no
interactions. These data conﬁrm the 4C data demonstrating
that restriction fragments containing tDNAs interact with one
another in the nucleus.

Discussion
Insulators are able to perform at least one of two functions:
they can block the spread of silenced chromatin emanating
from silencers and/or they can disrupt enhancer mediated
gene activation. In small eukaryotes like S. cerevisiae and
S. pombe, insulators are primarily promoters of highly active
RNA pol II and RNA pol III transcribed genes that block the
spread of silencing. In metazoans, insulators are primarily
autonomous elements though there are some examples of
gene promoters functioning as insulators (Raab and
Kamakaka, 2010). In vertebrates, almost all insulators identiﬁed to date have been autonomous elements that bind the
transcription factor CTCF (Phillips and Corces, 2009;
Zlatanova and Caiafa, 2009). In this report, we have used a
bioinformatic approach to initially identify putative tDNA
The EMBO Journal
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Figure 8 tDNAs coalesce together in human cells. (A) 4C-Seq analysis of the ALOXE3 tDNA cluster with associated loci on the human
chromosome 17. A schematic representation of the RNA pol II and pol III transcribed genes around the bait fragment is shown. 4C reads are
shown for the two biological replicates (sample 1 and sample 2). The bait fragment is marked by a red line. Asterisks mark ETC sites.
(B) Quantitative 3C analysis of the ALOXE3 DNA fragment and its interactions with other Pst1 fragments across a 150-kb region in K562 cells.
Relative interactions are plotted in arbitrary units. tDNA-containing fragments are marked by red bars at the top of the ﬁgure. Error bars are
standard error of three reactions.

insulators in human cells. We analysed the chromatin at
these putative sites using available genome-wide data and
extended the analysis at one of the potential tDNA insulator
sites by quantitative ChIP. Our qChIP analyses are consistent
with the prediction that DNA sequences containing tDNAs
most likely aid in the partitioning of chromosomes. Using
several different functional assays, we show that these tDNAs
could function as insulators—both as barriers that restrict the
spread of repressed chromatin and as enhancer blockers in
human cells. Insulation mediated by the tDNA-containing
342 The EMBO Journal VOL 31 | NO 2 | 2012

fragment was dependent in part on the internal tDNA promoter, suggesting that it may be dependent upon the transcription factor TFIIIC. Our data show that promoters of
genes can function as insulators in mammalian cells just as
they do in yeast and the data suggest that the ability of tDNAs
to insulate genes may be an inherent property of tDNAs.
While tDNA bound TFIIIC likely plays a role in insulation in
human cells, additional experiments will be necessary to
determine which other factors that bind in the vicinity of
these tDNAs also play a role in insulation.
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tDNA clustering and insulation
Another key property of insulators is their tendency to cluster
at speciﬁc sites in the genome. The scs and scs’ insulators
interact directly with each other while the Gypsy insulator
which binds Su(Hw) and other proteins forms insulator
bodies (Gerasimova et al, 2000; Capelson and Corces, 2005;
Dorman et al, 2007; Wallace and Felsenfeld, 2007; Bushey
et al, 2008; Dorsett, 2009; Wendt and Peters, 2009; Zlatanova
and Caiafa, 2009; Wood et al, 2010). tDNAs in yeast also tend
to localize and cluster at speciﬁc sites in the genome via the
recruitment of cohesins and condensins (Haeusler and
Engelke, 2006; Dubey and Gartenberg, 2007; D’Ambrosio
et al, 2008; Haeusler et al, 2008; Duan et al, 2010; Ruben
et al, 2011). Our 4C data show that tDNA genes cluster in the
human nucleus with other tDNA genes. We have analysed
two different loci, one on chromosome 6 (data not shown)
and the second on chromosome 17 using restriction fragments that contain tDNA genes as bait. Analysis of the
interacting partners primarily identiﬁed other tDNAs and
ETC sites. While the tDNA clusters used as bait had CTCF
binding sites in its vicinity, the bait fragment preferentially
bound to prey fragments containing TFIIIC binding sites and
not CTCF binding sites. This is most obvious when one
analyses DNA sequences on either side of the bait fragment
on chromosome 17. The bait fragment adjacent to the
ALOXE3 gene interacted with the tRNA genes to its right
(centromere proximal) over a 150-kb region rather than the
numerous CTCF sites to its left (telomere proximal). While
the tDNA fragments that interact with the bait fragment have
CTCF binding sites in their vicinity, the ETC loci that interact
with the bait fragment lack CTCF sites. This is especially
evident at the ETC locus between C17orf68 and the PFAS
gene, suggesting that CTCF may not be the sole determinant
for long-range interactions in human cells and suggests that
other factors or TFIIIC alone may be playing a role in these
interactions. These data collectively suggest that numerous
proteins possibly including CTCF, TFIIIC as well as other
unidentiﬁed proteins may regulate long-range interactions.
