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ABSTRACT

The majority of Cockayne syndrome (CS) patients
carry a mutation in Cockayne Syndrome group B
(CSB), a large nuclear protein implicated in DNA
repair, transcription and chromatin remodeling.
However, whether CSB may play a role in telomere
metabolism has not yet been characterized. Here,
we report that CSB physically interacts with TRF2,
a duplex telomeric DNA binding protein essential
for telomere protection. We find that CSB localizes
at a small subset of human telomeres and that it
is required for preventing the formation of
telomere dysfunction-induced foci (TIF) in CS cells.
We find that CS cells or CSB knockdown cells
accumulate telomere doublets, the suppression of
which requires CSB. We find that overexpression
of CSB in CS cells promotes telomerase-dependent
telomere lengthening, a phenotype that is
associated with a decrease in the amount of
telomere-bound TRF1, a negative mediator of
telomere length maintenance. Furthermore, we
show that CS cells or CSB knockdown cells exhibit
misregulation of TERRA, a large non-coding
telomere repeat-containing RNA important for
telomere maintenance. Taken together, these
results suggest that CSB is required for maintaining
the homeostatic level of TERRA, telomere length
and integrity. These results further imply that CS
patients carrying CSB mutations may be defective
in telomere maintenance.

INTRODUCTION

Telomeres are heterochromatic structures found at the
ends of linear eukaryotic chromosomes. Mammalian
telomeric DNA consists of tandem repeats of TTAGGG
that are bound by a telomere-specific complex known as

shelterin/telosome (1–3). Shelterin, composed of six
protein subunits, including TRF1, TRF2, TIN2, hRap1,
TPP1 and POT1, functions not only to regulate telomere
length maintenance but also to protect natural chromo-
some ends from being recognized as damaged DNA
(1,2,4). Telomeric DNA has been shown to be transcribed
into a large non-coding telomere repeat-containing RNA
(5), referred to as TERRA, which is implicated in main-
taining the integrity of telomere heterochromatin (5,6).
Disruption of the shelterin complex or the telomere het-
erochromatic state can lead to induction of telomere
abnormalities, including telomere end-to-end fusions,
telomere loss and telomere doublets/fragile telomeres
(1,2,6). These dysfunctional telomeres have been shown
to be associated with DNA damage response factors,
such as gH2AX and 53BP1, resulting in the formation
of nuclear structures that are referred to as telomere
dysfunction-induced foci (TIF) (7–10).
TRF2 is one of the two shelterin subunits that bind

specifically to duplex telomeric DNA (11,12), the other
being TRF1 (13). Overexpression of TRF1 leads to
telomere shortening, whereas removal of TRF1 from telo-
meres promotes telomerase-dependent telomere lengthen-
ing (14–16), implying that TRF1 may restrict the access of
telomerase to the ends of telomeres.
While TRF1 has been implicated in telomere length

maintenance, TRF2 is best known for its role in
telomere protection. TRF2 contains a N-terminal basic
domain, a central TRF homology (TRFH) domain and
a C-terminal Myb-like DNA binding domain (11,12). The
N-terminal basic domain is rich in glycine and arginine
residues, also referred to as a GAR domain. The TRFH
domain of TRF2 not only mediates homo-dimerization
but also acts as a protein interaction platform at telomeres
to recruit additional shelterin subunits and other accessory
proteins (17,18). Removal of TRF2 from telomeres either
by conditional knockout or overexpression of a
dominant-negative allele of TRF2 lacking both the
N-terminal basic/GAR domain and the C-terminal
Myb-like DNA binding domain promotes telomere
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end-to-end fusions (19,20). Overexpression of TRF2
lacking its N-terminal basic/GAR domain promotes
telomere loss (8), whereas overexpression of TRF2
carrying amino acid substitutions in the same basic/
GAR domain induces the formation of telomere
doublets (10).
Cockayne syndrome (CS) is a rare human hereditary

disorder characterized by severe postnatal growth
failure, progressive neurological degeneration and seg-
mental premature aging, including sensorineural hearing
loss, retinal degeneration and loss of subcutaneous fat
(21,22). CS patients show hypersensitivity to UV light
and the average life span of CS patients is �12 years
(23–25). Although five genes have been identified to be
responsible for the disease, including CSA, CSB, XPB,
XPD and XPG, the majority of CS patients carry a
defect in the CSB gene (21,22,25).
Cockayne Syndrome group B (CSB) protein, also

known as ERCC6, is a nuclear protein of 1493 amino
acids in length, containing several distinct domains,
including an acidic domain, a glycine rich domain, a
SWI/SNF-like ATPase domain, a nucleotide binding
(NTB) domain and a ubiquitin binding domain (UBD)
(Figure 1A) (21,26–28). CSB has been shown to play a
key role in transcription-coupled repair (21,29), a
subpathway of nucleotide excision repair (NER) respon-
sible for removing bulky lesions such as UV-induced
DNA damage (cyclobutane pyrimidine dimers and
6-pyrimidine-4-pyrimidone photoproducts). In addition
to NER, CSB has also been implicated in base excision
repair (30,31), transcription (32–35), chromatin mainten-
ance and remodeling (36). However, whether CSB may
play a role in telomere maintenance relevant to cancer
and aging has not yet been characterized.
Here, we report that CSB physically interacts with

TRF2. While multiple domains of CSB are engaged in
its interaction with TRF2, the TRFH domain of TRF2
is required and sufficient for binding CSB. We show that
CS cells or CSB knockdown cells exhibit an accumulation
of telomere doublets and an induction of TIF formation.
Re-introduction of wild-type CSB into CS cells suppresses
the formation of telomere doublets and TIFs, indicative of
its role in telomere protection. In addition, we find that CS
cells undergo telomere shortening, whereas overexpression
of CSB into CS cells results in telomerase-dependent
telomere lengthening. The latter is associated with a re-
duction in the amount of telomere-bound TRF1, a
negative mediator of telomere length maintenance
(14–16). Furthermore, we find that CS cells or CSB
knockdown cells display misregulation of TERRA expres-
sion. Collectively, these results suggest that CSB is
required for maintaining the homeostatic level of
TERRA, telomere length and stability.

