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A role for CTCF and cohesin in subtelomere
chromatin organization, TERRA transcription,
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The contribution of human subtelomeric DNA and chro-
matin organization to telomere integrity and chromosome
end protection is not yet understood in molecular detail.
Here, we show by ChIP-Seq that most human subtelo-
meres contain a CTCF- and cohesin-binding site within
~1-2kb of the TTAGGG repeat tract and adjacent to a
CpG-islands implicated in TERRA transcription control.
ChIP-Seq also revealed that RNA polymerase II (RNAPII)
was enriched at sites adjacent to the CTCF sites and
extending towards the telomere repeat tracts. Mutation
of CTCF-binding sites in plasmid-borne promoters reduced
transcriptional activity in an orientation-dependent manner.
Depletion of CTCF by shRNA led to a decrease in TERRA
transcription, and a loss of cohesin and RNAPII binding to
the subtelomeres. Depletion of either CTCF or cohesin
subunit Rad21 caused telomere-induced DNA damage
foci (TIF) formation, and destabilized TRF1 and TRF2
binding to the TTAGGG proximal subtelomere DNA.
These findings indicate that CTCF and cohesin are integral
components of most human subtelomeres, and important
for the regulation of TERRA transcription and telomere
end protection.
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Introduction

The ends of eukaryotic chromosomes form specialized chro-
matin structures that are essential for chromosome stability
and genome maintenance (Zakian, 2012). The terminal
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TTAGGG repeats of mammalian telomeres bind to a set of
proteins that are nucleated by the DNA-binding proteins
TRF1, TRF2, and Potl, and are collectively referred to as
shelterin (de Lange, 2005; Palm and de Lange, 2008) or
telosome (Liu et al, 2004; Ye et al, 2010). These terminal
repeat binding factors regulate telomere length homoeostasis
and DNA damage repair processing at the chromosome
termini (Karlseder, 2003). Loss or damage of the terminal
repeats can initiate a DNA damage response and trigger
cellular replicative senescence (d’Adda di Fagagna et al,
2003; Deng et al, 2008). DNA damage and senescence can
also be elicited by mutation or depletion of telomere repeat
binding proteins (Karlseder et al, 2002). Dynamic
remodelling of telomere repeat factors and telomere DNA
conformation is also required for normal telomere length
regulation and telomerase accessibility (Teixeira et al, 2004;
Jain and Cooper, 2011; Murnane, 2011; Stewart et al, 2012).
In addition to shelterin and telomerase, telomere mainte-
nance depends on the proper assembly and regulation of
telomeric chromatin (Blasco, 2007; Schoeftner and Blasco,
2009; Ye et al, 2010). Traditionally, telomeres have been
thought of as highly heterochromatic structures associated
with condensed chromatin and transcriptional silencing (Loo
and Rine, 1995; Perrod and Gasser, 2003; Rusche et al, 2003;
Blasco, 2007). More recent studies have revealed that many
eukaryotic telomeres, including human and yeast, can be
transcribed, indicating that telomeric silencing is incomplete
and telomere chromatin is dynamic (Azzalin et al, 2007,
Azzalin and Lingner, 2008; Schoeftner and Blasco, 2008;
Luke and Lingner, 2009; Arora et al, 2011). The chromatin
structure of telomeres is further complicated by the variations
in the subtelomeric DNA structures, suggesting that telomeric
heterochromatin structure and regulation may vary among
different chromosomes (Riethman et al, 2005; Riethman,
2008a,b). In budding yeast, telomeric silencing is mediated
by Sir proteins that interact with telomere repeat binding
factor Rapl(Grunstein, 1997). In mammalian telomeres,
nucleosomal arrays commonly associated with hetero-
chromatin appear to be irregularly spaced or disrupted by
telomere repeat binding factors (Wu and de Lange, 2008;
Galati et al, 2012). Numerous interactions between shelterin
and chromatin regulatory factors suggest that telomere repeat
factors contribute to telomeric chromatin structure (Perrini
et al, 2004; Garcia-Cao et al, 2004; Sugiyama et al, 2007; Deng
et al, 2009; Canudas et al, 2011; Chakraborty et al, 2011). We
have previously shown that TRF2 can bind directly to
telomeric repeat-containing RNA (TERRA) to recruit hetero-
chromatin proteins including ORC and HP1 and maintain
histone H3K9me3 enrichment at telomeres (Deng et al, 2009).
TERRA expression is itself dependent on histone H3K4
methyltransferase MLL (Caslini et al, 2009), as well as DNA
methylation status and CpG-island promoter found in many
subtelomeric regions (Yehezkel et al, 2008; Nergadze et al,
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2009; Deng et al, 2010). In fission yeast, the expression of
TERRA and other subtelomeric transcripts are subject to
diverse regulation by chromatin regulatory factors (Bah
et al, 2011; Greenwood and Cooper, 2011). The dynamic
interplay between shelterin, telomere chromatin structure,
TERRA expression, and telomere biology appears to be an
essential and universal component of chromosome stability.

The chromatin organizing factor CTCF has been implicated
in numerous aspects of chromosome biology, including chro-
matin insulation, enhancer blocking, transcriptional activa-
tion and repression, DNA methylation-sensitive parental
imprinting, and DNA-loop formation between transcriptional
control elements (Bushey et al, 2008; Phillips and Corces,
2009; Ohlsson et al, 2010). CTCF has been implicated in the
transcriptional repression of the D4Z4 macrosatellite repeat
transcript found ~30kb from the telomere repeats of
chromosome 4q (Ottaviani et al, 2011). At D4Z4, CTCF
interacts with lamin A and tethers the chromosome 4q
telomere to the nuclear periphery (Ottaviani et al, 2009a,b).
A more general role for CTCF has been found in its ability to
colocalize with cohesin subunits at many chromosomal
positions (Parelho et al, 2008; Rubio et al, 2008; Stedman
et al, 2008; Wendt et al, 2008). Cohesin is a multiprotein
complex consisting of core subunits SMC1, SMC3, Rad21, and
SCC3 (referred to as SA1 or SA2 in humans), which can form
a ring-like structure capable of encircling or embracing two
DNA molecules (Nasmyth and Haering, 2005; Hirano, 2000).
Cohesin was originally identified as a regulator of sister-
chromatid cohesion, but subsequent studies in higher
eukaryotes indicate that they have functions in mediating
long-distance interactions between DNA elements required
for transcription regulation (Kagey et al, 2010; Dorsett, 2011).
Cohesin subunit SA1 is recruited to telomere repeats by the
shelterin protein Tin2, and this interaction is required for
telomeric sister-chromatid cohesion and efficient telomere
replication (Canudas and Smith, 2009; Remeseiro et al,
2012). Tin2 can also promote heterochromatin formation
through an interaction with heterochromatin protein HP1y,
but how this relates to sister-chromatid cohesion and cohesin
function is not completely clear (Canudas et al, 2011). It is
also not known whether CTCF can associate with telomeres
or subtelomeres in addition to binding the D4Z4 gene repeat,
nor if it can interact with cohesin at these locations.