Many transcriptionally active RNA pol II promoters
coalesce together at transcription factories (West and Fraser,
2005). Our 4C data show that the tDNAs on chromosome 17
interact with other tDNAs in three-dimensional space in the
nucleus but do not interact with neighbouring RNA pol II
enhancers and promoters, suggesting the presence of speciﬁc
RNA pol III transcription factories. Consistent with this
observation is immunoﬂuorescence data demonstrating
RNA pol III nuclear foci (Pombo et al, 1999).
It is believed that the mechanism by which enhancerblockers function is by modulating long-range interactions
in the nucleus. Two main models to explain enhancer-blocking insulators have been proposed. One model, based on the
observation that enhancers interact with promoters, suggests
that the enhancer blocker acts as a decoy by directly interacting with the enhancer, thereby precluding functional interactions between the enhancer and the promoter. A second
model, based on the observation that insulators interact with
one another to form insulator bodies, suggests that insulators
interact with each other to partition the chromatin ﬁber into
loops, such that enhancers in one loop do not or cannot
activate promoters in a different loop (Geyer, 1997;
Gerasimova and Corces, 2001). While our data do not formally preclude either insulator model, it is possible that
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clustering of tDNAs at RNA pol III transcription factories
(West and Fraser, 2005; Bartlett et al, 2006; Xu and Cook,
2008; Schoenfelder et al, 2010a) could lead to enhancer
blocking by sequestering RNA pol II promoters in a nuclear
compartment deﬁcient in pol II and enriched for pol III. This
raises the possibility that insulator bodies may simply be
speciﬁc transcription factories. Sequestering a speciﬁc gene
promoter to one speciﬁc factory over another may result in
either gene activation or repression/inactivation depending
upon the transcription factors present at that factory.
Enhancers and insulators could be visualized as DNA elements in a competition for recruitment of a promoter to a
speciﬁc factory in the nucleus.
Multimerization and insulation
In S. cerevisiae, the ability to function as an insulator resides
in the ability of the tDNA-containing fragment to stably bind
its transcription factors TFIIIC and TFIIIB. Weak tDNA
insulators become robust insulators when they are multimerized and data show that binding of the tDNA by the
transcription factors is in competition with spreading repressor proteins (Donze and Kamakaka, 2001; Valenzuela et al,
2009). Similarly in S. pombe, tDNA insulators are present in
arrays thus providing robust insulation (Noma et al, 2006;
Iwasaki et al, 2010). In Drosophila and vertebrates, many
insulators are compound DNA elements that bind multiple
factors to mediate robust insulation (Gaszner and Felsenfeld,
2006; Bushey et al, 2008). We have identiﬁed tDNA insulators
at speciﬁc loci in human cells. The locus we have studied has
multiple tDNA genes clustered together. We have not deleted
individual genes within the cluster to determine if they all
function together in insulation. However, we have found that
multimerizing the tDNAs results in an increase in enhancer
blocking in human cells. It is, therefore, reasonable to suggest
that the cluster of tDNAs together have a greater ability to
insulate compared with a single tDNA gene. The clustering
would increase the probability of stable binding of transcription factors and lead to successful insulation and could be a
property that was selected for at speciﬁc sites in the genome.
