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Mammalian telomeric DNA contains duplex TTAGGG repeats and single-stranded overhangs. POT1 (pro-
tection of telomeres 1) is a telomere-specific single-stranded DNA-binding protein, highly conserved in eu-
karyotes. The biological function of human POT1 is not well understood. In the present study, we demonstrate
that POT1 plays a key role in telomeric end protection. The reduction of POT1 by RNA interference led to the
loss of telomeric single-stranded overhangs and induced apoptosis, chromosomal instability, and senescence in
cells. POT1 and TRF2 interacted with each other to form a complex with telomeric DNA. A dominant negative
TRF2, TRF2�B�M, bound to POT1 and prevented it from binding to telomeres. POT1 overexpression protected
against TRF2�B�M-induced loss of telomeric single-stranded overhangs, chromosomal instability, and senes-
cence. These results demonstrate that POT1 and TRF2 share in part in the same pathway for telomere capping
and suggest that POT1 binds to the telomeric single-stranded DNA in the D-loop and cooperates with TRF2
in t-loop maintenance.

Human telomeres are specialized chromosomal terminal el-
ements, containing tandem repetitive sequences and specific
proteins. Telomeric DNA is mostly composed of 2 to 30 kb of
double-stranded TTAGGG repeats, which are necessary for
telomeric function in somatic cells (5, 19, 24, 43). The termini
of human telomeres carry an overhang (�300 nucleotides) of
single-stranded 3� DNA (38, 41, 56). In many eukaryotes, telo-
mere length is maintained by telomerase, a reverse transcrip-
tase that adds TTAGGG repeats onto the 3� ends of telomeres
(5, 8, 39, 43), which can counteract the loss of terminal se-
quences during DNA replication. This end replication problem
of human telomeres has received particular attention for its
implications in ageing and cancer (4, 7, 16, 18, 30, 43, 44, 55).
Maintenance of the telomeric TTAGGG repeats at human
chromosome ends, either by telomerase (13) or by an alterna-
tive mechanism (9), is essential for immortalized cells in vitro
to escape from the normal limitations of the proliferation ca-
pacity.

Telomeres and capping proteins allow cells to distinguish
natural chromosome ends from damaged DNA. The disrup-
tion of telomeric function can trigger a DNA damage response,
including p53-dependent apoptosis (28). The overloading of
DNA repair activities can also threaten the integrity of chro-
mosome ends, thereby leading to extensive genome instability
(4, 15, 20, 27). Telomeric proteins stabilize the telomeres by
protecting the single-stranded overhang from degradation or
by remodeling the telomeres into a t-loop structure (5, 6, 15,
23). Invasion of the single-stranded overhang into the double-
stranded telomeric tract forms the t-loop structure. In vitro,
t-loop assembly involves the binding of telomere repeat-bind-
ing factor 2 (TRF2), near the 3� telomeric overhang (48). A
dominant-negative mutant of TRF2, TRF2�B�M, effectively

strips TRF2 and its interacting factors off the telomeres and
causes a loss of telomeric overhangs, apoptosis, senescence,
and chromosome abnormalities (15, 28, 29, 45, 48, 52).

The telomeric single-stranded overhangs have been impli-
cated as a critical component of the telomeric structure that is
required for proper telomeric function (4, 5, 15, 49). Telo-
meres are protected by a capping protein(s) that binds to the
single-stranded DNA commonly found at the ends of chromo-
somes. The Oxytricha telomeric overhang is tightly bound by a
single-stranded DNA-binding protein, TEBP (telomere end-
binding protein) composed of � and � subunits (21). TEBP
forms an extensive interface along the overhang and buries the
telomeric end in a deep hydrophobic pocket to provide an
effective way to hide chromosome ends from DNA repair en-
zymes (25). Telomeres of budding yeast are capped by a se-
quence-specific single-stranded DNA-binding protein, Cdc13.
Unlike TEBP, Cdc13 is a recruitment factor that brings Stn1p
to the telomere (42). Stn1p binds a second capping protein,
Ten1p (22), to protect the telomere.

POT1 (protection of telomeres 1) is the best known candi-
date for a human functional homologue of TEBP and Cdc13.
It binds the single-strand telomeric overhangs with exception-
ally high sequence specificity (2, 32, 33, 37, 53). The protein
shares weak sequence similarity with the N-terminal DNA-
binding domain of TEBP from ciliated protozoa. Crystal struc-
tures show that the POT1 protein adopts an oligonucleotide-
oligosaccharide-binding fold with two loops that protrude to
form a clamp for single-stranded DNA binding (33). In the
context of the POT1 protein, DNA self-recognition involving
base stacking and unusual G-T base pairs compacts the DNA.
This structure explains the sequence specificity of binding.
POT1 family members are identified from diverse organisms,
suggesting that all eukaryotes use a single-stranded DNA-bind-
ing protein to cap the telomere. The deletion of the fission
yeast POT1 gene has an immediate effect on chromosomal
stability, causing a rapid loss of telomeric DNA and chromo-
some circularization (2). The function of human POT1 is un-
certain. Recent reports show that POT1 can act as a telome-
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rase-dependent, positive regulator of telomere length (12),
colocalize with TRF1 and TRF2 (3), interact with the TRF1
complex, and act as a terminal transducer of TRF1 telomere
length control (36). In this report, we identified a key role for
POT1 in the maintenance of telomeric single-stranded tails as
well as phenotypic protective functions.