The chromosome region immediately adjacent to the term-
inal repeats has been referred to as the subtelomere. In
humans, the distal subtelomeres consist of a variety of
degenerate repeat elements with a few discrete gene tran-
scripts interspersed at various distances from the terminal
TTAGGG repeat tracts (Riethman et al, 2005; Linardopoulou
et al, 2005; Ambrosini et al, 2007; Riethman, 2008a,b).
TERRA transcription initiates from within the subtelomeres,
and a promoter containing a CpG-island and subtelomeric 29-
and 61-bp repeat element has been identified in plasmid
reconstitution assays (Nergadze et al, 2009). DNA
methylation and DNA methyltransferases have been shown
to inhibit TERRA expression since TERRA levels are highly
elevated in cells where DNMTs have been genetically
disrupted or depleted (Gonzalo et al, 2006; Nergadze et al,
2009), as well as in Immunodeficiency-Centromeric
instability-Facial abnormalities (ICF) Syndrome cells that
are genetically defective in DNA methyltransferase 3B
(DNMT3B) (Ehrlich et al, 2006; Yehezkel et al, 2008; Deng
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et al, 2010). CTCF binding is known to be DNA methylation
sensitive but it is not yet known whether CTCF associates
with transcriptional regulatory elements important for TERRA
regulation or telomere maintenance. Herein, we investigate
the role of CTCF and cohesin at human subtelomeres and
their role in regulating TERRA expression, telomere chromatin
organization, and telomere DNA end protection.

Results

CTCF, cohesin, and RNAPII binding to the CpG-island
promoters in human subtelomeres

Genome-wide analyses of CTCF, cohesin, and RNA polymer-
ase II (RNAPII) have been performed in several different cell
lines from various laboratories, including those generating
the human ENCODE database (Wendt et al, 2008; Cuddapah
et al, 2009; Kasowski et al, 2010; Sun et al, 2011; Lee et al,
2012). In these published studies, the complete human
subtelomeric DNA was not available for ChIP-Seq data
mapping, with gaps immediately adjacent to the start of
terminal repeat tracts for many telomeres (Riethman et al,
2004). We have generated complete assemblies of human
subtelomeres for most of these chromosome ends (Stong
et al, in preparation) and here we use these reference
assemblies to map the read sequences from data sets,
including our own, for CTCF, Rad2l, SMC1, and RNAPII
(Figure 1; Supplementary Figures S1 and S2; Supplementary
Files S1 and S2). We found that most but not all human
chromosome ends have a major CTCF-binding site within
1-2kb from the TTAGGG repeat tracts. These CTCF sites
consistently mapped to a region just upstream (centromeric)
to the CpG-islands and 29 bp repeats, often overlapping 61 bp
repeat element (Supplementary Figures S1 and S2). In the few
exceptions to this pattern, CTCF sites were observed at
positions ~10kb from the TTAGGG repeats (7p, XYp) or
several CTCF-binding sites with relatively low peak scores
(3p, 7q, 8q, and 12q) (Supplementary Figure S2). We refer to
these two different subtelomeres as type I (with major CTCF
peaks at ~1-2kb) or type II (lacking obvious CTCF peaks
proximal to the telomere repeat tracts). In almost all cases,
including those of type II, we observed an overlap of CTCF-
binding sites with cohesin subunit Rad2l (Figure 1;
Supplementary Figure S1). We confirmed that CTCF and
cohesin peaks overlap in different cell lines by performing
an independent CTCF and SMC1 ChIP-Seq experiment in a
B-lymphoma cell line (Supplementary Figures S1 and S2).
Our ChIP-Seq showed a nearly perfect overlap of CTCF and
SMCI1 in these cells, and a strong correlation with CTCF and
Rad21 binding in multiple cell types. In contrast to CTCF and
cohesin, RNAPII bound as a more diffuse peak most com-
monly at a position immediately telomeric to the CTCF-
binding sites and more directly overlapping the CpG-islands.
A schematic summary of the average binding pattern of CTCF,
Rad2l, and RNAPII relative to CpG-island, 29 and 61 bp
repeats is shown in Figure 1B.

Due to the complex duplications in subtelomeric sequence,
we permitted multimapping signals weighted according to
the number of perfect subtelomeric mapping sites to con-
tribute, along with uniquely mapping reads, to subtelo-
meric ChIP-seq signals. We found that the remaining
unique signals recapitulated the ChIP-Seq peak positions
in most cases when multiple mappings were eliminated
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Figure 1 Enrichment profiles for ChIP-Seq analysis of CTCF, cohe-
sin, and RNAPII binding to human subtelomeres. Fragment density
profiles were generated for samples and a matched IgG control as
described in Materials and methods. The fold enrichment of sample
over IgG is shown. (A) CTCF, RNAPII, and Rad21 binding in the first
15 kb subtelomeres of chromosome arms 10q, 13q, 15q, and XYq.
The y-axis for each track is auto-scaled to highest peak in each
chromosome region shown. (B) Model enrichment profile with
peaks within the first 5kb of the telomere tract. The CTCF peak is
just centromeric to the CpG-island, typically centred over a 61-mer
repeat. The RNA Pol II tract is centred over the 29-mer repeat. The
exact position of these peaks varies with the positioning of these
genomic features relative to the start of the terminal repeat tract on
each chromosome arm.

(Supplementary Figure S1E), suggesting that most of the
binding sites can be uniquely assigned to specific subtelomeres.
Some unique signals are lost, as expected for perfect duplica-
tions. This was sometimes the case with the 29-mer repeats
over which RNAPII signal is centred and which a portion
of the CTCF and cohesin read peaks was formed at many
subtelomeres. Supplementary Figure S2D illustrates this
effect for the example subtelomeres shown in the Supplemen-
tary Figure S1E. At the same time, Supplementary Figure S2D
also shows the clear enrichment of RNAPII ChIP-seq reads
mapping to the 29-mer variable number tandem repeat (VNTR)
over the IgG controls, a true binding peak that would have been
missed if multimapping signal contributions were disallowed.

CTCF binds directly upstream of the CpG-island and 29
repeat element found in subtelomeres

To verify the ChIP-Seq data for CTCF, cohesin, and RNAPII,
we performed conventional ChIP-qPCR with primers span-
ning the first 3kb of the XYq (Figure 2A and B) and 10q
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(Supplementary Figure S3) subtelomeres in a B-cell lymphoma-
derived cell line used for ChIP-seq. As a control, we assayed
TRF1 and TRF2 ChIP. As expected, TRF1 and TRF2 were
enriched at positions closest to the TTAGGG repeats (primer
set 1). ChIP assays with CTCF and cohesin subunits Rad21
and SMCI1 revealed strong enrichment at the CpG-islands
(primer set 2), while RNAPII was enriched at regions closest
to the TTAGGG repeats (primer set 1), consistent with ChIP-
Seq data indicating that RNAPII bound to broad peaks
between CTCF-cohesin and the TTAGGG repeats. To deter-
mine if CTCF bound directly to subtelomere DNA, we assayed
the ability of purified recombinant CTCF protein to bind
candidate recognition sites in vitro by electrophoretic mobi-
lity shift assay (EMSA) (Figure 2C and D). Human CTCF
protein was expressed and purified from baculovirus
(Figure 2C). Candidate CTCF-binding sites from the ChIP-
seq peaks in subtelomere XYq, 10q, and 7p, as well as control
oligonucleotides containing substitution mutations in the
putative CTCF consensus sites, AXYq, A10q, and A7p, were
synthesized as 46mers for EMSA probes (Supplementary
Table S3). Purified CTCF protein bound efficiently to the
XqYq and 7p probes, less efficiently to 10q probe, but not to
the mutated AXYq, A10q, and A7p probes (Figure 2D),
indicating that these subtelomere ChIP-Seq peaks contain
bonafide CTCF recognition sites. The relative binding affi-
nities of these subtelomeric CTCF-binding sites was further
quantified by a fluorescence polarization based competitor
assay (Figure 2E). The wild-type CTCF-binding sites from
XYq, 10q, and 7p showed robust competition against a FAM6-
labelled probe containing a CTCF-binding site with high
similarity to the consensus motif as defined previously
(Kim et al, 2007). Inhibitory constants (Ki) for each binding
sites were equal to 11.82, 20.67, and 10.88 nM, respectively.
On the other hand, the mutant AXYq, A10q, and A7p probes
show linear relationship to increasing competitor with no
plateau, suggesting a nonspecific inhibition of CTCF binding
(Figure 2E). These findings indicate that the subtelomeric
CTCF-binding sites have relatively high affinities for CTCF
in vitro.