MATERIALS AND METHODS

DNA constructs and antibodies

The complementary DNA (cDNA) for CSB purchased
from mammalian gene collection contained three
missense mutations (C666, P1041 and P1294).

The QuickChange site-directed mutagenesis kit
(Strategene) was used to revert these mutations to wild-
type. The corrected CSB cDNA was then subcloned into
the retroviral vector pLPC-puro (37) or pLPC-N-Myc-
puro (37). The pLPC-N-Myc-CSB plamid was used as a
template for PCR to generate CSB truncation alleles
CSB-N (amino acids 2–510), CSB-ATPase (amino acids
510–960) and CSB-C (amino acids 972–1493). The
cDNA for TRF2 was a generous gift from Titia de
Lange, Rockefeller University. The TRF2 truncation
alleles TRF2�B�M (amino acids 45–453), TRF2TRFH

(amino acids 45–245) and TRF2linker (amino acids
246–453) were generated by PCR and cloned into
pLPC-FH2 (38) (a kind gift from Titia de Lange,
Rockefeller University). pBabe-neo-hTERT was kindly
provided by Robert Weinberg, MIT.

The oligonucleotides encoding siRNA directed against
CSB have been previously described (39). The annealed
oligonucleotides were ligated into pRetroSuper vector
(kindly provided by Titia de Lange, Rockefeller
University), giving rise to pRetroSuper-shCSB.

Antibodies to TRF1 (13), TRF2 (40) and hRap1 (41)
were kind gifts from Titia de Lange, Rockefeller
University. Commercial antibodies used were rabbit
anti-CSB (Bethyl A301–345A), mouse anti-CSB (Abcam
Ab66598), anti-Myc (9E10, Calbiochem), anti-g-H2AX
(Upstate) and anti-g-tubulin (GTU88, Sigma).

Cell culture and retroviral infection

HeLaI.211 cells were a gift from Titia de Lange,
Rockefeller University. Primary fibroblast cell lines
GM38 (normal), GM9503 (normal), GM8399 (normal),
GM10901 (heterozygote), GM10905 (CS), GM739 (CS),
GM1428 (CS) and a transformed CS cell line (GM16095)
were obtained from the NIGMS Human Genetic Cell
Repository (Coriell Institute for Medical Research,
Camden, NJ, USA). GM16095 is a SV40-transformed
cell line derived from GM739 (27). Supplementary
Table S1 lists the nature of CSB mutations and the age
of the individuals from whom biopsies were taken to es-
tablish the primary cell lines. Cells were grown in
Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum (FBS) for transformed cell lines GM16095,
HeLa and Phoenix cells, and 15% FBS for all primary
fibroblasts, supplemented with non-essential amino
acids, glutamine, 100U/ml penicillin and 0.1mg/ml
streptomycin. Retroviral gene delivery was carried out as
described (42,43). Phoenix amphotropic retroviral
packaging cells were transfected with the desired DNA
constructs. For hTERT-mediated immortalization, 3
days after the last infection, neomycin (600mg/ml) was
added to the medium to select for hTERT-expressing
cells. Otherwise, 12 h after the last infection, puromycin
(2 mg/ml) was added to the medium and the cells were
maintained in the selection medium for the entirety of
the experiments.

Immunoblotting and immunoprecipitation

Immunoblotting was carried out as previously described
(10,40). Immunoprecipitation (IP) of endogenous TRF2
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was performed essentially as described (10,40). For IP of
endogenous CSB, HeLa cells were collected and resus-
pended in ice-cold NP-40 buffer (1% NP-40, 150mM
NaCl, 10mM sodium phosphate, pH 7.2). Following

incubation on ice for 20min, the supernatant was re-
covered by micro-centrifugation at 13 000 rpm for
10min. Protein extracts of 1.5mg was mixed with 2 ml
mouse anti-CSB antibody (Abcam) and the mixture was

Figure 1. CSB interacts physically with TRF2. (A) Schematic diagram of CSB. NLS: nuclear localization sequence; NTB: nucleotide binding
domain; and UBD: ubiquitin binding domain. (B) Co-immunoprecipitation with HeLa cell extracts and anti-CSB antibody. Anti-IgG IP was
used as a negative control. Immunoblotting was carried out with anti-CSB or anti-TRF2 antibody. (C) Co-IP with HeLa nuclear extracts and
anti-TRF2 antibody. Anti-IgG IP was used as a negative control. Immunoblotting was carried out with anti-CSB or anti-TRF2 antibody. (D) IP
with anti-Myc antibody was carried out with protein extracts from 293T cells coexpressing Flag-TRF2 in conjunction with either the vector alone,
Myc-CSB, Myc-CSB-N, Myc-CSB-ATPase or Myc-CSB-C. Immunoblotting was performed with anti-Myc or anti-Flag antibody. (E) Schematic
diagram of TRF2. B stands for basic domain. (F) IP with anti-Myc antibody was carried out with protein extracts from 293T cells coexpressing the
vector or Myc-CSB in conjunction with Flag-TRF2linker, Flag-TRF2TRFH or Flag-TRF2�B�M. Immunoblotting was performed with anti-Myc or
anti-Flag antibody.
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incubated overnight at 4�C. Protein G-beads (30 ml) was
added to the mixture on the next day and the IP pellet was
washed five times each with 1ml of ice-cold NP-40 buffer
containing 1mM DTT, 1 mg/ml aprotinin, 1 mg/ml
leupeptin, 10 mg/ml pepstatin and 1mM PMSF.
Co-immunoprecipitation from 293T cells was carried