MATERIALS AND METHODS

Cell culture, Western blot analyses, immunoprecipitation, and TUNEL assay.
IMR90, normal human fibroblasts, and HT1080, 293, and MCF7 tumor cell lines
were obtained from the American Type Culture Collection. Western blotting
analyses and immunoprecipitation were essentially as described previously (47).
Briefly, cell extracts were prepared in lysis buffer containing 50 mM Tris-HCl
(pH 7.5), 120 mM NaCl, and 1% NP-40 with protease inhibitors. Nuclear extracts
were prepared by using the NE-PER nuclear and cytoplasmic extraction kit
(Pierce, Rockford, Ill.). Cellular protein (2 mg) or nuclear extracts (0.5 mg) were
immunoprecipitated with the appropriate antibodies and protein A/G beads.
Proteins were separated, followed by Western blotting analyses. The terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
assay was performed with the TUNEL assay kit from Roche (Indianapolis, Ind.),
following the manufacturer’s directions.

siRNA and shRNA, PCR, expression vectors, proteins, and antibodies. siRNA
POT1-A at POT1 cDNA (NM_015450), positions 395 to 414; POT1-B at posi-
tions 195 to 214; POT1-C at positions 751 to 770; and small interfering RNA
(siRNA)-TRF2 at TRF2 cDNA (AF002999) at position 1465 were designed by
Oligoengine RNAi software and synthesized by Dharmacon (Lafayette, Colo.).
Cells were incubated with siRNA in Lipofectamine 2000 (Invitrogen, Carlsbad,
Calif.). POT1-siRNA was repeated, with transfection carried out every 3 days
until day 16 in the senescence study. Lentivirus POT1-short hairpin RNAs
(shRNAs) were prepared by BioMarkers (Rockville, Md.). Lentivirus POT1-sh1
locates at POT1 cDNA position 395, and sh2 locates at position 1016. Lentivirus
infection and blasticidin selection were performed as described in the manufac-
turer’s directions. Real-time PCR was performed with ABI Sequencer 7700 with
POT1 primers, and the Taqman probe was synthesized by ABI (Foster City,
Calif.). GAPDH (glyceraldehyde-3-phosphate dehydrogenase) primers and the
probe were from ABI stock.

pLPC-Myc, pLPC-Myc-POT1, pLPC-Myc-TRF2, and pLPC-Myc-TRF2�B�M

retroviral constructs were gifts from Titia de Lange. RPA1 cDNA was cloned
into the pLPC-Myc vector. Retroviral infection and puromycin selection were
performed and modified as previously described (29). Briefly, retroviral con-
structs were transfected in AmphoPack 293 cells (American Type Culture Col-
lection). After 2 days, supernatant was collected, and the virus titer was deter-
mined. Then, specific type cells were infected with 4 �g of polybrene/ml for 6 h
with shaking. After 2 days of infection, the cells were selected with 2 �g of
puromycin/ml. For coexpression of Myc-POT1 and Myc-TRF2�B�M, the same
titer viral stocks were used for infecting the cells. To maintain the same protein
level, the expression levels of Myc-POT1 and Myc-TRF2�B�M were determined
by Western blotting analysis. pcDNA-POT1-V5 was a gift from Peter Baumann.
Glutathione S-transferase (GST)-TRF2 and GST-TRF2�B�M were generated by
subcloning cDNA of TRF2 and TRF2�B�M into pGEM-6P vector (Amersham
Pharmacia Biotech, Piscataway, N.J.). Recombinant POT1 protein was purified
as previously described (2) and had a purity of 95% or better. Recombinant
TRF2 protein (95% purity) was a gift from Jack Griffith. POT1 peptide at amino
acids 355 to 375 was synthesized (SynPep Corporation, Dublin, Calif.), conju-
gated to keyhole limpet hemocyanin, and used to immunize rabbits (Harlan,
Indianapolis, Ind.). Anti-TRF2 was from Upstate (Waltham, Mass.) and Onco-
gene Research Products (Boston, Mass.). Anti-RAD50 and anti-NBS1 were
from Oncogene Research Products. Anti-V5 and anti-Myc antibodies were ob-
tained from Invitrogen. Anti-TRF1 antibody was from Santa Cruz (Santa Cruz,
Calif.) and was a gift from Titia de Lange.

Telomere oligonucleotide ligation assay and in-gel hybridization assay. A
telomere oligonucleotide ligation assay (T-OLA) was carried out as previously
described (11, 49). Genomic DNA (5 �g) was hybridized with a 0.5 pmol of
32P-labeled probe at 50°C overnight, followed by ligation with 20 U of Taq DNA
ligase (New England Biolab, Beverly, Mass.) at 50°C for 5 h. Then, the samples
were precipitated, resuspended, denatured, and separated on 6% acrylamide–6
M urea gels. T-OLA product (10 ng) was used for the quantitative PCR with the
GAPDH primers. In-gel hybridization to measure telomeric overhang was car-
ried out as previously described (17).