Chromatin organization of human subtelomeres

To investigate the potential role of CTCF in subtelomere
chromatin organization, we assayed chromatin factor binding
and histone modification patterns at several positions across
the subtelomeres for XYq (Figure 3) and 10q (Supplementary
Figure S4). We assayed ChIP binding patterns for TRFI,
TRF2, CTCF, Rad21, SMC3, H3K4me2, H3K4me3, H3K9me2,
H3K9me3, RNAPII, and IgG. We compared these binding
patterns in two commonly used cell lines that utilize different
telomere lengthening mechanisms and TERRA expression
levels, namely ALT positive U20S, which have high TERRA
expression, and telomerase positive HCT116 cells, which
have relatively low TERRA expression. ChIP-qPCR analysis
revealed that TRF1 and TRF2 interact primarily with the
region closest to the TTAGGG repeats in both cell types.
CTCF was enriched at position centred at 966 bp from the
TTAGGG in both cell types. Rad21 colocalized with CTCF in
U20S, but was more diffusely localized in HCT116, while
SMC3 appeared more diffusely distributed in both cell types.
Interestingly, histone H3K4me3 was highly enriched at CTCF
site in U20S, but somewhat depleted in HCT116. H3K9me3
was enriched at the TTAGGG repeats in U20S, but also

The EMBO Journal VOL 31 | NO 21| 2012 4167



Chromatin organization of human subtelomeres
Z Deng et al

A Kb 0 05 1.0 15 2.0 2
L 1 L 1
XqYq 1 2 3
- - — e — =
CpG-island
B 2.5 m1 1.5 1 0.5
" m2
0.4
. m3 .
3 15 03
£
* 1 0.5 - 02
0.5 0.1
0 1 0+ 0

IgG CTCF RNAPII

IgG TRF1 TRF2 IgG Rad21 SMC1

4168 The EMBO Journal

c 06 D
a e XqYq 10q 7p AXqYq A10q A7p
<9 CTCF - el - ol - el - el - el - el
S 0 n .
= I
250-
Bound - " “
148- ¥ L —CTCF
o8-
50- W
36-
|
.
Coomassie
E XaqYq 10q 7p
3009 o~ wtKi=11.82+0.574 nM 3009 __wtKi=20.67 +1.67 nM 3009 o wtKi=10.88 + 0.403 nM
R?=0.974 R?=0.986 R?*=0.983
—— AR?=0.935 — A R?=0.949 = A R*=0.945
200 200+
o o
€ £
100+
L L) T L) 1 1) L) L) L) L] T T \J J 1
-1 0 1 2 3 4 0 1 2 3 4 1 2 3 4
Log10 (Comp) (nM) Log10 (Comp) (nM) Log10 (Comp) (nM)

Figure 2 Identification of CTCF-binding site elements in the 61-bp element of human subtelomeres. (A) Schematic of the type I subtelomere
showing the relative positions of the 29- and 61-bp repeat element, CpG-island, and TTAGGG terminal repeats. (B) ChIP-qPCR for TRF1, TRF2,
CTCF, RNAPII, Rad21, and SMC1 relative to IgG controls using primers for the XYq subtelomere at positions close (~ 150 bp) to TTAGGG repeat
(black), at CpG-island (red), or ~3 kb from terminal repeats (green). Bar graph represents the average value of percentage of input for each
ChIP from three independent PCR reactions (mean+s.d.). (C) Purified recombinant CTCF protein analysed by Coomassie staining of SDS-
PAGE gel. (D) EMSA with CTCF protein binding to DNA oligonucleotide probes containing putative binding sites from subtelomere XYq, 10q, or
7p, as well as with oligonucleotides containing point mutations in CTCF recognition sites designated AXYq, A10q, and A7p. Free probe and
bound probe were indicated with arrow. (E) Inhibitory constants (Ki) were calculated by titrating the same DNA probes used in EMSA against a
FAMG6-labelled probe with a known dissociation constant and measuring changes in CTCF binding via fluorescence polarization. Mutant (A)
sites show a linear binding isotherm over the same concentration range of competitor, suggesting only nonspecific competition.

detected at more telomere-distant regions in both U20S and
HCT116 cells. RNAPII was elevated at the regions close to the
TTAGGG sites in both cell types, but also distributed at more
telomere-distant subtelomere regions (similar patterns were
observed at other subtelomeres, including 13q and 15q)
(Supplementary Figure S5). Notably, the highest subtelo-
meric RNAPII signals centromeric to the CpG-island corre-
sponded to the positions of gene bodies for the WASH
subtelomeric gene family (Linardopoulou et al, 2007) and
the RPL23a pseudogene family (Fan et al, 2002), both of

VOL 31 | NO 21 | 2012

which are transcribed towards the telomere with their 3’ ends
within 2-6 kb of the start of the (TTAGGG)n tract (Riethman,
2008a). Taken together, these findings suggest that
subtelomeric histone modification patterns vary between
cell types, but that CTCF binding remains invariant.

CTCF binding stimulates TERRA promoter driven
transcription in an orientation-specific manner

The subtelomere CpG-islands and 29 bp repeat have been
implicated in the control of TERRA transcription initiation

©2012 European Molecular Biology Organization
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Figure 3 Chromatin organization of human subtelomeres. (A, B) Conventional ChIP-qPCR was used to assay CTCF, Rad21, SMC3, TRF1,
TRF2, histone H3K4me2 and me3, H3K9me2 and me3, and RNAPII binding at various nucleotide positions relative to the TTAGGG repeat tract
(position 0) in the XYq subtelomere for either U20S (A) or HCT116 (B) cell lines. Bar graph represents the average value of percentage of input
for each ChIP from three independent ChIP experiments (mean £ s.d.).

(Nergadze et al, 2009). To test if the CTCF-binding sites in the the entire CpG-island and 29 bp repeat were tested in the
CpG-island contributes to transcription control, we used a TERRA orientation, we found relatively robust luciferase
luciferase reporter plasmid to assay promoter activity of the activity. Point mutations that disrupt CTCF binding reduced
10q CpG-island and 29 bp repeat elements (Figure 4A). When luciferase activity ~4-fold, while a truncation of the CTCF
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Figure 4 CTCF function in TERRA transcription. (A) Luciferase reporter constructs containing 10q subtelomere sequence with point mutations
in CTCF site (red) or deletion mutations or orientation changes. CTCF-binding site was shown in red and 29 bp element was shown in green.
Bar graph represents the average value of relative luciferase activity to Renilla control from three independent transfections (mean+s.d.).
(B) Western blot of U20S cells transfected with siRNA control, siCTCF-1, or siCTCF-2 and assayed with anti-CTCF or anti-actin at 4 days post-
transfection. (C) qRT-PCR of U20S cells transfected with siControl, siCTCF-1, or siCTCF-2 relative to actin mRNA. Relative RT-PCR represents
the value calculated by AACT methods relative to siControl and Gapdh. Bar graph represents the average value from three independent CTCF
depletion experiments (mean * s.d.). (D) ChIP-qPCR of CTCF (top panel) or control IgG (lower panel) in U20S cells transfected with siControl,
siCTCF-1, or siCTCF-2 at the CTCF-binding sites in chromosome XYq, 10q, 13q, and 15q presented as percentage of input DNA. (E) Northern
blot analysis of TERRA in U20S cells transfected with siControl, siCTCF-1, or siCTCF-2 with control 18S (lower panel) or RNase A treatment
(right panel). Numbers on the left show the position of RNA markers in Kb. (F) Quantification of at least three independent Northern blot
assays, a representative is shown in (E). Bar graph represents TERRA signal intensity relative to 18S signal, and relative intensity for siRNA
control was set at 100. P-value was calculated by paired two-tailed Student’s t-test (n=3). (G) qRT-PCR of TERRA from individual telomeres at
10q, XYq, 15q, 169, 2q, and 13q treated with siControl, siCTCF-1, and siCTCF-2 in U20S cells. Relative RT-PCR represents the value calculated
by AACT methods relative to siControl and Gapdh. Bar graph represents the average value from three independent CTCF depletion experiments
(mean *s.d.).