We have characterized one locus in human cells where
tDNAs cluster and we have found that the tDNAs from this
locus can insulate genes. There are numerous others sites in
the human genome where tDNAs cluster. tDNA also seem to
cluster in other species such as C. elegans and Drosophila
(Supplementary Figure S1B). It is possible that these sites are
also functioning as insulators and future experiments should
help answer this question. At this stage, we are unable to
deﬁnitively say that all clustered tDNAs are functional
insulators in all human cell types. It is entirely possible that
some tDNA clusters function as insulators in one cell type but
not another in a regulated manner regulated by other
transcription factors.
tDNA conservation and insulation
tRNA genes are some of the most ancient genes in the
genome and are thought to be present prior to the separation
of the three domains of life (Eigen et al, 1989). Unlike
paralogous copies of protein-coding genes, paralogous copies
of tDNAs do not diverge in their sequences. Eukaryotic
tDNAs have RNA polymerase III type 2 promoters
(Geiduschek and Kassavetis, 2001; Schramm and
Hernandez, 2002; Dieci et al, 2007). This promoter is present
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within the body of the gene and consists of two conserved
regions named the A and B boxes. The promoter element
recruits TFIIIC, TFIIIB and RNA polymerase III, which are
conserved among eukaryotes (Huang and Maraia, 2001) such
that many of the RNA polymerase III transcription factors are
interchangeable within yeast and between humans and yeast
(Teichmann et al, 1997; Proshkina et al, 2006).
This raises the question of why tDNAs were selected as
insulators in diverse species. One interesting property of
tDNAs is the observation that the sequences of tDNAs are
highly conserved and the substitution rate of sequences
within the gene is very low (compared with protein-coding
genes; Dujon et al, 2004; Dujon, 2006; Withers et al, 2006).
This property could have played a pivotal role in the selection
of tDNAs as insulators. The requirement to maintain a precise
tRNA structure (for protein translation) likely places limits to
the changes possible within tRNA genes. Since the promoters
of these genes lie within the body of the gene, alterations to
these elements would consequently also be under severe
selection pressure and these sequences would also not alter
rapidly. This could help explain the conservation of tDNA
promoters and their consequent selection as insulators in
varied species.
Most RNA pol II transcribed genes rarely multimerize
into arrays while tDNAs are often present as arrays.
Multimerization also would aid in insulation simply as a
function of probability of occupancy of the tDNAs by their
cognate factors. This would result in a greater probability of
chromatin disruption and thus greater probability of insulation. The selective advantage of insulation provided to RNA
pol II transcribed genes by neighbouring tDNAs would aid in
maintaining the tDNAs at that particular site thus the tDNA
genes would remain syntenic with the surrounding genome.
In agreement with this hypothesis, we found many tDNAs
remained in syntenic positions throughout mammalian evolution. Analyses also show that many tDNAs remained
syntenic across species and often locate at the edges of
syntenic blocks in other organisms besides humans including
Drosophila and yeast (Bermudez-Santana et al, 2010)
tDNAs and pol II genes
In human cells, many tDNAs reside adjacent to RNA pol II
promoters and there is a clear positive correlation between
the activity of the RNA pol II protein-coding gene and the
activity of tDNA genes that reside immediately adjacent to the
promoters of pol II transcribed genes (Moqtaderi et al, 2010;
Oler et al, 2010; Raha et al, 2010). It is likely that RNA pol II
genes are activated by promoter-speciﬁc transcription factors
and the opening of chromatin by these factors could aid
TFIIIC/TFIIIB to bind and transcribe adjacent tDNAs at
some sites in the genome. It should be pointed out that
while the tDNAs adjacent to the ALOXE3 promoter are
most likely active since they bind RNA pol III, ALOXE3 is
not active (see Figure 2).
In the context of tDNA-mediated enhancer blocking, we
can speculate as to how pol II transcribed genes might affect
and be affected by pol III transcribed genes. In one scenario,
the effect could be unidirectional such that pol II-speciﬁc
transcription factors regulate tDNA transcription but not
vice versa. Alternatively, pol II-speciﬁc transcription factors
could stimulate binding of TFIIIC/TFIIIB to tDNAs which in
turn could lead to enhancer blocking, the consequences of
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which would be to generate a more stable transcription state
where the RNA pol II transcribed gene activity state would
not switch very often. The stabilization of gene activity states
is critical for normal development and differentiation
(Weintraub, 1985; Bernstein et al, 2006). Stabilization could
be a key role for tDNAs and other insulators and may explain
the observation that many tDNAs remain syntenic with
their pol II transcribed genes. Future experiments dissecting
multiple tDNA clusters in human cells should clarify these
questions.