In vitro protein interaction, electrophoretic mobility gel shift assay (EMSA),

and POT1-TRF2-TTAGGG-binding assay. GST fusion TRF2 and TRF2�B�M

proteins were produced in Escherichia coli and purified according to the manu-
facturer’s instructions (Amersham Pharmacia Biotech). POT1 protein was pre-
pared with the TNT Quick-Coupled Transcription/Translation system (Promega,
Madison, Wis.) in the presence of [35S]methionine. An in vitro binding assay was
done in an immunoprecipitation buffer with rotation at room temperature for
1 h. After being washed, the samples were loaded on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels and separated by electrophoresis.

EMSA reaction mixtures (each, 20 �l) contained 25 mM HEPES-NaOH (pH
7.5), 100 mM NaCl, 1 mM EDTA, 5% glycerol, herring sperm DNA (50 �g/ml),
200 pM of 32P-labeled [TTAGGG]4, and protein concentrations as indicated in
the figures. Reaction mixtures were incubated at room temperature for 15 min,
and the products were separated by 4% nondenaturing polyacrylamide gels at
4°C for 1.5 h and visualized by a PhosphorImager or film autoradiography.
POT1-TRF2 and biotin-TTAGGG-binding assays were performed as previously
described (60).

Indirect immunofluorescence. Experiments were performed as previously de-
scribed (57). Briefly, confocal fluorescent images were collected with a Bio-Rad
MRC 1024 confocal scan head mounted on a Nikon Optiphot microscope with
a 60� Zeiss LSM410 lens. Z sections were captured at 0.5-�m intervals for each
cell with LaserSharp software (Bio-Rad, Hercules, Calif.). Confocal Assistant
software (Bio-Rad) was used to analyze the images. For quantitation of signal
overlap, the Z sections of five random cells, scored as containing foci, were
analyzed and averaged with the Bio-Rad LaserSharp software. For conventional
immunofluorescence microscopy, the cells were examined with a Zeiss Axioskop
fluorescence microscope, equipped with a charge-coupled device camera. Images
were captured, pseudocolored, and merged with IPLab image analysis software.
At least 100 cells were analyzed for each experiment. The experiments were
repeated at least three times. Quantitative data of colocalization represent the
percentage of the proteins that colocalized with each other.

Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP)
was performed with the ChIP kit according to the manufacturer’s directions
(Upstate, Waltham, Mass.). Briefly, cells were harvested and fixed in 1% form-
aldehyde at 37°C for 30 min. After being washed in phosphate-buffered saline
(PBS), the cells were lysed in 1% sodium dodecyl sulfate, 50 mM Tris-HCI (pH
8.0), and 10 mM EDTA (107 cells ml	1) for 10 min, followed by sonication. DNA
was sheared to an average size of 0.5 to 1 kb. The 200-�l extract was diluted,
immunoprecipitated with indicated antibodies for 12 h at 4°C, and supplemented
with 60 �l of protein A beads for 1 h at 4°C. The immunocomplexes were washed
with the serial washing buffers, eluted, and heated at 65°C for 4 h to reverse the
cross-links. The immunoprecipitated DNA was precipitated, denatured, and dot
blotted onto Hybond membranes. A [CCCTAA]16 probe with [TTAGGG]3

primers or an Alu probe was labeled with the random primer-labeling kit from
Amersham Pharmacia Biotech. The blot was prehybridized in Church’s buffer for
1 h at 55°C. A heated-denatured DNA probe was added and incubated at 55°C
overnight. The membranes were washed and exposed to a PhosphorImager
screen. The quantification of the percent precipitated DNA was done with the
ImageQuant software.

Chromosome preparation and FISH analysis. To arrest the cells at meta-
phase, 0.1 �g of Colcemid/ml was added to the culture 2 h before the harvest.
The cells were trypsinized and treated in hypotonic solution (0.06 M KCl) at 37°C
for 8 min. Then, the cells were fixed in a fixative (3 parts of methanol with 1 part
of acetic acid) three times. The cells were dropped onto clean microscopic slides,
air dried, and stained with 4% Gurr’s Giemsa solution (BDH Laboratory Sup-
plies, Dorset, England). One hundred well-spread metaphase cells from four
independent experiments were examined under a microscope (Nikon E400) with
a 100� objective for each group. Specific chromosomal abnormalities (multicen-
tric chromosomes, which may result from complete chromosome end fusion, and
chromosome end joining and breaks) were recorded. A multicentric chromo-
some is a chromosome with two or more centromeres, and a chromosome end
joining is a partial chromosome end fusion (only one of the two sister chromatids
joined). Criteria for a chromosome break were a discontinuity of a single chro-
matid, in which the distance of discontinuity region was wider than the diameter
of the chromatid or there was a clear misalignment of one of the chromatids. The
total number of chromosomal abnormalities were divided by the number of the
cells examined, and the mean number of chromosomal abnormalities per cell was
recorded for statistical analysis. The telomeric peptide-nucleic acid fluorescent in
situ hybridization (FISH) assay was performed with the Telomere PNA FISH kit/
Cy3 from Dako (Glostrup, Denmark), following the manufacturer’s directions.