site reduced luciferase activity only ~1.5-fold. Deletion of loss of TERRA expression at most subtelomeres examined by
the 29-bp repeats completely eliminated luciferase activity, chromosome-specific RT-qPCR (Figure 4G; Supplementary
indicating that these elements constitute the major promoter Figures S6 and S7), although TERRA derived from type II
activity. When the promoter region was tested in the reverse subtelomeres (e.g., 7p, XYp) that lack proximal CTCF-binding
orientation, low levels of luciferase activity was detected, sites were less responsive to CTCF depletion (Supplementary
and deletion of CTCF resulted in an ~2.5-fold increase in Figure S7C). These findings are consistent with the transient
promoter activity. These findings suggest that CTCF transfection assay, and suggest that CTCF is required for the
supports promoter activity of the 29-bp repeat element for positive regulation of TERRA transcription.
RNAPII oriented towards the TTAGGG repeats and TERRA To further investigate the role of CTCF and cohesin at
transcription. telomeres, we generated selectable shRNA lentivirus expres-
To determine if CTCF contributes to endogenous TERRA sion vectors targeting CTCF and Rad2l (Figure 5;
transcription, we first used siRNA targeting CTCF. We Supplementary Figures S8 and S9). U20S (Figure 5;
identified two different siRNAs that could effectively deplete Supplementary Figure S8) or HCTI116 (Supplementary
CTCF during a transient transfection of siRNA in U20S cells Figure S9) cells were transduced and selected for puromycin
(Figure 4B and C) and HCT116 (Supplementary Figure S6). resistance, and then assayed 6 days post-infection. CTCF was
ChIP assays indicated that CTCF protein was depleted from partially depleted (~70-80%), while Rad2l was mostly
subtelomeres (Figure 4D). Depletion of CTCF led to an depleted (>90%), as measured by western blot (Figure 5A;
~2-fold decrease in steady-state levels of TERRA as mea- Supplementary Figures S8A and S9A) and by RT-PCR
sured by northern blot assay (Figure 4E and F; (Figure 5B). Consistent with siRNA depletion, shRNA target-
Supplementary Figures S6 and S7). CTCF depletion led to a ing CTCF caused a reduction in TERRA as measured by
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Figure 5 shRNA depletion of Rad21 and CTCF decreases TERRA expression. (A) Western blot of U20S cells selected for lentivirus transduction
with shControl, shCTCF, or shRad21, and assayed for expression levels of CTCF, Rad21, SMC3, TRF1, TRF2, RNAPII, and actin at 6 days post
lentiviral infection. (B) qRT-PCR of U20S cells for CTCF or Rad21 mRNA expression after transduction with shControl, shCTCF, or shRad21
lentivirus. Relative RT-PCR represents the value calculated by AACT methods relative to shControl and Gapdh. Bar graph represents the
average value from three independent lentiviral infection experiments (meanz+s.d.). (C) Northern blot analysis of TERRA in U20S cells
transduced with shControl, shCTCF, or shRad21 relative to control 18S or eithidium stain (lower panels), and control RNase A treatment (+).
Equal amount of total RNA (~7.5mg) isolated from transfected cells at 6 days post lentiviral infection was used for each sample.
(D) Quantification of at least three northern blots as represented in (C). Bar graph represents TERRA signal intensity relative to 18S signal,
and relative intensity for sShRNA control was set at 100. P-value was calculated by paired two-tailed Student’s t-test (n =4). (E) qRT-PCR for
TERRA RNA with chromosome-specific primers at 10q, XYq, 13q, 159, 16p, 2q, and 7p relative to Gapdh mRNA in U20S cells transduced with
shControl (black), shCTCF (red), or shRad21 (green). Relative RT-PCR represents the value calculated by AACT methods relative to shControl
and Gapdh. Bar graph represents the average value from three independent lentiviral infection experiments (mean+s.d.).

northern blot (Figure 5D; Supplementary Figure S8), as well observed a consistent loss of TRF1 and TRF2 binding in
as by chromosome-specific qRT-PCR (Figure 5E; Supplemen- CTCF-depleted cells, and a partial loss of TRF1 binding in
tary Figure S9B). While most telomeres showed a reduction Rad21-depleted cells (Figure 6B; Supplementary Figure
in TERRA, a few chromosomes, including type II subtelo- S10B). The loss of SMC3, TRF1, and TRF2 binding in CTCF-
meres, showed either no effect or a slight increase in TERRA depleted cells correlates to the efficiency of CTCF depletion
expression after CTCF or Rad2l depletion (Figure SE; by two shCTCF, indicating that the decreased binding of these
Supplementary Figure S9B). In general, Rad2l depletion factors at subtelomeres is not due to an off-target effect of
produced an even greater reduction in TERRA levels shRNA (Supplementary Figure S11). Nor did CTCF depletion
(Figure 5C-E; Supplementary Figure S9B), suggesting that cause a global loss of TRF1 or TRF2 protein levels, indicating
CTCF and cohesin cooperate to promote TERRA transcription that the effects on telomere binding are not due to changes in
at type I telomeres containing promoter proximal CTCF- TRF1 or TRF2 abundance (Figure 5A).
binding sites. To investigate the potential effects of CTCF or Rad2l
depletion on transcription, we assayed RNAPII binding in
CTCF is required for cohesin, TRF, and RNAPII the subtelomere. We found that depletion of CTCF and Rad21
recruitment to telomeres and subtelomeres led to a substantial (~80%) loss of RNAPII binding as well as
To begin to address the function of CTCF and cohesin at RNAPII serine 2 (S2) phorporylation at all positions across
subtelomeres and in TERRA transcription regulation, we the subtelomere (Figure 6C; Supplementary Figure S10C).
assayed the effect of CTCF and Rad21 shRNA depletion on This suggests that CTCF and Rad2l enhance TERRA
chromatin factor binding and histone modification patterns at transcription through facilitating RNAPII binding and tran-
subtelomeres (Figure 6; Supplementary Figure S10). CTCF scriptional elongation.
and Rad21 shRNA were shown to cause a loss of CTCF and In addition to these factors, we assessed the effects of
Rad2l binding to subtelomeres, as expected (Figure 6A; CTCF and Rad21 depletion on histone modification
Supplementary Figure S10A). We also found that CTCF and patterns in the subtelomere DNA (Figure 6D; Supplemen-
Rad21 depletion caused a loss of SMC3 binding, indicating tary Figure S10D). We observed only a small increase in
that CTCF is required for cohesin loading at subtelomeres, histone H3K4me3 at the CTCF-binding site upon CTCF and
and that Rad21 is an essential component of the cohesin Rad2l depletion, but no significant change in histone
complex required for chromatin assembly. Somewhat surpris- H3K9me3 occupancy. We also assayed the effect of CTCF
ingly, we found that Rad2l depletion led to a loss of CTCF and Rad21 depletion on interactions with the telomere repeat
binding, suggesting that cohesin is important for stabilizing DNA using dot-blot analysis of ChIP DNA (Figure 6E-G).
CTCF binding to subtelomeric DNA. Interestingly, we also We found that CTCF and Rad2l depletion produced a
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Figure 6 CTCF and Rad21 depletion leads to a loss of RNAPII and TRF binding at telomere and subtelomere. (A) ChIP-qPCR for CTCF, Rad21,
or SMC3 were shown at various positions of the XYq subtelomere relative to the TTAGGG repeat tracts (position 0). U20S cells were transduced
with shControl (black), shCTCF (red), or shRad21 (green) and assayed by ChIP at 6 days post-infection. Bar graph represents the average value
of input (%) for each ChIPs from three independent experiments (Mean + s.d.). (B-D) Same as in (A), except that TRF1, TRF2, or control rabbit
IgG (B), RNAPII or RNAPII serine 2 (S2) phosphorylation (C), or histone H3 K4 and K9 tri-methylation (D) were assayed by ChIP-qPCR in
infected U20S cells. (E) U20S cells were infected with lentivirus expressing shControl, shCTCF, or shRad21 and assayed by ChIP for TRF1,
TRF2, CTCF, Rad21, SMC3, RNAPII, H3K4me3, and H3K9me3 at 6 days post-infection. ChIP DNA were dot-blotted, and assayed by
hybridization with either 3?P-labelled (TAACCC)4 or **P-labelled Alu probe. (F, G) Quantification of dot-blots for shControl (black), shCTCF
(red), and shRad21 (green) relative to either telomeric input (top panel) or Alu input (bottom panel). Bar graph represents average values of
percent input for each ChIP (mean *s.d.) from three independent ChIP experiments, a representative shown in (E).