out essentially as described (38) except for the method of
transfection used. Human 293T cells grown on 6-cm plates
with 95% confluency were transfected using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s
protocol. For each co-transfection, a total of 8 mg DNA
mixture was used. The ratio of CSB constructs to TRF2
constructs in each DNA mixture was 3:1.

Chromatin Immunoprecipitations

Chromatin immunoprecipitations (ChIPs) were carried
out essentially as described (44–46). Cells were directly
fixed with 1% formaldehyde in phosphate-buffered
saline (PBS) for 1 h, followed by sonication (10 cycles of
20 s each, 50% duty and 5 output). For each ChIP, 200 ml
cell lysate (equivalent to 2� 106 cells) was used. For the
total telomeric DNA, 50 ml supernatant (corresponding to
one-quarter of the amount of lysate used for IP) were
processed along with the IP samples at the step of revers-
ing the crosslinks. Four-fifths of the immunoprecipitated
DNA was loaded on the dot blots whereas two inputs each
containing 5% of total DNA was included to assess the
consistency of loading. The ratio of the signal from each
ChIP relative to the signal from the input lane was
multiplied by 5% (5% represents 5% of total DNA) and
a factor of 1.25 (since four-fifths of the precipitated DNA
was loaded for each ChIP), giving rise to the percentage of
total telomeric DNA recovered from each ChIP.

Immunofluorescence and fluorescence in situ hybridizatioin

Immunofluoresence was performed essentially as
described (40,43). Briefly, cells grown on coverslips were
rinsed with PBS, incubated in Triton X-100 buffer [0.5%
Triton X-100, 20mM HEPES–KOH (pH 7.9), 50mM
NaCl, 3mM MgCl2 and 300mM sucrose] at room
temperature (RT) for 5min and then fixed for 10min in
PBS buffered 3% paraformaldehyde and 2% sucrose.
Following permeablization at RT for 10min in Triton
X-100 buffer, fixed cells were blocked with 0.5% bovine
serum ablumin (Sigma) and 0.2% gelatin (Sigma) in PBS
and then incubated at RT for 2 h with both rabbit
anti-hRap1 and mouse anti-gH2AX or mouse anti-CSB.
Immunofluorescence (IF)–fluorescence in situ hybridiza-

tioin (FISH) analyses were conducted as described (9).
Briefly, cells grown on coverslips were fixed at RT for
10min in PBS buffered 2% para-formaldehyde, washed
in PBS twice for 5min each, followed by incubation at
RT for 30min in blocking buffer containing 1mg/ml
bovine serum albumin (BSA), 3% goat serum, 0.1%
Triton X-100 and 1mM ethylenediaminetetraacetic
acid (EDTA) in PBS. Blocked coverslips were incubated
with anti-Myc antibody in blocking buffer at RT for 1 h.
After three washes in PBS, coverslips were incubated
with tetramethyl rhodamine isothiocyanate (TRITC)-
conjugated donkey anti-mouse (1:100, Jackson

Laboratories) at RT for 30min. Subsequently, cells on
coverslips were fixed again in PBS buffered 2%
paraformaldehyde for 5min and followed by dehydration
in a series of 70, 85 and 100% ethanol. The air-dried cover-
slips were denatured at 80�C for 10min and hybridized
with 0.5mg/ml fluorescein isothiocyanate (FITC)-
conjugated-(CCCTAA)3 PNA probe (Biosynthesis Inc.)
for 2 h in dark at RT. Following incubation, cover slips
were washed with 70% formamide and 10mM Tris–HCl
(pH 7.2) twice for 15min. After three washes in PBS, DNA
was counter-stained with 4,6-diamidino-2-phenylindole
(DAPI; 0.2 mg/ml) and embedded in 90% glycerol/10%
PBS containing 1mg/ml p-phenylene diamine (Sigma).
All cell images were recorded on a Zeiss Axioplan 2 micro-
scope with a Hammamatsu C4742-95 camera and pro-
cessed in Open Lab.

Metaphase chromosome spreads

Metaphase chromosome spreads were essentially prepared
as described (19,43). Cells were arrested in nocodazole
(0.1 mg/ml) for 90–120min. Following arrest, cells were
harvested by trypsinization, incubated for 7min at 37�C
in 75mM KCl and fixed in freshly made methanol/glacial
acedic acid (3:1). Cells were stored overnight at 4�C,
dropped onto slides and air-dried overnight in a
chemical hood.

FISH analysis on metaphase chromosome spreads was
carried out essentially as described (43,47). Slides with
chromosome spreads were incubated with 0.5 mg/ml
FITC-conjugated-(CCCTAA)3 PNA probe (Biosynthesis
Inc.) for 2 h at room temperature. Following incubation,
slides were washed, counter-stained with 0.2 mg/ml DAPI
and embedded in 90% glycerol/10% PBS containing
1mg/ml p-phenylene diamine (Sigma). All cell images
were recorded on a Zeiss Axioplan 2 microscope with a
Hammamatsu C4742-95 camera and processed in Open
Lab.