How do human tDNAs function as barriers?
Most insulators are DNaseI hypersensitive sites that are
bound by sequence-speciﬁc transcription factors (Oki and
Kamakaka, 2005; Xi et al, 2007; Boyle et al, 2008). Barrier
insulators including tDNA barriers bind speciﬁc transcription
factors that in turn recruit chromatin remodelling and modifying machines to generate and maintain a hypersensitive
site. This disruption in the chromatin ﬁber is thought to play
an important role in insulation (Gaszner and Felsenfeld,
2006; Raab and Kamakaka, 2010). The data with human
tDNAs suggest a similar mechanism of action. Besides the
observation that human tDNAs are nucleosome free and
histones ﬂanking tDNAs have active chromatin marks
(Barski et al, 2010; Moqtaderi et al, 2010; Oler et al, 2010)
preliminary data from our laboratory also show that p300 is
present in the immediate vicinity of the tDNAs. This acetylase
has been shown to interact with TFIIIC (Mertens and Roeder,
2008) and acetylates histones in chromatin and it is therefore
likely that this acetylase recruited in the vicinity of the tDNA
insulator (either directly or indirectly) sets up a chromatin
state amenable to pol III factor binding and insulation.
While heterochromatin in S. cerevisiae, S. pombe and
human cells is quite distinct, tDNAs function as insulators
in all three systems, suggesting that the mechanism of
insulation is conserved. What is likely to be the core mechanism that allows tDNAs to insulate different forms of heterochromatin? Based on the studies in yeast, we have suggested
that stable binding of tDNA transcription factors coupled with
histone acetylation are drivers for insulation (Oki and
Kamakaka, 2005). If the histones are acetylated then they
are not going to be deacetylated and by deﬁnition they will
also not be methylated. The presence of active acetylation
marks would preclude binding of repressor proteins such as
the polycomb group proteins and the HP1 family of proteins
thus terminating the spread of repressed chromatin.
Furthermore, tDNA transcription is directly regulated by
various transcription factors such as OCT, Fos/Jun and Myc
and possibly even CTCF that bind in the vicinity of tDNAs
(Hoefﬂer and Roeder, 1985; Felton-Edkins et al, 2003;
Woiwode et al, 2008; Oler et al, 2010) and play a role in
generating a chromatin environment amenable for tDNA
transcription, the consequences of which could be insulation
of RNA pol II transcribed genes. The fact that tDNAs are
transcriptionally active likely allows these sites to remain in
an open nucleosomal-free conﬁguration aiding in their function as insulators. Thus, while there are additional complexities in silenced chromatin in different organisms, the basic
mechanism by which tDNAs are transcribed allows them to
simultaneously act as insulators to all different forms of
heterochromatin and tDNAs may have inherent molecular
properties that allow them to be suborned as insulators.
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Materials and methods
Cell culture
K562 cells and HEK-293 cells were obtained from ATCC and HEK293-FRT cells were obtained from Graeme Cottrell (Cottrell et al,
2005). HEK-293 cells were maintained in Dulbecco’s Modiﬁed
Eagle’s Medium (DMEM) þ 10% fetal bovine serum (FBS) with
penicillin/streptomycin. K562 cells were cultured in Iscove’s
modiﬁcation of DMEM containing 10% FBS and penicillin/
streptomycin. All cells were maintained in a 371C incubator in
5% CO2.
Synteny analysis
Synteny chains of human/mouse and human/possum alignments
were downloaded from the UCSC genome browser hg18 build
(Karolchik et al, 2003). A tDNA was considered to be syntenic with
its surroundings if it satisﬁed at least one of the following
conditions. If the tDNA was located in a top-level chain it was
considered to be syntenic, since this showed that the tDNA was
located in a fully conserved region of the genome. If the tDNA in
humans was located in a gap in the top-level chain, the gap in the
next species (which corresponded to the human gap) was searched
for a tDNA that contained the identical anticodon using http://
gtRNAdb.ucsc.edu or tRNAscan-SE (Lowe and Eddy, 1997). If such
a second-species tDNA was found, then the human tDNA was
considered to be syntenic, else it was considered not to be syntenic.