small, but significant decrease of TRF1 and TRF2 (for CTCF
only) at telomere repeat DNA and a similar loss of RNAPII,
but no significant change in histone H3K4me3 or H3K9me3
(Figure 6E-G). As expected, we did not observe significant
binding of CTCF, Rad2l, and SMC3 binding at telomeric
repeats (Figure 6E and G). In addition, we did not observe
any obvious changes in the global MNase I digestion
pattern at telomere repeats or the XYq subtelomere
(Supplementary Figure S12), suggesting that CTCF and
cohesin depletion did not alter gross nucleosome assembly
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at telomeres or subtelomeres. Taken together, these observa-
tion suggest that CTCF and cohesin stabilize, either directly
or indirectly, both shelterin and RNAPII interactions with
subtelomeric DNA.

Depletion of CTCF or Rad21 leads to telomere DNA
damage foci formation

The loss of TRF1 or TRF2 from subtelomeric and telomere
repeat DNA may be predicted to elicit a DNA damage
response due to telomere uncapping. We therefore assayed
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the effect of CTCF or Rad21 depletion on telomere dysfunc-
tion-induced foci (TIFs) (Figure 7; Supplementary Figure
S13). We found that shRNA-mediated depletion of CTCF
and Rad2l caused ~3-fold increase in yH2AX and 53BP1-
associated TIFs. Similar results were observed with siRNA
depletion of CTCF (Supplementary Figure S13). CTCF and
Rad21 depletion did not have any apparent effect on telomere
repeat length, as measured by Southern blot of restriction
enzyme fragments (Supplementary Figure S14). These find-
ings indicate that CTCF and Rad21 depletion induces a DNA
damage response at telomeres that is not due to the loss of
telomere repeat DNA length, and supports a model that CTCF
and cohesin protect telomere ends by regulating RNAPII
recruitment, TERRA expression, and shelterin interactions
with the subtelomere (Figure 7E).

Discussion

A foundation for a chromatin atlas of the human
subtelomeres

Genome-wide studies on chromatin structure and histone
modification patterns have been incomplete near human
telomeres, due both to remaining gaps in the reference
sequence adjacent to the start of the (TTAGGG)n tracts and
to subtelomeric segmental duplication families near many
telomeres. In this work, we provide a foundation for a more
complete analysis of the human genome by examining
regions of the human subtelomeres that had previously not
been included in human genome-wide studies. Using new
sequence data to complete most of the gaps adjacent to
(TTAGGG)n tracts and stringent read mapping criteria (both
described in detail in Stong et al, in preparation), we have
established a human subtelomere map and genome browser
for next-generation DNA sequence analyses, including ChIP-
Seq and RNA-Seq. Here, we mapped several ChIP-Seq data
sets to the most distal parts of human subtelomeres (Figure 1;
Supplementary Figures S1 and S2; Supplementary Files S1
and S2). We focused on CTCF and cohesin subunits because
of their general importance in chromosome organization
throughout vertebrate evolution. We found that CTCF and
cohesin colocalized at a position immediately adjacent to the
CpG-islands implicated in TERRA promoter regulation
(Nergadze et al, 2009) (Figures 1 and 2). We confirmed this
binding by generating a new experimental data set for CTCF
and SMC1 ChIP-Seq in a B-lymphoma cell lines. In addition,
we mapped RNAPII binding and found that it localized more
broadly across the subtelomeres, but had an average enrich-
ment at the telomeric side of the CpG-island promoter for
TERRA expression. CTCF and cohesin bound just centromeric
to the CpG-island, and were further investigated for their role
in TERRA expression and telomere end protection. The
genome browser and methods established for mapping
next-generation sequence data to the subtelomere provides
a foundation for building a more complete atlas of epigenetic
marks and chromatin organization at human subtelomeres.

CTCF recruits RNAPII to subtelomeres

Our data implicate CTCF and cohesin as positive regulators of
TERRA transcription and RNAPII recruitment to the TERRA
promoter region. CTCF has been shown to physically and
functionally interact with largest subunit of RNAPII
(Chernukhin et al, 2007). More recent studies have shown
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that CTCF can modulate RNAPII activity through regulation
of RNAPII large subunit CTD phosphorylation (Kang and
Lieberman, 2009; Fay et al, 2011; Kang and Lieberman,
2011). The phosphorylation status of RNAPII has been
shown to correlate with its activity in promoter assembly
(S5 phosphorylation) and transcriptional elongation (S2
phosphorylation) (Selth et al, 2010; Nechaev and Adelman,
2011). CTCF has been shown both to modulate RNAPII CTD
phosphorylation status, as well as to colocalize with RNAPII
pausing sites within the bodies of gene transcripts (Wada
et al, 2009). We found that depletion of CTCF or cohesin
subunit Rad2l results in a loss of RNAPII and RNAPII S2
binding at the TERRA promoter region, as well as at positions
throughout the entire subtelomere (Figure 6; Supplementary
Figure S10). ChIP experiments revealed that RNAPII is
enriched at the CTCF-cohesin binding site in the CpG-island,
but is also broadly distributed in some subtelomeres (Figures
1 and 2). The localization of RNAPII at the CpG correlates
with the transcriptional promoter activity observed in vivo
and in genetic mutations on transient reporter plasmids
(Figure 4). Consistent with the findings of Azzalin and
colleagues, we found that the 29-bp repeat was the dominant
promoter element for TERRA in transient assays (Nergadze
et al, 2009). We confirmed that CTCF bound to a specific site
in the 61-bp repeats located centromeric to the CpG-island
and 29 bp repeat element. Site directed mutation of the CTCF
site revealed that CTCF contributes as a positive acting factor
in TERRA transcription. However, when the TERRA promoter
was positioned in the reverse orientation, CTCF deletion
resulted in an increase in transcription activity, suggesting
that CTCF functions to restrict RNAPII transcribing towards
the centromere. Since recent studies suggest that RNAPII can
be oriented in both directions at many promoters (Rhee and
Pugh, 2012), we suggest that CTCF plays a role in both
recruiting  RNAPII to TERRA promoters, as well as
orientating RNAPII towards telomeric transcription.