Northern analysis of TERRA

Total RNA was isolated from cells using TRIzol�

Reagent (Invitrogen) according to the manufacture’s in-
structions. Northern analysis was performed essentially as
described with minor modifications (5). Briefly, 20 mg of
the RNA was loaded onto 1.3% formaldehyde agarose
gels and run at 60V for 7 h. The gel was then stained
with ethidium bromide to inspect the presence of the
28S and 18S ribosomal RNA, both of which were indica-
tors of RNA quality. RNA was then transferred to a
Nylon membrane (Hybond-N, GE) and was blocked in
Church mix [0.5M Na2PO4 (pH 7.2), 1mM EDTA, 7%
SDS and 1% BSA] for 1 h at 65�C. The membrane was
then incubated overnight at 65�C with a radioactively
labeled 800-bp TTAGGG repeat-containing fragment as
previously described (44). For the GAPDH control, the
membrane was incubated with a radioactively labeled
DNA fragment containing the GAPDH gene. Following
incubation, the membrane was washed once with 1� SSC,
0.1% SDS at room temperature, three times in 0.5� SSC
at 65�C and then exposed to a PhosphorImager screen.
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The signals on the membrane were quantified by
ImageQuant analysis.

Telomere length analysis and telomeric repeat
amplification protocol (TRAP) assays

Genomic DNA isolated from cells was digested with RsaI
and HinfI and loaded onto a 0.7% agarose gel in 0.5�
TBE. Blotting for telomeric fragments was carried out
according to standard protocols (48,49). The average telo-
meric restriction fragment length was determined by
PhosphorImager analysis using ImageQuant and MS
Excel as described (50).

The activity of telomerase in cells was determined using
a Trapeze telomerase detection kit (Chemicon) according
to the protocol provided by the manufacturer. PCR amp-
lification was performed for 31 cycles. The products were
separated on a 12.5% non-denaturing polyacrylamide gel
in 0.5� TBE buffer and visualized using SYBR green
(Invitrogen).

RESULTS

Physical interaction between CSB and TRF2

To investigate the role of CSB in telomere biology, we
decided to ask whether CSB might interact with compo-
nents of the shelterin complex essential for telomere main-
tenance. Co-immunoprecipitation with anti-CSB antibody
brought down endogenous TRF2 (Figure 1B). CSB asso-
ciation with TRF2 was also detected in a reverse IP
using anti-TRF2 antibody and HeLa nuclear extracts
(Figure 1C). The interaction of CSB with TRF2 was
further confirmed when Flag-tagged TRF2 was
co-expressed with Myc-CSB in 293T cells (Figure 1D).
Taken together, these results reveal that CSB interacts
with TRF2 in vivo.

To gain further understanding of CSB interaction with
TRF2, we examined the interaction between various CSB
domains and TRF2. Flag-TRF2 was coexpressed with
Myc-tagged CSB-N carrying the first 510 amino acids,
including the acidic and the glycine-rich domains,
Myc-tagged CSB-ATPase containing the central 450
amino acids or Myc-tagged CSB-C carrying the last 521
amino acids including the NTB domain and UBD in 293T
cells. Co-immunoprecipitation studies with anti-Myc
antibody revealed that all three CSB truncation mutants
were able to pull down Flag-TRF2 (Figure 1D), suggest-
ing that multiple domains of CSB may be engaged in its
interaction with TRF2.

TRF2 contains an N-terminal basic/GAR domain, a
central TRFH domain, a linker region and a C-terminal
Myb-like DNA binding domain (Figure 1E). To investi-
gate the domain of TRF2 important for its interaction
with CSB, we coexpressed Myc-CSB with Flag-tagged
TRF2�B�M lacking both the basic domain and the
Myb-like domain, Flag-tagged TRF2 carrying the
TRFH dimerization domain alone (Flag-TRF2TRFH) or
Flag-tagged TRF2 carrying the linker region alone
(Flag-TRF2linker) in 293T cells. Co-immunoprecipitation
with anti-Myc antibody showed that both Flag-tagged
TRF2�B�M and Flag-tagged TRF2TRFH were able to

interact with Myc-CSB (Figure 1F). In contrast, no inter-
action between Myc-CSB and Flag-TRF2linker was
detected despite a high level of expression of
Flag-TRF2linker (Figure 1F). These results suggest that
the TRFH domain is required and sufficient for TRF2
interaction with CSB.

CSB localizes at a fraction of human telomeres and is
required to suppress the formation of TIFs in CS cells

To investigate whether CSB may be associated with
human telomeres, we performed dual indirect immuno-
fluorescence with anti-CSB antibody in conjunction with
anti-hRap1 antibody, a marker for interphase telomeres
(41). We observed an overlap between several anti-hRap1
staining (green) and anti-CSB staining (red) foci in HeLa
cells (Figure 2A). The co-localization of CSB with several
hRap1 foci was also detected in CSB-complemented
immortalized CS cells hTERT-GM10905 (Figure 2A). In
addition, we also performed IF–FISH analysis with
anti-Myc antibody in conjunction with a FITC-
conjugated telomeric DNA-containing PNA probe in
SV40-transformed CS cells GM16095 stably expressing
Myc-tagged CSB. We again observed the presence of
CSB (red) at several telomeres (green) (Figure 2B).
Taken together, these results suggest that CSB may be
associated with a small subset of human telomeres
although we cannot rule out the possibility that
observed costaining of CSB with telomeres may be
coincidental.
Dysfuntional telomeres are known to attract DNA

damage response factors including gH2AX (7–10). To in-
vestigate whether CS cells may accumulate dysfunctional
telomeres, dual indirect immunofluorescence was per-
formed on hTERT-GM10905 expressing either CSB or
the vector alone with anti-hRap1 antibody in conjunction
with anti-gH2AX antibody. We observed an induction of
TIFs in vector-expressing hTERT-GM10905 cells when
compared to CSB-complemented hTERT-GM10905
cells (Figure 2C). While 18% of the vector-expressing
hTERT-GM10905 cells exhibited five or more TIFs, such
TIFs were detected in only 1% of CSB-complemented
hTERT-GM10905 cells (Figure 2D). These results
suggest that CSB is required for telomere protection.