Similar analysis was performed for other repetitive RNA families
using location data obtained from RepeatMasker tracks for the
snRNA family of repeats and the srpRNA (7SL RNA) family also
downloaded from hg18 annotations on http://genome.ucsc.edu.
RT–PCR
RNA was collected from K562 cells grown as described above using
Trizol (Invitrogen, USA) per manufacturer’s recommendations.
In all, 5 mg RNA was converted to cDNA using Superscript III
reverse transcriptase per manufacturer’s instructions (Invitrogen).
Equal amounts of cDNA were used in qPCRs to determine if genespeciﬁc products were present. Primers used for qPCR are available
in supplementary table.
Chromatin immunoprecipitation
Chromatin immunoprecipitation experiments were done as previously described (Fujita and Wade, 2004). Brieﬂy, K562 cells were
grown in IMDM supplemented with 10% FBS and penicillin and
streptomycin. In all, 1 108 cells were pelleted and ﬁxed in 1%
formaldehyde in PBS for 10 min at room temperature. Fixation was
stopped by adding glycine to 0.125 M and incubating for 5 min at
room temperature. Cells were washed twice in PBS and lysed in a
solution of 1% SDS, 10 mM EDTA, 50 mM Tris–HCl pH 8.0 and
1 mM PMSF for 10 min. Chromatin was sheared using a Diagenode
BioRuptor for eight cycles of 30 s at high power with 2 min rest after
each cycle. Chromatin was spun at 41C for 10 min. Chromatin was
diluted in 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris–HCl pH
8.0, 167 mM NaCl, 1 mM PMSF to a concentration of 1 107 cells/
ml. Chromatin was then precleared using protein A beads
(Millipore, Billerica, MA) by adding 25 ml beads/ml and rotating
for 30 min at 41C. Chromatin was brieﬂy spun to pellet the beads
and cleared chromatin was aliquoted (2 ml per tube). One to four
micrograms of antibodies (H3K36me3 ab9050, Abcam, Cambridge,
MA; H3K27me3-17-622, acetylated H3-06-599, CTCF-07-729, Millipore; GTF3C5-BP301-242A, Bethyl Laboratories, Montgomery, TX)
were added to tubes and incubated overnight at 41C. In all, 50 ml
protein A beads were added to each sample and rotated for 1 h at
41C. Beads were washed once each with low salt (20 mM Tris–HCl
pH 8.0, 150 mM NaCl, 1% Triton X-100, 2 mM EDTA and 0.1%
SDS), high salt (20 mM Tris–HCl pH 8.0, 500 mM NaCl, 1% Triton X100, 2 mM EDTA and 0.1% SDS), LiCl (10 mM Tris–HCl pH 8.0
250 mM LiCl, 1% NP-40, 1% sodium deoxycholate and 1 mM
EDTA), and twice with TE (10 mM Tris–HCl pH 7.5, 1 mM EDTA).
DNA/protein complexes were eluted from the beads using a
solution of 1% SDS and 100 mM sodium bicarbonate by rotating
at room temperature for 15 min two times. Eluates were pooled,
25 ml of 5 M NaCl was added and the eluate was incubated at 651C
overnight to reverse the crosslinks. In all, 10 ml of 0.5 M EDTA, 10 ml
Tris–HCl pH 6.5 and 2 ml proteinase K (10 mg/ml) was added to
each sample and incubated 1 h at 421C. After phenol–chloroform
& 2012 European Molecular Biology Organization

extraction, DNA was ethanol precipitated and quantiﬁed using the
Picogreen dsDNA quantitation kit (Invitrogen) using a ﬂuorescent
spectrophotometer. Equal amounts of DNA were used in qPCRs
with SybrGreen. Fold enrichment was calculated as follows: 2DCt
(between input and immunoprecipitated material). This was further
normalized to a negative control locus within the same genomic
region as indicated in the ﬁgure legends. All primers used in qPCRs
are available in Supplementary Table 2.
Human enhancer-blocking assay
Putative insulators were cloned into the AscI site of pNI (Gift of
Gary Felsenfeld). Enhancer-blocking assays were performed as
previously described with modiﬁcations (Chung et al, 1993).