SA-�-Gal assay. IMR90 cells (passage 22) were infected by indicated con-
structs. The senescence-associated �-galactosidase (SA-�-Gal) assay was per-
formed 2 days after 105 cells per well were seeded in a 6-well dish on day 14 after
infection. Cells were fixed for 5 min in 2% formaldehyde–0.2% glutaraldehyde
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solution in PBS, washed in PBS, and stained with X-Gal (5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside) (1 mg/ml) in 150 mM NaCl, 2 mM MgCl2, 5 mM
K3Fe(CN)6, 5 mM K4Fe(CN)6, and 40 mM NaPi (pH 6.0) for 12 h at 37°C.

RESULTS

POT1-RNAi induces the loss of telomeric overhangs. To
examine the role of POT1 in human telomeres, three POT1-
siRNAs and two lentivirus shRNAs were designed. Primary
human fibroblasts (IMR90) were transduced with POT1-RNA
interference (RNAi). After 48 h, RNA was prepared, and real-
time reverse transcription-PCR was performed with POT1 prim-
ers and probe. POT1-A and POT1-B siRNAs and shRNAs in-
hibited the mRNA level of POT1 by approximately 80% when
compared with controls (Fig. 1A); POT1-C inhibited by ap-
proximately 45%. Similar results were detected with POT1-
RNAi in HT1080, 293, and MCF7 cells (data not shown).
Consistent with the inhibition of the POT1 mRNA levels by
expression of POT1-RNAi, the endogenous POT1 protein
level was also decreased after 2 days (Fig. 1B).

Recent observations suggest that the telomeric single-strand-
ed overhang is a central constituent of telomere capping (5, 15,
34, 49). Because POT1 is an overhang-specific binding protein,
we examined whether changes in the telomeric overhangs oc-
curred by POT1 inhibition. To assess the length of the telo-
meric overhangs, a recently developed method, T-OLA, was
used (11, 49). In this technique, labeled [CCCTAA]4 oligonu-
cleotides were annealed to nondenatured genomic DNA and
ligated. The length of the ligation products and signal intensity
provide an indication of the overhang’s length. Using the [CC
CTAA]4 probe on genomic DNA derived from the IMR90
cells, the overhangs at the ends of wild-type telomeres were
readily detected (Fig. 2A). In validation of the method, an
oligonucleotide ([TTAGGG]4) complementary to the C-rich
telomeric strand produced only a faint signal. An oligonucle-
otide carrying a mismatch telomeric sequence ([CCCTTA]4 or
[CCCTAA]4) treated with ExoI, a single-strand-specific exo-
nuclease, did not yield a T-OLA signal.

IMR90 cells expressing the POT1-siRNA displayed a con-
sistent reduction in the amount of detectable telomeric over-
hangs (Fig. 2B). The quantification of the data showed that
expression of the POT1-siRNAs for 5 to 7 days resulted in a 30
to 60% decline in the total single-strand TTAGGG repeat
signal at telomeres. In contrast, no alteration in the signal was
noted in the cells expressing a random control siRNA. To con-
firm the results, telomeric overhang signals were examined by
in-gel hybridization assay of IMR90 cells treated with POT1-
RNAi (Fig. 2C and D). A reduction in G-overhang signals in
POT1-RNAi-treated cells showed a similar level as the T-OLA
(Fig. 2E).

Inhibition of POT1 induces apoptosis, chromosomal abnor-
malities, and senescence. Telomere dysfunction can induce
DNA damage response pathways, apoptosis, and senescence
(15, 28, 45, 50). Therefore, we examined whether the erosion
of the telomeric overhang by POT1-RNAi was associated with
these cellular responses. Western blotting analysis of the cell
lysates expressing POT1-RNAi revealed that p53 increased
concurrently with a decreased expression of antiapoptotic Bcl2
and an increased expression of proapoptotic Bax (Fig. 3A) in
MCF7 cells, which showed high levels of apoptosis induced by

telomere dysfunction (28). Consequently, an increase in apo-
ptosis was observed in cells expressing POT1-RNAi, as as-
sessed by TUNEL-labeling analysis (Fig. 3B). Consistent with
these results, continued cell proliferation was inhibited by in-
fected lentivirus POT1-shRNAs (Fig. 3C).

To determine the association between POT1 expression lev-
els and chromosomal abnormalities, IMR90 cells were trans-
duced with POT1-RNAi for 7 days, and a significantly high
frequency of chromosomal abnormalities (chromosome fusion
and breaks) was found in the cells expressing POT1-RNAi
(Fig. 3D and Table 1). We did not observe chromosome fusion
in control cells. The frequency of chromosome breaks was also
low in control cells (Table 1).