Primary fibroblasts derived from CS patients carrying a
CSB mutation show an accumulation of telomere doublets

To investigate whether CSB may be required for main-
taining telomere structure, we performed FISH analysis
of metaphase spreads on two cell lines (GM10901 and
GM10905) at various passages to inspect for the
presence of any telomere abnormalities, including
telomere loss (chromatid ends without a detectable telo-
meric signal), telomere fusions, telomere-containing
double minute chromosomes (TDM) and telomere
doublets/fragile telomeres (more than one telomeric
signal at a single chromatid end). GM10901 and
GM10905 are two respective primary fibroblast cell lines
derived from a mother heterozygote for a CSB mutation
and her CS offspring. We did not observe any significant
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accumulation of TDM and telomere fusions in either
GM10901 or GM10905 (Figure 3A). While telomere
loss was detected in both GM10901 and GM10905
(Figure 3B), no significant difference in the formation of
telomere loss was found when GM10901 and GM10905

cells of various passages were compared (Figure 3B). In
contrast, we found that various passages of GM10905
cells consistently exhibited an accumulation of telomere
doublets when compared to the heterozygote GM10901
cells of similar passages (Figure 3C).

Figure 2. CSB localizes at a small subset of human telomeres and prevents the formation of TIFs in CS cells. (A) Analysis of indirect immuno-
fluorescence (IF) on HeLaII and CSB-complemented hTERT-GM10905 cells. IF was perfromed with mouse anti-CSB (red) in conjunction with
rabbit anti-hRap1 (green). Cells were extracted with detergent prior to fixation by paraformaldehyde to remove soluble proteins. Cell nuclei were
stained with DAPI shown in blue. Arrowheads indicate the overlap between anti-CSB and anti-hRap1 staining. (B) Analysis of IF-FISH on
GM16095 cells expressing Myc-CSB. IF–FISH analyses were performed with anti-Myc antibody (red) in conjunction with a FITC-conjugated
(CCCTAA)3-containing PNA probe (green). Cell nuclei were stained with DAPI shown in blue. Arrowheads indicate the colocalization of CSB
with telomeric DNA. (C) Indirect immunofluorescence using anti-hRap1 in conjunction with anti-g-H2AX was performed with fixed
hTERT-GM10905 cells expressing either the vector alone or wild-type CSB. Arrowheads indicate sites of colocalization of gH2AX and hRap1.
(D) Quantification of percentage of cells with five or more TIFs. For each cell line, a total of 300 cells from three independent experiments were
scored. Standard deviations from three independent experiments are indicated.
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We also examined the presence of telomere loss and
telomere doublets in two other CS cell lines GM1428
and GM739 in comparison to three fibroblast cell lines
(GM38, GM9503, GM8399) derived from normal individ-
uals. We found that when compared to the normal control

cells, both GM1428 and GM739 displayed an increase in
the formation of telomere loss and telomere doublets
(Figure 3D and E), the latter consistent with our earlier
finding. No full-length CSB was detected in any CS cells
examined (Supplementary Figure S1). Taken together,

Figure 3. CS primary fibroblasts carrying CSB mutations accumulate telomere doublets. (A) Analysis of metaphase chromosomes from GM10901
and GM10905. Chromosomes were stained with DAPI and false colored in red. Telomeric DNA was detected by FISH using a FITC-conjugated
(CCCTAA)3-containing PNA probe (green). Open arrows represent telomere doublets whereas asterisks indicate telomere loss. Enlarged images of
chromosomes with telomere doublets or telomere loss are shown at the bottom. (B–E) Quantification of telomere loss or telomere doublets from
indicated cell lines. For each cell line, a total of 2410–2699 chromosomes from 60 metaphase cells were scored in a blind manner for the presence of
telomere loss (B and D) as well as telomere doublets in (C and E). Standard deviations derived from three independent experiments are indicated.
Passage numbers of cell lines used are indicated above the bars.
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these results suggest that CSB is required for maintaining
the integrity of telomere structure.

Introduction of wild-type CSB into CS cells suppresses the
formation of telomere doublets