Brieﬂy, 800 ng of linearized plasmid was transfected into 4  105
K562 cells using Lipofectamine 2000 as per manufacturer’s
instructions (Invitrogen). Two days after transfection, cells were
split into triplicate and plated in IMDM þ 10% FBS þ 800 mg/ml
G418 with 0.3% Noble agar. After 2 weeks, plates were stained for
1 h with 0.005% crystal violet and washed to remove excess stain.
Pictures of plates were taken using a gel documentation system
(Fluorchem, Alpha Innotech). Numbers of colonies were counted
using ImageJ software by converting to a binary image and using
the Analyze particles tool. Colony numbers for each experiment
were normalized to number of colonies from pNI (equal to 1).
S. pombe barrier assay
A fragment containing two tDNAs from the S. pombe centromere
was cloned into the SacI site of pUR19K (gift from K Scott and R
Allshire; Partridge et al, 2002). Putative insulator fragments
containing tDNAs were PCR ampliﬁed (see Supplementary Table 3
for cloned sequences) and cloned into the PstI site of pUR19K
between the K repeat silencer (ClaI fragment) and the Ura4 þ gene.
Location and information about each tDNA fragment are in
supplementary table. Equal amounts of pUR19K and a plasmid
containing the Leu1 þ gene (Adams et al, 2005) were transformed
into an S. pombe strain (ROP53-ura, leu) and plated on yeast
minimal media plates lacking uracil or leucine. After 5 days growth
at 301C, the number of colonies was counted on each plate and the
number of uracil-positive colonies was reported relative to the
number of leucine-positive colonies.
Human repressor-blocking assay
Stable HEK-293 cell lines were made using site-speciﬁc recombination. An HEK-293 cell line containing an FRT site (gift of Graeme
Cottrel) was transfected with constructs containing nine Gal4
binding sites upstream of a luciferase reporter driven by the CMV
promoter and the putative insulators shown in the ﬁgure. Insulators
were cloned as an AscI–FseI fragment between the binding sites and
the luciferase gene driven by the CMV promoter. Expression of ﬂp
recombinase by co-transfection of pOG44 allowed single integrations of these constructs into a speciﬁc locus. These stable cell lines
were subsequently co-transfected with Gal4–CBX4 or Gal4–DBD
alone (Vincenz and Kerppola, 2008) and a GFP plasmid. GFPpositive cells were sorted on a BD FacsAria cell sorter (BD
Biosciences, San Jose, CA) and 1 105 cells were plated. Supernatant was harvested 24 h later and assayed for luciferase
expression using a Ready-to-Glow Secreted Luciferase Kit (Clontech, Mountain View, CA). Percent expression was determined as
the amount of luciferase expression of the cell line transfected with
the repressor normalized to the cell line transfected with the Gal4
DNA binding domain alone.
Human transgene protection assay
Constructs were linearized with ScaI and co-transfected with
pBABE-puro into 4  105 K562 cells using Lipofectamine 2000 per
manufacturer’s conditions at a 3:1 ratio. Forty-eight hours post
transfection, cells were plated in 2% Methocel 4000 (Sigma-Aldrich,
St. Louis, MO) containing 2 mg/ml puromycin. After 7 days, single
colonies were isolated and re-plated individually in 96-well plates
containing K562 conditioned media with 2 mg/ml puromycin. After
a further 5 days, colonies were expanded in 24-well plates, grown 3
more days and then transferred to 6-well plates. At this point,
selection was removed (day 0 is removal of selection), and GFP
expression was measured by FACS at the time points indicated.
Total selection time was 15 days. DNA was collected from these cell
lines and qPCR was performed to identify copy number. FACS was
performed by washing cells two times in PBS and was carried out
The EMBO Journal
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on a BD LSRII (BD Biosciences). For some early time points, we
were unable to collect enough cells and these plots may appear
blank. Data were analysed using FlowJo software (Treestar, Inc,
Ashland, OR).
4C analysis
K562 cells were cultured in Iscove’s DMEM, supplemented with
10% FBS, and the cells harvested at 400 g for 8 min at 41C.