The expression of POT1-RNAi caused the loss of telomeric
overhang signals. Loss of telomeric overhang can induce a
premature senescent phenotype in primary fibroblasts (45, 52).
These cells display all of the morphological and molecular
signs of senescence, including a large and flat cell shape, fre-
quent occurrence of multiple nuclei, a 2N or 4N DNA content,
and positive staining with the senescence-associated marker,
SA-�-Gal. A premature senescent phenotype was observed in
IMR90 cells expressing POT1-RNAi, as assayed by SA-�-Gal

FIG. 1. Reduction of POT1 expression by POT1-RNAi. (A) IMR90
cells were transduced with three POT1-siRNAs (POT1-A, -B, and -C)
or two lentivirus shRNAs (sh1 and sh2); a random sequence siRNA
was used as a control. After 48 h, RNA was prepared, and real-time
reverse transcription-PCR was performed with the POT1 primers and
probe. (B) POT1 expression was decreased by expression of POT1-
RNAi. After expression for 2 days, IMR90 cell extracts were subjected
to immunoprecipitation with the anti-POT1 antibody, followed by West-
ern blotting with the anti-POT1 antibody. PI, preimmune serum. Fifty
micrograms of cell extract was loaded as input and analyzed by anti-

-tubulin antibody.
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staining (Fig. 3E). Approximately 20 to 30% of the cells dis-
played positive SA-�-Gal staining with senescent morpholog-
ical signs after the expression of POT1-RNAi for 16 days when
compared with only 4% in the control cells.

POT1 interacts with TRF2 to form a complex on telomeric
DNA. TRF2 maintains telomere integrity. The inhibition of
TRF2 results in the loss of telomeric overhangs from termini
(15, 52) and the induction of DNA damage response pathways

FIG. 2. The expression of POT1-RNAi caused the loss of telomeric overhang signals. (A) T-OLAs were performed with oligonucleotides
complementary to the G-rich strand [CCCTAA]4, the C-rich strand [TTAGGG]4, or the mismatch sequence [CCCTTA]4. (B) T-OLA analysis was
used on DNA derived from IMR90 cells expressing POT1-siRNA and controls at 3, 5, and 7 days after transfection. Quantitative PCR was
performed using primers specific for genomic GAPDH for equal amounts of genomic DNA in each sample (bottom). (C) The in-gel hybridization
assay was performed with a native gel and probed with [CCCTTA]4. DNA was derived from IMR90 cells expressing POT1-RNAi. (D) The DNA
was denatured in the gels and rehybridized with the same probes. (E) Quantitative data of the loss of telomeric overhangs were derived from three
independent experiments similar to those shown in panel C, and the average value (error bars represent standard deviations) was plotted.
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(28, 45), which are the same molecular and cellular conse-
quences as the loss of POT1. TRF2 binds to duplex telomeric
DNA near the telomeric single-stranded overhangs and re-
models telomeric DNA into t-loops (48), while POT1 directly
binds to telomeric single-stranded DNA. These results suggest
that both proteins may interact with each other to act in the
same protection pathway. Therefore, we explored the possibil-
ity that POT1 interacts with TRF2 by coimmunoprecipitation.
Endogenous POT1 immunoprecipitated with endogenous
TRF2 (Fig. 4A). RAD50 and NBS1 (TRF2-associated pro-
teins) and TRF1 were not detected in the POT1 complex.
Moreover, the POT1 immunocomplex contained TRF2 and
TRF2�B�M, a dominant negative mutant of TRF2, when these

proteins were coexpressed after transfection (Fig. 4B), con-
firming the association of POT1 with TRF2. Myc-RPA1 was
not detected in the POT1 immunocomplex, excluding the pos-
sibility that the coimmunoprecipitations were nonspecific. To
further investigate the association of POT1 with TRF2, the
immunoprecipitation of Myc-TRF2 and TRF2�B�M brought
down the POT1-V5 (V5 is 14 amino acid peptides from the V5
epitope of paramyxovirus) fusion protein from nuclear extracts
of 293 cells cotransfecting these expression constructs but not
in the negative control (empty vectors, pLPC-Myc, and pcDNA-
V5) (Fig. 4C, top). The POT1-V5 fusion protein was found in
the TRF1 immunoprecipitates (Fig. 4C, bottom). Consistently,
GST-TRF2 and GST-TRF2�B�M bound to the POT1 protein

FIG. 3. POT1-RNAi induced the DNA damage pathway, apoptosis, chromosomal abnormalities, and the senescent phenotype. (A) The time
course of Western blotting analysis in MCF-7 cells expressing POT1-siRNA (POT1-A) or lentivirus POT1-shRNA (sh1). A random sequence
siRNA was used as a control. (B) TUNEL assay of MCF7 cells after expression with POT1-siRNAs or shRNAs. A random sequence siRNA was
used as a control. (C) Growth curve of IMR90 cells expressing lentivirus POT1-shRNAs and vector control cells. (D) The induction of chromo-
somal abnormalities. IMR90 cells were transduced with indicated siRNA or shRNA for 7 days, and the chromosome was prepared and analyzed
as described in Materials and Methods. Open arrow, chromosome break; solid arrow, dicentric chromosome. (E) POT1-RNAi induced the
senescent phenotype. IMR90 cells were stained for �-Gal activity at pH 6.0. Graphs show the effect of expression of POT1-siRNAs and shRNAs.
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generated by in vitro transcription-translation with [35S]methi-
onine (Fig. 4D).