Formally, it is possible that the increased formation of
telomere doublets observed in CS primary fibroblasts
might be due to the difference in the genetic background
between CS cells and normal control cells. To address this
question, we decided to examine telomere structures in
several pairs of cell lines with isogenic background.
CS primary fibroblasts GM10905 was immortalized

with exogenously expressed catalytic subunit of telomer-
ase (hTERT) (Supplementary Figure S2A) to overcome
poor growth and premature senescence associated with
CS cells. Subsequently, retrovirus expressing either wild-
type CSB or the vector alone was used to infect
hTERT-GM10905 cells, generating two stable isogenic
cell lines (hTERT-GM10905-vector and hTERT-
GM10905-CSB). FISH analysis revealed that
overexpression of hTERT drastically reduced telomere
loss (Figure 4A and Supplementary Figure S2B);
however, it had little effect on the accumulation of
telomere doublets in GM10905 cells (Figure 4B and
Supplementary Figure S2B). On the other hand, we
found that introduction of wild-type CSB into
hTERT-GM10905 cells led to a reduction in the forma-
tion of telomere doublets (Figure 4C and Supplementary
Figure S3). We observed a 40% decrease (P=0.009) in
the formation of telomere doublets in CSB-complemented
hTERT-GM10905 cells when compared to vector-
expressing hTERT-GM10905 cells (Figure 4C).
We also examined the formation of telomere doublets in

a second pair of isogenic CS cell lines (GM16095) comple-
mented with either the vector alone or wild-type CSB.
Introduction of wild-type CSB also resulted in a reduc-
tion in the formation of telomere doublets in GM16095
(Figure 4D). To further investigate the role of CSB in the
formation of telomere doublets, we knocked down CSB in
HeLaI.2.11 cells (Figure 4E) and found that depletion of
CSB led to an induction of telomere doublets (Figure 4F
and Supplementary Figure S4). Taken together, these
results suggest that CSB prevents the formation of
telomere doublets.
Aphidicolin, an inhibitor of DNA replication, has been

shown to induce telomere doublets (9,51). We found
that treatment with aphidicolin resulted in a further
increase in the formation of telomere doublets in
CS cells (GM16095) (Figure 4G), consistent with
previous findings that the effect of aphidicolin was
additive (9,46,48). We also observed an increase in the
formation of telomere doublets in CSB-complemented
GM16095 cells upon aphidicolin treatment, althought
such increase was less than that observed in GM16095
cells expressing the vector alone (Figure 4G). These
results suggest that telomere doublets observed in CS
cells may have arisen from a defect associated with
telomere replication.

Introduction of wild-type CSB into CS cells promotes
telomerase-dependent telomere lengthening

We observed that the median telomere length in
hTERT-immortalized heterozygote mother GM10901
cells was longer than that in hTERT-immortalized CS off-
spring GM10905 cells (Figure 5A). Therefore, we decided
to examine whether CSB might be involved in telomere
length maintenance. To address this question, pools (not
single cell clones) of hTERT-GM10905 cells stably ex-
pressing the vector alone or wild-type CSB were
continously cultured for over 60 population doublings
(PDs) and their telomere length dynamics was examined.
Analysis of telomere restriction fragments revealed that
the median telomere length in hTERT-GM10905 cells ex-
pressing the vector alone declined at a rate of �11.6 bp/
PD, whereas the median telomere length increased at a
rate of 21.5 bp/PD for the first 42 PDs and then plateaued
in hTERT-GM10905 cells expressing wild-type CSB
(Figure 5B and C). A decline in the level of CSB expres-
sion in hTERT-GM10905 CSB cells was noticed after
PD60 (Figure 5D), suggesting that the loss of CSB expres-
sion may in part contribute to the plateau of the median
telomere length seen between PD42 and PD61 in these
cells. We did not observe any significant difference in the
growth rate between hTERT-GM10905 vector and
hTERT-GM10905 CSB cells (Figure 5E). Taken
together, these results suggest that CSB is required for
telomerase-dependent telomere elongation.

We also performed ChIP analysis with an antibody
against TRF1 or TRF2, both of which are mediators of
telomere length maintenance (14–16,42). We found that
introduction of wild-type CSB into hTERT-GM10905
cells had little effect on telomeric association of TRF2
(Figure 5F and G), but it led to a significant increase
in TRF1 association with telomeric DNA (Figure 5F
and G). When compared to CSB-complemented
hTERT-GM10905 cells, we observed a 54% (P=0.006)
increase in the amount of telomere-bound TRF1 in
hTERT-GM10905 cells expressing the vector alone
(Figure 5G). The level of TRF1 in the vector-expressing
hTERT-GM10905 cells was indistinguishable from that
in the CSB-complemented hTERT-GM10905 cells
(Figure 5H). These results suggest that association of
TRF1 with telomeric DNA may be deregulated in CS
cells carrying a CSB mutation.

CSB is required for maintaining the homeostatic level of
TERRA

CSB has been implicated in transcription (32–35) and
therefore we decided to examine whether CSB may be
involved in regulating the expression of TERRA, a large
non-coding telomere repeat-containing RNA (5).
Northern analysis on three pairs of isogenic cell lines
revealed a mis-regulation of TERRA associated with CS
cells or CSB knockdown cells. We observed a 35%
increase (P=0.017) in the level of TERRA in hTERT-
GM10905 expressing the vector alone when compared to
hTERT-GM10905 cells complemented with wild-type
CSB (Figure 6A and B). On the other hand, the level of
TERRA in GM16095 cells expressing the vector alone was
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�45% (P=0.016) less than that in GM16095 comple-
mented with wild-type CSB (Figure 6C and D).
Knockdown of CSB led to a 38% (P=0.038) reduction
in the level of TERRA in HeLaI.2.11 cells (Figure 6E
and F). These results suggest that CSB is required for
the homeostatic level of TERRA and that the level of
TERRA may increase or decrease in CS cells depending
upon the nature of CSB mutations.