Approximately 1 108 cells were ﬁxed for 5 min in 2% formaldehyde in DMEM/10% FBS at room temperature, and then quenched
by the addition of ice-cold glycine to 125 mM. The cells were
harvested at 400 g for 8 min at 41C, washed in cold PBS, and then
nuclei were extracted by a 10–15-min incubation on ice in lysis
buffer (10 mM Tris–HCl, pH 8, 10 mM NaCl, 0.2% NP-40, 1 
complete EDTA-free protease inhibitor cocktail; Roche). The nuclei
were harvested at 800 g for 5 min at 41C and separated into 1 107
aliquots in 500 ml Buffer B (Fermentas). SDS was added to 0.3%,
and the nuclei were incubated for 1 h at 371C, 950 r.p.m. Triton X100 was added to 1.8% and the nuclei were incubated for a further
hour at 371C, 950 r.p.m. Csp6I (600 U; Fermentas) was added and
the nuclei were digested overnight at 371C, 950 r.p.m. The
restriction enzyme was inactivated and the chromatin solubilized
by the addition of SDS to 1.6% and incubation for 30 min at 651C,
950 r.p.m. The chromatin was diluted into 7 ml of 1.1  T4 DNA
ligase buffer (New England Biolabs), Triton X-100 was added to 1%,
and the chromatin was incubated at 371C for 1 h. T4 DNA ligase
(800 U; New England Biolabs) was added and ligation was carried
out at 161C for 4 h, followed by 30 min at room temperature.
Proteinase K was added to 100 mg/ml and crosslinks were reversed
overnight at 651C. 3C DNA was subsequently puriﬁed by RNase A
digestion (50 mg/ml; 371C for 30 min), phenol extraction, chloroform extraction and ethanol precipitation. DNA was quantiﬁed by a
PicoGreen assay (Invitrogen).
Generation of 3C material for conﬁrmation of e4C peaks
3C was done as previously described (Dekker, Current Protocols).
DNA was digested with PstI (New England Biolabs). PCR was
carried out using MangoMix (Bioline) using 250–300 ng DNA and
the following conditions: 951C for 5 min; 38 cycles of 951C for 30 s,
681C for 45 s, 701C for 1 min; 701C for 5 min and products were
separated on a 1.5% agarose gel stained with 0.5 mg/ml ethidium
bromide. Images of gels were captured using a gel doc and band
intensities quantiﬁed using ImageJ. Interaction frequencies were
calculated relative to a control template made from BAC RP11-1D5,
which contained all expected ligation products in equimolar
amounts (Childrens Hospital Oakland Research Institute).
High-resolution e4C-Seq
In all, 20 mg aliquots of 3C DNA were diluted in 10 mM Tris–HCl pH
8.5 and fragmented using a probe sonicator (MISONIX Sonicator
3000) to generate 3C DNA fragments in the size range of 100–
500 bp. In all, 20 mg of sonicated 3C DNA from two independent
batches of K562 cells was used as template for 50 ml primer
extension reactions with 5 pmol each of R1, R3 and R4 biotinylated
primers separately, 200 mM dNTPs and 2 U Vent (exo-) DNA
polymerase (New England Biolabs) in manufacturer-supplied
buffer, under the following conditions: 951C, 4 min; 601C, 2 min;
721C, 10 min. The primer extension reactions were terminated by
rapid chilling on ice. Unincorporated biotinylated primers were
removed using QiaQuick PCR puriﬁcation columns (Qiagen). In all,
50 ml of the primer-extended material was bound to 200 mg magnetic
streptavidin-coated beads (Dynabeads M-280 Streptavidin; Invitrogen) with 50 ml binding buffer (provided with Dynabeads kilobase
BINDER kit; Invitrogen) for 4 h at 251C, 1200 r.p.m. The beads were
washed twice with 500 ml wash buffer (10 mM Tris–HCl, pH 7.5,
1 mM EDTA, 2 M NaCl) and once with 500 ml 10 mM Tris–HCl, pH 8,
before repairing DNA ends using 0.6 U T4 DNA Polymerase (New
England Biolabs) in 110 ml NEB buffer 2 with 100 mM dNTPs, 100 mg/ml
BSA at 161C for 30 min. The beads were washed as previously and the
bound DNA ligated to 200 pmol of custom-made blunt ended
versions of the Illumina P1 adapter with 2000 U high-concentration
T4 DNA ligase (New England Biolabs) in 40 ml 1  T4 ligase buffer
(New England Biolabs) overnight at 371C. PE P1 adapter is the
Illumina P1 adapter without the 50 -T to allow blunt-ended ligation in
the generation libraries. GCG was introduced at the 30 -end of the
forward strand of the adapters to allow for multiplexing with other
samples.