CTCF and cohesin stabilize TRF binding to subtelomeres
We found that TRF1 and TRF2 binding to the subtelomeric
DNA and telomere repeat DNA was reduced in cells where
CTCF and cohesin were depleted (Figure 6; Supplementary
Figure S10). This result was somewhat surprising since
neither CTCF nor cohesin are known to physically interact
with TRFs. Furthermore, it seems unlikely that factors bind-
ing in the subtelomere would affect telomere repeat factor
binding at the terminal repeats. CTCF and cohesin depletion
had no effect on the total abundance of TRF1 or TRF2, as
determined by western blot (Figure 5A; Supplementary
Figure S8), but it is possible that additional indirect effects
of depletion may contribute to the loss of TRF1 and TRF2
binding at telomeres. A more plausible explanation is that
CTCF and cohesin influence RNAPII binding and local histone
modifications, which are required for proper maintenance of
subtelomeric chromatin and its association with shelterin. In
support of this, Canudas and Smith have shown that a
cohesin subunit, SA1, can interact with a shelterin component,
Tin2, to promote telomere sister-chromatid cohesion and
telomeric heterochromatin (Canudas and Smith, 2009).
TRF1 and TRF2 have been shown to bind efficiently to
TERRA RNA and these interactions may be important for
forming and stabilizing higher-ordered chromatin structure
necessary for telomere-subtelomere communication.

The EMBO Journal VOL 31 | NO 2112012 4173
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Figure 7 CTCF or Rad21 depletion leads to an increase in telomere-associated DNA damage foci (TIFs). (A) U20S cells were transduced with
shControl, shCTCF, or shRad21 and assayed by immuno-FISH with TTAGGG PNA probe (red) and antibody to 53BP1 (green) at 6 days post-
infection. Dapi (blue), merge, and zoom images are shown to the right. (B) Immunofluorescence with anti-TRF2 (red) or yH2AX (green) in
U20S cells transduced with shControl, shCTCF, or shRad21. Merged and zoomed images are shown to the right. (C) Quantification of telomere-
associated DNA damage foci as represented in (A). The bar graph is the mean and s.d. derived from quantification of >300 nuclei from
multiple independent TIF assays (n=>5). P-value was calculated by two-tailed Student’s t-test. (D) Quantification of telomere-associated DNA
damage foci as represented in (B). The bar graph is the mean and s.d. derived from quantification of > 100 nuclei from three independent TIF
assays. P-value was calculated by two-tailed Student’s t-test. (E) Model depicting CTCF and cohesin as integral components of type I human
subtelomeres. CTCF-cohesin function in recruitment of RNAPII to the CpG-island promoter, TERRA transcription regulation, and stabilization

of telomere end capping.

Interactions between the telomere repeat ends and the sub-
telomere may be required for T-loop formation, and it is
possible that CTCF and cohesin may stabilize this type of
higher-ordered chromatin structure (de Lange, 2004). We also
suspect that CTCF and cohesin binding influences histone
modifications and DNA methylation patterns that may
regulate TRF1 and TRF2 interactions with subtelomeric
DNA or chromatin. In this respect, CTCF and cohesin may
provide a chromatin barrier function that keeps the
subtelomeric nucleosomes from obstructing shelterin
assembly at the telomere repeat tracts.

CTCF and cohesin prevent telomere DNA damage
signalling

CTCF and Rad21 depletion resulted in an increase in the
colocalization of YH2AX and 53BP1 with telomere repeat
DNA foci (Figure 7; Supplementary Figure S13). Previous
studies have shown that loss of TRF2 or TRF1 binding
induces DNA damage foci (TIFs) at telomeres (Takai et al,
2003). We have previously shown that depletion of TERRA
levels can also result in telomere DNA damage response foci
formation (Deng et al, 2009). Furthermore, telomere sister-
chromatin cohesion has been shown to be mediated by Tin2
interaction with the SA1 subunit of cohesin (Canudas and
Smith, 2009), while CTCF has been shown to bind SA2 (Xiao
et al, 2011). SA1 and SA2 are thought to form mutually

VOL 31 | NO 21 | 2012

exclusive and functionally distinct cohesin complexes, with
SAl functioning within the telomere repeats and SA2
functioning at more centromeric regions of the chromosome
(Canudas and Smith, 2009). These observations lead us to
propose that the fundamental role of CTCF-cohesin binding
at subtelomeres is to recruit RNAPII to maintain TERRA
promoter activity and subtelomere chromatin architecture,
which are both necessary for telomere end protection. The
molecular basis for RNAPII recruitment can be attributed to
the physical interaction between CTCF and RNAPII
(Chernukhin et al, 2007). CTCF and cohesin, which have
both been implicated in DNA-loop formation, may also help
to establish or stabilize the telomere T-loop structure
(Figure 7E). While the primary biochemical function of
CTCF and cohesin at the TERRA promoter can be explored
in future studies, our findings show that cohesin work
coordinately with CTCF to recruit RNAPII dependent
TERRA expression and protect telomere ends.

Materials and methods

Cells

U20S cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and antibiotics in a 5%
CO, incubator at 37°C. HCT116 cells was grown in McCoy’ 5A
medium supplemented with 10% fetal bovine serum and antibiotics
in a 5% CO, incubator at 37°C. Lymphoblastoid cells (LCLs) and B
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lymphoma-derived cells (BCBL1) were cultured in RPMI 1640
medium supplemented with 15% fetal bovine serum and antibiotics
in a 5% CO, incubator at 37°C.

ChIP-Seq data

ChIP-Seq was performed using 1 x 107 BCBL1 cells per assay with
either rabbit anti-cellular SMC1 (Bethyl A300-055A-3) or CTCF
antibody (Millipore 07-729), or control rabbit IgG (Santa Cruz
Biotechnology), using Illumina-based sequencing as described (Lu
et al, 2012).

The public CTCF data are from ENCODE data series GSE19622
(Lee et al, 2012). The RNAPII data are from data series GSE19484
(Kasowski et al, 2010). The Rad21 data are from ENCODE/HAIB
data series GSE32465. All three data used were from LCL lines.

Mapping ChIP-Seq to human subtelomeres
The human subtelomere reference assemblies used for the mapping
studies represent the most distal 15 kb of DNA sequence adjacent to
the (TTAGGG)n terminal repeat tract for the indicated telomeres.
Each assembly is oriented with the telomere end on the left with
nucleotide position 1 corresponding to the first (CCCTAA) of the
tract, which continues to the left of this position but was truncated
for mapping consistency purposes. Some of these sequences were
available in HG19 (Riethman et al, 2004) whereas others were
assembled by merging new fosmid sequence data with HG19 to
bridge remaining gaps. In several instances, structural variants
corresponding to alternative subtelomere alleles were also
included in the set of subtelomere assemblies used here because
they differed substantially from the original reference telomere. The
full set of subtelomere assemblies is described in detail in Stong
et al (in preparation). All of the sequences in the described
orientation are available in FASTA format in Supplementary File S1.
Reads were mapped to the subtelomere reference using bowtie
(Langmead et al, 2009). Many subtelomeres are duplicon rich with
duplicon-specific nucleotide sequence similarities ranging from 90
t0 99% between individual members of duplicon families that occur
on separate subtelomeres (Linardopoulou et al, 2005; Riethman
et al, 2005; Ambrosini et al, 2007; Descipio et al, 2008). To deal with
this issue, we required a perfect match to retain a read, and all
perfect matches of a given read to positions within the reference
assemblies were recorded. Multiply mapping reads were dealt with
as described previously (Faulkner et al, 2008), by assigning weights
to reads such that multiple mapping positions sum to one read.
Mapping likelihood was added to the reads as the inverse of the
number of mapping positions. Picard (picard.sourcefourge.net) was
used to mark and remove pcr duplicates. Coverage maps were then
constructed using the mapping likelihood as a weight and extending
the reads to the appropriate fragment length in the data set. The
coverage map was calculated at single base resolution. Enrichment
profiles were made from comparing RPM values between sample
and IgG control. RPM = (coverage at position)/(total reads in
library/1076). The complete read mapping statistics (including
Unique versus Multimapping Reads) are available for each of the
data sets used in Supplementary File S2. All figures were generated
on the subtelomere reference genome hosted at the Wistar mirror of
the UCSC genome browser, http://vader.wistar.upenn.edu.