To further examine the POT1 and TRF2 complex on telo-
meric DNA, EMSA was performed. Consistent with previous
reports (2, 37), recombinant POT1 protein specifically bound
to telomeric [TTAGGG]4 (Fig. 4E). When baculovirus-ex-
pressed TRF2 was added to the reaction mixture, we observed
an additional complex that migrated above the POT1-DNA
complex. The appearance of this new band was strictly depen-
dent on the addition of TRF2. The shifted bands were com-
peted effectively by the unlabeled [TTAGGG]4, suggesting that
these bands were specific. To verify the gel shift complex-
containing proteins, purified POT1 and/or TRF2 proteins
were incubated with biotinylated single-stranded [TTAGGG]4

DNA. In the presence of POT1, TRF2 was associated with the
POT1-DNA complex retrieved by streptavidin beads (Fig. 4F).
TRF2 alone bound on double-stranded telomeric DNA but not
on single-stranded [TTAGGG]4 (Fig. 4F and data not shown).

TRF2�B�M and TRF2-siRNA remove POT1 from telomeres.
Using indirect immunofluorescence with TRF1, which is a spe-
cific marker for interphase telomeres (10, 46, 51), we showed
that POT1 colocalized with TRF1 and TRF2 in the nuclei of
IMR90 cells (Fig. 5A). This is in agreement with a previous
report (3). To demonstrate the specificity of POT1 foci, the
cells were treated with POT1-siRNA (see Fig. S1 in the sup-
plemental material). The number of foci per cell decreased sig-
nificantly with much weaker immunofluorescence signals in the
positively stained cells. The number of the positively stained
cells also decreased to 50% compared with the control. To
determine POT1 localization on telomeres, IMR90 cells were
expressed by a retroviral construct expressing TRF2�B�M or
TRF2-siRNA. Foci of colocalized POT1 and TRF1 significantly
decreased after expression of TRF2�B�M or TRF2-siRNA.
Approximately 20 to 40% of POT1 foci colocalized with TRF1.
In contrast, approximately 95% of the POT1 foci in con-
trol cells were sites of TRF1 accumulation, suggesting that
TRF2�B�M binds to POT1 and removes it from the telomeres.

To study the association of POT1 and TRF2 with telomeres,
we performed a ChIP assay, using anti-POT1 and anti-TRF2
antibodies. Whole cells were treated with the cross-linking re-
agent formaldehyde, and DNA dot blots were probed with a

CCCTAA probe to determine relative levels of protein-asso-
ciated telomeric DNA. Alu sequences, preimmune POT1 an-
tibody serum, and the p21 antibody were used as negative
controls in each experiment. We observed an enrichment of
telomeric DNA coimmunoprecipitated with POT1, TRF2, and
TRF1 antibodies in control cells (empty vector) (Fig. 5B and
C). As previously seen (36), expressing TRF2�B�M resulted in
a significant reduction in the binding of TRF2 to telomeres as
assessed by ChIP. Consistent with immunofluorescence data,
POT1 was not detected at telomeric DNA in cells expressing
TRF2�B�M. Furthermore, POT1-siRNA reduced POT1 from
telomeric DNA, and TRF2 also showed a decreased associa-
tion with telomeric DNA in the sample expressing
POT1-siRNA (Fig. 5B and C). As a control, neither
TRF2�B�M nor POT1-siRNA affected the binding of TRF1 on
telomeric DNA.

POT1 blocks the effects of TRF2�B�M. Because TRF2�B�M

interacts with POT1 and removes it from telomeres, we then
investigated whether the overexpression of exogenous POT1
could block the biological alterations induced by TRF2�B�M.
Using ChIP assays, POT1-associated telomeric DNA could
be recovered in cells coexpressing Myc-POT1 and Myc-
TRF2�B�M (Fig. 5B and C). In this group, ChIP with TRF2
antibody resulted in a faint signal, suggesting that the TRF2-
associated telomeric DNA was partially recovered. In agree-
ment with previous reports, the overexpression of Myc-POT1
did not affect the amount of POT1 at telomeres by ChIP assay
with POT1 antibody (36).

Using the T-OLA, we observed that TRF2�B�M induces a
70% loss of telomeric overhangs (Fig. 6A), similar to the re-
sults of a previously published report (52). In contrast, the
T-OLA signal only slightly decreased by coexpressing exoge-
nous Myc-POT1 and Myc-TRF2�B�M, compared with controls
(empty vector). Thus, POT1 overexpression can block the ero-
sive effect of TRF2�B�M on telomeric overhangs. As a control,
Myc-POT1 alone did not alter the telomeric overhang signal.

Telomere dysfunction induced by TRF2�B�M can initiate
genomic instability (52). The chromosomes in cells expressing
TRF2�B�M show abnormally high occurrences of mitotic de-
fects, including lagging chromosomes, anaphase bridges, and
associations between chromosome ends (52). We examined chro-
mosomal abnormalities in IMR90 cells expressing TRF2�B�M

for 7 days and found a significantly high frequency of chromo-
somal abnormalities (chromosome fusion and breaks) in cells
expressing TRF2�B�M (Table 1). Chromosome fusion (multi-
centric chromosomes and chromosome end joining) was not
observed in vector control cells. Overexpressing POT1 (coex-
pressing Myc-POT1 and TRF2�B�M) prevented the specific
chromosomal abnormalities induced by TRF2�B�M (Table 1).
We did not observe multicentric chromosomes and chromo-
some end joining in cells expressing Myc-POT1. These results
indicated that POT1 can block specific chromosomal abnor-
malities induced by TRF2�B�M.