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The beads were washed as previously and used as template in a
50-ml PCR with 400 nM of Illumina PE P2-linked nested primer,
400 nM Illumina P1 sequencing primer (which is identical to the PE
P1 adapter forward strand), 200 mM dNTPs, and 5 U HotStar Taq
DNA polymerase (Qiagen) in 1  manufacturer-supplied buffer,
and the following cycle conditions: 951C, 15 min; 23 cycles of 941C,
30 s, 551C, 30 s, 721C, 1 min; 551C, 2 min; 721C, 10 min. e4C
products (R1, R3 and R4) were taken as the supernatant of the PCR,
and puriﬁed with a QiaQuick PCR puriﬁcation column (Qiagen).
Primers used in generation of this library are listed below.
Sequencing e4C-Seq libraries
Products were size fractionated by electrophoresis on a 2% agarose
gel and the appropriate-sized DNA was puriﬁed using a Qiaquick
Gel Extraction Kit (Qiagen). The size-selected material was
ampliﬁed with Illumina PCR ampliﬁcation bridging primers (PE
PP1 primer and PE PP2 primer for paired-end libraries) for 10 cycles
as per the manufacturer’s instructions. Libraries were sequenced as
paired-end reads using a Genome Analyzer IIa (Illumina). The ﬁrst
three sequenced nucleotides correspond to the indexed ‘barcode’
that was incorporated. The average DNA fragment sizes for the
paired-end sequenced libraries were 200–300 bp including all
adapter sequences.
Sequence alignment and mapping
Reads were aligned to the human reference genome (Hg18) using
bowtie. Start positions of reads were extracted and were assigned to
the corresponding restriction fragment for visualization on the
UCSC genome browser. Replicate 1 generated 0.33 million uniquely
mapped reads and Replicate 2 generated 4.83 million uniquely
mapped reads. The replicates were highly correlated within the
1-MB region surrounding the bait region, but not elsewhere in the
genome, leading us to conclude we cannot reliably analyse
the region distant from the bait or on other chromosomes using
this data set. To calculate peaks within this region, the number of
reads for each restriction fragment was plotted with respect to
number of restriction fragments from the bait point. We plotted a
loess smoothing line (span ¼ 0.4) and an approximation of the 95%
conﬁdence interval. Peaks above this conﬁdence interval suggest a
real long-range interaction. Sequences and bed and bam ﬁles
generated from mapping can be found under GEO accession
GSE31105
Primers and adapters
The sequences of all primers and oligonucleotides used in this study
are given below. All Illumina adapter sequences were procured
from the Illumina technical service (Oligonucleotide sequencesr
2006 and 2008 Illumina Inc. All rights reserved) and were
commercially synthesized with HPLC puriﬁcation. Adapters were
made by mixing equimolar amounts of forward and reverse strand
oligonucleotides, heating to 901C for 2 min, and then cooling slowly
using a thermal cycler.
Biotinylated Bait: 50 -/5BioTEG/GTCCCGCCCAAGTCCCTTA-30 ;
PE GCG-P1 adapter forward: ACACTCTTTCCCTACACGACGCT
CTTCCGATCTGCG;
PE GCG-P1 adapter reverse: P-CGCAGATCGGAAGAGCGTCGTGT
AGGGAAAGA-Am;
PE P2-linked R1 nested primer: TCTCGGCATTCCTGCTGAACC
GCTCTTCCGATCTCCTGCCCCATTCCCACTCTA;
PE PP1 primer: AATGATACGGCGACCACCGAGATCTACACTCTTT
CCCTACACGACGCTCTTCCGAT CT;
PE PP2 primer: CAAGCAGAAGACGGCATACGAGATCGGTCTCGG
CATTCCTGCTGAACCGCTCTTCCGATCT.
Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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