Plasmids, transfections, and luciferase assay

Luciferase reporter constructs containing 10q subtelomeric frag-
ment (1208-396, 794-396, 1208-768, 1142-768, 926-768, 768-
1208, or 768-1142) were generated from 10q bacmid by PCR
amplification and cloning into Xhol-Hindlll sites of pGL3 basic
vector (Stratagene). Reporter plasmid with CTCF site mutations was
generated using 10q (1208-396) reporter plasmid as a template by
using the QuickChange method (Stratagene, Inc.). The Renilla
control vector pGL4.74 was purchased from Promega. Luciferase
assay were performed in triplicates by transfecting 0.5 pg of reporter
plasmid and 10 ng Renilla control vector into 2 x 10° HCT116 cells
with Lipofectamine 2000 reagent (Invitrogen). Transfected cells
were collected at 48h post-transfection and assayed for relative
luciferase activity using the Promega dual-luciferase reporter assay
system. All data points were averages of relative luciferase activity
to Renilla from three independent transfections. Transfections with
siRNA were performed by the use of DharmaFECT 1 reagent
(Thermo Scientific) according to the manufacturer’s instruction.
Briefly, ~2x10° cells were plated in antibiotic-free medium in
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10cm plates 12-16h prior to transfection. Cells were transfected
twice within 24 h with 50 nM final concentration for siRNA, and the
transfected cells were collected at 4 days post-transfection for
further analysis. siRNAs were purchased from Thermo Scientific
with target sequence as followings: siControl (D-001206-03, ATGTAT
TGGCCTGTATTAG), siCTCF-1 (J-020165-10, GAACAGCCCAUAAAC
AUAG), and siCTCF-2 (D-020165-19, AAACAUACCGAGAACGAAA).

Lentiviral shRNA infection

pLKO.1 vector-based shRNA constructs for knocking down CTCF
and Rad2l were obtained from Open Biosystems. shControl in
pLKO.1 vector (target sequence TTATCGCGCATATCACGCG) was
designed to poorly target the Escherichia coli DNA polymerase
and confirmed not affecting any human gene transcription.
Packaging vectors pMDLg/pRRE, RSV-Rev, and CMV-VSVG were
used for lentiviral production. Briefly, 8 ug shRNA constructs were
cotransfected with 4 ug of each packaging vectors into 3 x 10° low
passage 293T cells. Viral supernatants were harvested with 0.45 mm
syringe filter at both 48 and 72h after transfection. About 5 x 10°
U20S cells or HCT116 cells were infected twice with 48 and 72h
lentiviral preparation, respectively in 24 h time period. The infected
cells were treated with 1pg/ml Puromycin 24 h after the second
infection for selection, and harvested at 6 days post-infection for
further analysis.

RNA preparation and analysis

Total RNA was purified with Trizol reagent (Invitrogen) as per the
manufacturer’s instruction. Briefly, each sample was mixed with
1ml of Trizol followed by adding 200 ml of chloroform. The mix
was centrifuged at 12000g for 15min at 4°C, and the aqueous
phase were collected and subjected to equal volume of isopropanol
precipitation. RNA precipitates were collected by centrifugation at
12000g for 10min, washed with 75% ethanol, air-dried, and
resuspended in RNase-free water. These samples were treated
with DNase I for 45 min at 37°C, followed by DNase I inactivation
in the presence of EDTA at 65°C for 5min. For Northern blotting,
about 7.5-10pg of total RNA were denatured in sample loading
buffer (Ambion) for 15min at 65°C, separated by 1.2% agarose-
formamide gel in 1x MOPS buffer at 5V/cm, transferred to
GeneScreen Plus blotting membranes (Perkin-Elmer) with
10 x SSC, and UV crosslinked onto membrane at 125mJ in UV
Stratalinker 2400 (Stratagene). Hybridizations were performed
using Church buffer (0.5N Na-phosphate, pH 7.2, 7% SDS, 1 mM
EDTA, 1% bovine serum albumin (BSA)) for 16-18 h at 50°C. The
membrane was washed twice in 0.2N Na-phosphate, 2% SDS,
1mM EDTA at room temperature, once in 0.1 N Na-phosphate,
2% SDS, 1mM EDTA at 50°C, and analysed by phosphor-imager
(Amersham Biosciences). The blots were first hybridized with a
32p_labelled (TAACCC), probe, then stripped, and probed with a
32p_labelled 18S probe. When indicated, RNA samples were treated
with RNase A (Roche) at a final concentration of 100 pug/ml for
30-60min at 37°C. Images were processed with a Typhoon 9410
Imager (GE Healthcare) and quantified with ImageQuant 5.2 soft-
ware (Molecular Dynamics). TERRA RNA levels were calculated
as percentage relative to signals from control samples and 18S
internal control.

RT-PCR experiments were performed as described (Deng et al,
2009, 2012). Briefly, 1pug of RNA was reverse transcribed using
(CCCTAA)s oligonucleotides for TERRA or random decamers for
other genes with Super Script III Reverse Transcriptase from
Invitrogen. In all, 100ng of cDNA was then analysed by real-time
PCR using a SYBR green probe with ABI Prism 7900 Sequence
Detection System (Applied Biosystems) based on the
manufacturer’s specified parameters. Relative RT-PCR was deter-
mined using AACT methods relative to control samples and internal
control Gapdh. Primer sequences used for real-time PCR are listed in
Supplementary Table 1 and the melting curve control for each primer
sets is shown in Supplementary Figure S16. Because of the known
subterminal sequence organization characteristic of subsets of
human subtelomeres (‘subterminal sequence families’; Riethman,
2008a,b) and the known within-family sequence similarities, we
anticipated that multiple telomeres with identical predicted TERRA
priming sites would be sampled by some TERRA RT-PCR primer
sets. The qRT-PCR signal from TERRA relative to the control in a
sample should therefore be considered the sum of the signals from
TERRA molecules originating from these discrete sites with identical
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sequence, perhaps contributing to some of the apparent variability in
the quantity of TERRA detected by some of the individual TERRA
RT-PCR assays. However, comparison of TERRA levels between
samples for the same telomere subsets are not affected.