DISCUSSION

CSB, a multifunctional protein, plays an important role in
DNA repair, transcription and chromatin remodeling. In

this report, we have uncovered a role for CSB in telomere
maintenance and protection. We have shown that CSB
interacts physically with TRF2, a key component of
the shelterin complex essential for telomere maintenance.
We have demonstrated that CS cells or CSB knockdown
cells exhibit an accumulation of telomere doublets and an
induction of TIF formation. We have shown that CS cells
carrying a CSB mutation are defective in telomerase-
dependent telomere elongation whereas introduction of
CSB into CS cells results in telomerase-dependent
telomere elongation, suggesting that CSB is required for
telomere length maintenance. Furthermore, we have
shown that the level of TERRA is misregulated in CS

Figure 4. CSB is required to prevent the formation of telomere doublets. (A) Quantification of telomere loss from indicated cell lines. For each cell
line, a total of at least 2649–2668 chromosomes from 60 metaphase cells were scored in a blind manner. Standard deviations derived from three
independent experiments are indicated. (B) Quantification of telomere doublets from indicated cell lines. For each cell line, a total of 2649–2668
chromosomes from 60 metaphase cells were scored in a blind manner. Standard deviations derived from three independent experiments are indicated.
(C) Quantification of telomere doublets from hTERT-GM10905 cells expressing indicated constructs. For each cell line, a total of 2707–2754
chromosomes from 60 metaphase cells were scored in a blind manner. Standard deviations derived from three independent experiments are indicated.
(D) Quantification of telomere doublets from GM16095 cells expressing indicated constructs. For each cell line, a total of 4774–4923 chromosomes
from 60 metaphase cells were scored in a blind manner. Standard deviations derived from three independent experiments are indicated. (E) Western
analysis of CSB expression. CSB was stably knocked down in HeLaI.2.11 cells. Immunoblotting was performed with anti-CSB or anti-g-tubulin
antibody. The latter was used as a loading control. (F) Quantification of telomere doublets from HeLaI.2.11 cells expressing the vector alone or
pRS-shCSB. For each cell line, a total of 2678–2961 chromosomes from at least 43 metaphase cells were scored in a blind manner. Standard
deviations derived from three independent experiments are indicated. (G) Quantification of telomere doublets from GM16095 cells expressing
indicated constructs. Cells were treated with DMSO or aphidicolin (0.2 mM) for 16 h. For each cell line, a total of 3879–4321 chromosomes from
51 to 53 metaphase cells were scored in a blind manner. Standard deviations derived from three independent experiments are indicated.
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Figure 5. CSB is required for telomere length maintenance. (A) Genomic blot of telomeric restriction fragments from hTERT-immortalized
GM10901 and GM10905 cells. About 3mg of RsaI/HinfI-digested genomic DNA from each sample was used for gel electrophoresis. DNA molecular
weight markers are shown on the left of the blot. Median telomere length of indicated cell lines are shown on the bottom of the blot. (B) Genomic
blots of telomeric restriction fragments from hTERT-GM10905 cells expressing either the vector alone or wild-type CSB as indicated above the lanes.
About 3 mg of RsaI/HinfI-digested genomic DNA from each sample was used for gel electrophoresis. PDs are indicated above the lanes whereas
DNA molecular weight markers are shown on the left of the blots. The bottom panel, taken from an ethidium bromide-stained agarose gel, is used as
a loading control. (C) Median telomere length of indicated cell lines was plotted against PDs. (D) Western analysis of CSB expression in
hTERT-GM10905 cells. Immunoblotting was performed with anti-CSB or anti-g-tubulin antibody. The indicated CSB-PiggyBac fusion protein is
a product of alternative splicing involving the first five exons of CSB and a conserved PGBD3 located within the intron 5 of the CSB gene (52).
(E) Growth curve of hTERT-GM10905 cells expressing various constructs as indicated. The number of PDs was plotted against days in culture.
(F) Dot blots of ChIPs with anti-TRF1 or anti-TRF2 antibody. ChIPs were performed with lysates from hTERT-GM10905 cells expressing either the
vector alone or wild-type CSB. Anti-IgG ChIP was used as a control. (G) Quantification of ChIPs from (E). The signals from dot blots were
quantified by ImageQuant (IQ) analysis. Standard deviations from three independent experiments are shown. (H) Western analysis of protein
expression. Immunoblotting was carried out with anti-TRF1, anti-TRF2 or anti-g-tubulin antibody.
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cells or CSB knockdown cells. Taken together, these
results reveal an important role of CSB in the maintenance
of telomere length and integrity. These results further
imply that CS patients lacking functional CSB are defect-
ive in telomere maintenance, which is associated with
cancer and aging.

Our co-immunoprecipitation studies suggest that a
small percentage of endogenous TRF2 (estimated to be
�1–5%) interacts with CSB and vice versa. This low
level of interaction is similar to previously reported asso-
ciation between TRF2 and several other DNA repair
proteins including XPF/ERCC1 and Mre11/Rad50/Nbs1
(40,43), indicating that CSB interaction with TRF2 may
be dependent upon a specific functional requirement.

Analysis of domain mapping suggests that the TRFH
domain of TRF2 is sufficient and required for its inter-
action with CSB. The TRFH domain of TRF2 has been
shown to interact with proteins containing the Y/FxLxP
motif (17,18). CSB contains one YxLxP motif correspond-
ing to amino acids 402–406 but also seven degenerate
Y/FxLxx motifs spread throughout the entire protein.
Double mutations at positions L404 and P406 did not
abrogate CSB interaction with TRF2 (T.R.H. Mitchell
and X.D. Zhu, unpublished data). These results, in
conjuction with our finding that multiple domains of
CSB are engaged in its interaction with TRF2 raise the
possibility that TRF2 might interact with degenerate
Y/FxLxx motifs of CSB. Alternatively, TRF2 may