TRF2�B�M can induce a premature senescent phenotype in
primary fibroblasts (45, 52). Consistent with previous reports,
we found that Myc-TRF2�B�M induced premature senescence
16 days after infection in IMR90 cells (Fig. 6B). Coexpressing
Myc-POT1 significantly decreased the senescent phenotype
induced by Myc-TRF2�B�M. The cells expressing POT1 alone

TABLE 1. Induction of chromosomal abnormalities in IMR90 cells

Expressed siRNA
or genes

Mean abnormalities/
cell (SD)a % of cells with

abnormalities
(SD)

P valuec

Fusionb Breaks

Control 0 0.03 (0.05) 3 (5)
siPOT1-A 0.04 (0.06) 0.29 (0.18) 25 (16) 0.06
siPOT1-B 0.02 (0.02) 0.20 (0.1) 20 (9) 0.03
POT1-sh1 0.10 (0.08) 0.30 (0.1) 30 (12) 0.03
POT1-sh2 0.08 (0.06) 0.30 (0.1) 28 (9) 0.03
TRF2�B�M 0.40 (0.15) 0.62 (0.66) 43 (31)d 0.02
TRF2�B�M�POT1 0 0.17 (0.07) 17 (7) 0.05
POT1 0 0.04 (0.01) 4 (1) 1.0

a The numbers indicated average abnormalities per metaphase cell from four
independent experiments; a total of 100 cells were scored.

b Chromosome fusion contained multicentric chromosomes and chromosome
end joining.

c Frequencies of percent of cells with abnormalities were compared with the
control group.

d Frequency was higher than the TRF2�B�M � POT1 group with a P value of
0.08.
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FIG. 4. POT1 interacted with TRF2. (A) Endogenous TRF2 bound to POT1 in IMR90 fibroblasts by coimmunoprecipitation. Nuclear extracts
(0.5 mg) were subjected to immunoprecipitation with the anti-POT1 antibody, followed by Western blotting with anti-TRF2, anti-RAD50, anti-
NBS1, or anti-TRF1 antibodies. Preimmune serum (PI) was used as a control. Fifty micrograms of nuclear extract was loaded as input. (B) TRF2
and TRF2�B�M bound to POT1 in 293 cells. Myc-TRF2 and TRF2�B�M were transfected into 293 cells. Myc-TRF2 and TRF2�B�M were coim-
munoprecipitated with an anti-POT1 antibody from 0.5 mg of nuclear extract. Immunoprecipitated proteins were visualized by Western blot-
ting analyses with antibodies against the Myc peptide. Myc-RPA1 was used as a control. (C) Myc-TRF2 and Myc-TRF2�B�M brought down
POT1-V5 (top) coexpressing POT1-V5 and Myc-TRF2 or Myc-TRF2�B�M in 293 cells. TRF1 brought down POT1-V5 in 293 cells (bottom)
expressing the POT1-V5 fusion protein. (D) POT1 interacted with TRF2 and TRF2�B�M in vitro. Two micrograms of GST-TRF2 and TRF2�B�M

fusion proteins was incubated with 5 �l in vitro-translated POT1 protein labeled with [35S]methionine, and the proteins were brought down by GST
beads. A 20% input of POT1 protein was included in this lane. GST-TRF2 and TRF2�B�M protein inputs were verified by Coomassie blue stain-
ing. (E) POT1 and TRF2 formed a complex with telomeric single-stranded overhang DNA (TTAGGG probe, 200 pM). EMSA assay with in-
creasing amounts of TRF2 (lanes 3 to 6, threefold steps up to 80 pM) with 20 pM POT1. Unlabeled [TTAGGG]4, 10-fold excess. (F) POT1
and TRF2 bound on [TTAGGG]4 oligomers. The biotinylated [TTAGGG]4 (10 nM) was attached to streptavidin beads. POT1 (40 pM)
and/or TRF2 (40 pM) was added and incubated with the [TTAGGG]4-coated beads. POT1 and TRF2 associated with DNA were detected by
immunoblotting.
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did not display this phenotype, as assayed by SA-�-Gal staining.

DISCUSSION

Our data indicate that POT1 is required to maintain the
normal structure at telomeric single-stranded overhangs, pro-
tect against apoptosis, and prevent chromosomal instability
and senescence. POT1 interacts with TRF2 to form a complex
on telomeres that appears to be involved in the primary func-
tions ascribed to telomeres in normal human cells.

Telomere protection by POT1. A striking consequence of the
loss of POT1 function is the erosion of telomeric single-
stranded overhangs. The telomeric single-stranded tails play a
key role for telomere protection. Linear chromosomes confer
both benefits and burdens on eukaryotic cells (26). The chro-

mosome end must be capped for its maintenance. The current
evidence suggests that all eukaryotes use a single-stranded
DNA-binding protein to cap the telomeres (14). The erosion of
the single-stranded overhangs immediately cause telomere
dysfunction. Yet, while the telomeric double-stranded TTAG
GG repeats persisted, the telomeres failed to protect chromo-
some ends (15, 48, 52). The loss of telomeric single-stranded
overhangs consequently induces cellular responses and chro-
mosomal instability.