TIF assay

TIF assay was performed as described (Dimitrova and de Lange,
2006) with some modifications. Briefly, cells grown on coverslips
were fixed for 15min in 2% paraformaldehyde at RT, followed by
15min in 100% methanol at — 20°C. After rehydration in PBS for
Smin, cells were incubated for 30-60 min in blocking solution
(I mg/ml BSA, 3% fetal bovine serum, 0.1% Triton X-100, 1 mM
EDTA in PBS) before immuno-staining. Primary antibodies were
prepared in blocking solution as following dilutions: monoclonal
anti-53BP1 (gift of Dr Thanos Halazonetis, 1:40), anti-yH2AX
(Millipore, 1:100), and rabbit polyclonal TRF2 (1:1600). For
ImmunoFISH, cells were immunostained as described above, and
were fixed in 4% paraformaldehyde in PBS for 10 min. Cells were
washed in PBS, dehydrated in ethanol series (70, 95, 100%), and
air-dried. Coverslips were denatured for 5 min at 80°C in hybridiza-
tion mix (70% formamide, 10 mM Tris-HCl (pH 7.2), and 0.5%
blocking solution (Roche)) containing telomeric PNA-Tamra-
(CCCTAA); probe. After denaturation, hybridization was continued
for 2h at room temperature in the dark. Coverslips were washed
twice for 15min each with 70% formamide, 10 mM Tris-HCI (pH
7.2), and 0.1% BSA, and followed by three washes for 5min each
with 0.15M NacCl, 0.1 M Tris-HCI (pH 7.2), and 0.08% Tween-20.
Nuclei were counterstained with 0.1 pg/ml DAPI in blocking solu-
tion and slides were mounted with VectorShield (Vector
Laboratories, Inc.). IF images were taken with a x 100 lens
on a Nikon E600 Upright microscope (Nikon Instruments, Inc.,
Melville, NY) using ImagePro Plus software (Media Cybernetics,
Silver Spring, MD) for image processing. Cells with five or
more 53BP1 or yH2AX foci colocalizing with TRF2 foci or telomere
DNA foci were scored as TIF positive. P-value was calculated
by two-tailed Student’s t-test from at least three independent TIF
assays.

ChIP assays

ChIP assays were performed as described previously (Deng et al, 2009).
Quantification of ChIP DNA at subtelomeric regions was determined
using real-time PCR and the Absolute Quantification program with ABI
7900 Sequence Detection System (Applied Biosystems). PCR data were
normalized to input values that were quantified in parallel for each
experiment. Primer sequences used for real-time PCR were designed
using Primer Express (Applied Biosystems), and listed in Supple-
mentary Table 2. The melting curve control for each primer sets used
in ChIP-gPCR was shown in Supplementary Figure S15. As was
described for the ChIP-seq read mappings and the TERRA detection,
multiple telomeres having identical sequence will be recognized by
some of the ChIP-qPCR primers. The same rational for ChIP-Seq
mappings applies to ChIP-qPCR quantitation. Since the sequence
organization of distal DNA in each subterminal sequence family is
the same and the sequence is unique to subtelomeres, an enrichment in
a specific subterminal signal relative to appropriate input controls is a
valid measure of the average enrichments for all of the identical
mapping sites for the subterminal sequence family.

ChIP DNA at telomeres was quantitated by dot-blotting with
probes specific for telomere repeat DNA or Alu repeat. ChIP DNA
was denatured, dot-blotted onto GeneScreen Plus blotting mem-
branes (Perkin-Elmer) and crosslinked at 125mJ. Oligonucleotide
probes telomere repeats (4 x TTAGGG or 4 x TAACCC) or Alu
repeats (cgga%tctcgctctgtcgcccaggctggagtgcagtggcgcga) were
labelled with y—[3 P]ATP (3000 Ci/mmol) and T4 nucleotide kinase
(New England Biolabs). The membrane was prehybridized in
Church hybridization buffer for 2h at 42°C. A heat-denatured *?P-
labelled probe was added and hybridized at 42°C overnight.
Membrane was washed three times in 0.04 N Na-phosphate, 1%
SDS, 1 mM EDTA at 42°C, developed with a Typhoon 9410 Imager
(GE Healthcare) and quantified with ImageQuant 5.2 software
(Molecular Dynamics). Antibodies used in ChIP assay include rabbit
polyclonal antibodies to TRF1, Rad21l, and RNAPII S2 (Abcam),
CTCF, histone H3 K4 di- or tri-methylation, histone H3 K9 di- or
tri-methylation (Millipore), SMC1 and SMC3 (Bethyl Labs), and
RNAPII (Santa Cruz). Rabbit antibodies to TRF1 and TRF2 were
generated against recombinant protein and affinity purified.
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EMSA

EMSAs by CTCF were performed as described (Chau et al, 2006).
Briefly, double-stranded DNA probes covering CTCF sites at XYq,
10q, and 7p subtelomeres were generated by annealing one
oligonucleotide to the complementary strand and end-labelling
with y-[**PJATP (3000 Ci/mmol) and T4 nucleotide kinase (New
England Biolabs). In a 20-pl reaction mixture, ~ 10 000 c.p.m. of *2P-
labelled DNA probe (12.5nM) was added to a reaction mixture
containing 0.2pg poly(dl—dC), 5% glycerol, 0.1 mM ZnSO4,
100mM KCI, 10mM Tris-HCl (pH 7.5), 0.1% NP-40, 1mM -
mercaptoethanol, and purified baculoviral His6-tagged-CTCF
(~0.6-6uM). Reaction mixtures were incubated for 30min at
25°C, electrophoresed in a 5% nondenaturing, polyacrylamide gel
at 110V, and processed by Phosphorlmager and Typhoon 9410
Imager (GE Healthcare).

Fluorescence polarization assay

Fluorescence polarization experiments were used to measure in-
hibition constant (Ki) of CTCF sites and were performed in 384 well
black OptiwellTM plates. All wells were initially filled with 75 ul of
assay buffer (100mM Tris pH 8.0, S50mM KCI, 0.6 mg/ml BSA,
0.075% Tergitol-type NP-40) for 60 min at room temperature to
prevent nonspecific binding. To each well, 2nM of FAMo6-labelled
36bp dsDNA probe (TCAGAGTGGCGGCCAGCAGGGGGCGCCCTT
GCCAGA) with a known dissociation constant of 17nM for
CTCF’s 11 zinc-finger binding domain (CTCF11ZF) was added to
increasing concentrations of unlabelled dsDNA probe (0-5pM). In
all, 17 nM CTCF11ZF recombinant protein was then added to a final
volume of 30ul for each well and incubated for 60 min at 4°C.
Polarization values in millipolarization units (mP) were measured
using an Envision 2104 Multilabel Reader (Perkin-Elmer) at an
excitation wavelength at 485nM and an emission wavelength at
530nM. Each measurement was completed in triplicate. All experi-
mental data were analysed using Prism 3.0 software and the
inhibition constants were determined by fitting to the model
1ogIC50 =log(10/1[logKi*(1 + [Fluo. Probe]/[Fluo. Probe Kd)]
where Y = (low binding threshold) + (high binding threshold — low
binding threshhold)/(1 + 10~ (X — LogIC50)).

Telomere length assay

Telomere length assay was performed as described previously (Deng
et al, 2009). Pulsed-Field gel electrophoresis (PFGE) was performed
with 1% agarose gel at 6 V/cm, switch times from 1 to 12s, 15°C for
12h using CHEF-DRIII system (Bio-Rad). The blots were first
hybridized with either a DIG- or **P-labelled TTAGGG repeat probe,
then stripped with 0.1 x SSC and 0.2N NaOH at 50°C, and probed
with a DIG- or 3*P-labelled Alu repeat probe, as indicated. Relative
telomere-repeat signals were determined either by DIG detection
system (Roche) or by Typhoon 9410 Imager (GE Healthcare).

MNase pattern assay

Telomeric nucleosome patterns were analysed by micrococcal nu-
clease (MNase) digestion. Briefly, nuclei isolated from siRNA or
shRNA transfected cells were treated with increased concentration
of MNase for 5min at 37°C. After digestion, DNA was isolated by
phenol/chloroform extraction, fractionated on 1.2% agarose gel,
and hybridized with 3*P-labelled (TAACCC)4 probe or *?P-labelled
Alu probe. The probe specific for XYq subtelomeres was generated
by radio-labelling an oligonucleotide (46 mer) spanning XYq CTCF
site.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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