Figure 6. CSB is required for maintaining the homeostatic level of TERRA. (A) Analysis of TERRA expression from hTERT-GM10905 cells
expressing the vector alone or CSB. Northern blotting was performed with a 32P-labeled telomeric DNA-containing probe shown on the left top
panel. The northern blot of GAPDH shown on the left bottom panel was used as a loading control. The right panel was taken from the ethidium
bromide-stained agarose gel. The position of 28S or 18S ribosomal RNA is indicated. (B) Quantification of relative TERRA levels from (A). The
signals from northern blots were quantified by ImageQuant analysis. The TERRA signal from each lane was normalized to the GAPDH signal in the
corresponding lane, giving rise to the relative level of TERRA to GAPDH. (C) Northern analysis of TERRA expression from GM16095 cells
expressing the vector alone or wild-type CSB. The northern blot of GAPDH shown on the left bottom panel was used as a loading control. The right
panel was taken from the ethidium bromide-stained agarose gel. The position of 28S or 18S ribosomal RNA is indicated. (D) Quantification of
relative TERRA levels from (C). Quantification was performed as described in (B). (E) Northern analysis of TERRA expression from HeLaI.2.11
cells stably expressing the vector alone or pRS-shCSB. The northern blot of GAPDH shown on the left bottom panel was used as a loading control.
The right panel was taken from the ethidium bromide-stained agarose gel. The position of 28S or 18S ribosomal RNA is indicated. (F) Quantification
of relative TERRA levels from (E). Quantification was performed as described in (B).
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interact with CSB through a mechanism independent of
Y/FxLxP motifs. Future studies are required to investigate
the mechanism underlying CSB interaction with TRF2.
The physical interaction between TRF2 and CSB raises

the possibility that TRF2 may play a role in recruiting
and/or modulating CSB function at telomeres. We have
observed localization of CSB at a small subset of human
telomeres. Several shelterin accessory proteins have been
reported to localize at one or a few human telomeres,
including HP1, BLM, PNUTS and MCPH1 (53–55).
Perhaps, like these shelterin accessory factors, CSB
might be needed by only a few telomeres at a given time
although we cannot rule out the possibility that the
colocalization of CSB with a few telomeres may be
coincidental.
We have shown that overexpression of wild-type CSB

has little effect on the telomere association of TRF2 but
results in a reduction in the amount of telomere-bound
TRF1, a negative mediator of telomerase-dependent
telomere elongation. Perhaps, the reduction in the level
of telomere-bound TRF1 may in part contribute to the
telomerase-dependent telomere elongation observed in
CSB-expressing hTERT-GM10905 cells. We have not
been able to detect any interaction between CSB and en-
dogenous TRF1 (T.R.H Mitchell and X.D. Zhu, unpub-
lished data), suggesting that the effect of CSB on TRF1
binding to telomeric DNA may be indirect.
While we have observed a greater accumulation of

telomere loss in CS primary fibroblast GM739 (p19) and
GM1428 cells (p15) than in the control cells GM38 (p19)
and GM9503 (p18), no significant difference in the forma-
tion of telomere loss has been detected between the het-
erozygote mother GM10901 and her CS offspring
GM10905. It is possible that the lack of difference in
telomere loss between the heterozygote mother and her
CS offspring may be due to CSB haploinsufficiency.
Alternatively, the level of accumulation of telomere loss
observed in CS cells may vary depending upon their
genetic background.
We have found that while knockdown of CSB leads to a

reduction in the level of TERRA, overexpression of wild-
type CSB can have an opposite effect on the level of
TERRA in CS cells. Introduction of wild-type CSB into
CS cells hTERT-GM10905 results in a decrease in the
level of TERRA whereas introduction of wild-type CSB
into CS cells GM16095 leads to an increase in the level of
TERRA. Both CS cell lines carry a nonsense mutation
(Supplementary Table S1), which converts R735 to a
stop codon in GM10905 (22,56) and K337 to a stop
codon in GM16095 (27). The level of overexpressed CSB
in hTERT-GM10905 cells is comparable to that in
GM16095 (N. Batenburg, T.R.H. Mitchell and X.D.
Zhu, unpublished data), suggesting that it is unlikely
that exogenously expressed CSB may account for its
opposite effect on the level of TERRA in these two cell
lines. Although both cell lines do not express full-length
CSB, GM10905 cells express a CSB-PiggyBac fusion
protein (Figure 5D) (52), which is not present in
GM16095 (27). CSB-PiggyBac is a product of alternative
splicing involving the first five exons of CSB and a
conserved PiggyBac transposable element (PGBD3)

located within the intron 5 of the CSB gene (52). How
overexpression of CSB differentially affects the level of
TERRA remains unknown. Our finding suggests that
the nature of CSB mutations may play a role in
influencing TERRA expression. Taken together, our
data suggest that CSB is required for maintaining the
homeostatic level of TERRA, excess expression or deple-
tion of which has been shown to impair the maintenance
of telomere length and integrity (5,6,57,58).

We have shown that CSB mutations or CSB depletion
promotes the formation of telomere doublets, also known
as fragile telomeres (9,51). It has been shown that fragile
telomeres can arise from a defect in telomere replication
(9,51). Consistent with this notion, we have observed that
treatment with aphidicolin further induces the formation
of telomere doublets in CS cells, suggesting that telomere
replication is compromised in CS cells. It is likely that the
compromised telomere replication in CS cells may be in
part caused by misregulation of TERRA, an integral com-
ponent of telomere heterochromatin. Perhaps misreglation
of TERRA associated with CS cells could lead to an
altered telomere heterochromatin, which could impede
the progression of replication fork.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Table 1 and Supplementary Figures 1–4.
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