Loss of TRF2 from telomeres, caused by expression of the
dominant-negative TRF2�B�M mutation, resulted in a reduc-
tion in the single-stranded overhangs (52). But the mechanism
by which TRF2 governs single-stranded overhang structure is
unclear. Our data reveal a crucial role for POT1 in the main-
tenance of telomeric overhangs. Loss of POT1 from telomeres,

FIG. 5. (A) POT1 colocalized with endogenous TRF1 and TRF2 in IMR90 fibroblasts by immunostaining with anti-TRF1, anti-TRF2, and
anti-POT1 antibodies. POT1 reduced the colocalization with TRF1 2 days after expressing TRF2�B�M or TRF2-siRNA. (B) POT1 associated with
telomeric DNA. ChIP of HT1080 cells expressing pLPC-Myc, Myc-POT1, Myc-TRF2�B�M, or POT1-A–siRNA with indicated antibodies or
preimmune serum (PI) of POT1 antibody for 2 days after infection. Duplicate dot blots were probed for telomeric or Alu repeats. (C) The
quantification of the data in panel B representing the percentage of TTAGGG DNA recovered in each sample. Averaged signals obtained with
total DNA samples were used as 100% value for the quantification.
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caused by POT1-RNAi expression or the dominant-negative
TRF2�B�M mutation, resulted in an approximately 60 to 70%
reduction in the telomeric overhang signal. These results are
consistent with a recent report that the inhibition of POT1 by
antisense oligonucleotides decreased telomeric overhang sig-
nals (31). POT1-RNAi directly induces the loss of the over-
hangs, supporting the model that protein binding is necessary
for capping. Apparently, the chromosome end is rapidly al-
tered when POT1 is reduced, and this alteration leads to the
activation of the DNA damage response pathway. This out-
come induces the erosion of telomeric overhangs and causes
the loss of chromosomal integrity. Complete loss of telomeric
DNA at some chromosomal ends upon POT1 depletion will
also reduce the G overhang signals, even if reduction of the G
overhang was not the primary event. To address this possibility,
a telomere FISH assay was performed, and no detectable al-
teration of telomeric signals was observed (see Fig. S2 in the
supplemental material). TRF2�B�M removes POT1 from telo-
meres and also induces the erosion of the telomeric overhangs,
the same consequences as the inhibition of POT1 by POT1-
RNAi; this suggests that TRF2 and POT1 act in the same
pathway on capping telomeres.

The loss of POT1 from the telomeres by TRF2�B�M expres-
sion is correlated with the loss of telomeric overhangs. We
observed the removal of POT1 binding to telomeres at day
2 after TRF2�B�M expression by both immunostaining and

ChIP assays. At this time point, telomeric single-stranded over-
hangs still persisted in cells expressing TRF2�B�M, as de-
termined by the T-OLA (data not shown), suggesting that
TRF2�B�M-induced reduction of POT1 from telomeres is a
direct result from the interaction of both proteins.

We observed TRF2�B�M induction of specific chromosomal
abnormalities and the senescent phenotype, which is in agree-
ment with previous reports (45, 52). Interestingly, POT1 effec-
tively blocked the effect of TRF2�B�M. This novel finding sup-
ports the hypothesis that chromosomal abnormalities and
cellular senescence are the consequences of the loss of the
protective mechanism on telomeric single-stranded overhangs
by POT1 and TRF2. The frequency of chromosome breaks in-
duced by expression of POT1-RNAi and TRF2�B�M was sig-
nificantly increased. These results are consistent with the hy-
pothesis that the uncapping of telomeres by removing POT1
and TRF2 may induce telomere erosion to the critical short
stage, trigger DNA damage response pathways, and then in-
duce chromosome breaks.

POT1 and TRF2 are the telomeric proteins associated with
the maintenance of the correct DNA configuration of the tel-
omeric single-stranded overhangs. It was previously shown that
telomerase is not required for the maintenance of telomeric
single-stranded tails in yeast and mammals (17, 38, 41, 54, 56),
and none of the other telomeric proteins identified in eu-
karyotes are known to affect telomere synthesis. However,

FIG. 6. (A) The expression of POT1 decreased the loss of telomeric overhang induced by TRF2�B�M. (Top) The T-OLA was used on genomic
DNA derived from the IMR90 cells expressing the indicated constructs for 5 days after infection. Lane 1, no genomic DNA. (Middle) Quantitative
PCR was performed, using primers specific for genomic GAPDH for equal amounts of genomic DNA in each sample. (Bottom) Myc-POT1- and
Myc-TRF2�B�M-expressing levels were determined by immunoblotting. (B) POT1 blocked the senescent phenotype induced by TRF2�B�M. IMR90
cells were stained for �-Gal activity at pH 6.0. Graphs showed the effect of infection of Myc-TRF2�B�M (P � 0.01), Myc-TRF2�B�M plus
Myc-POT1 (P � 0.5), Myc-POT1 (P � 0.5), empty vector (P � 0.5), and the untreated control for 16 days. The data show the results of three
experiments; the error bars represent standard deviations. P values were determined by Student’s t test representing each indicated group and
untreated control group. The P value between Myc-TRF2�B�M and Myc-TRF2�B�M plus Myc-POT1 was �0.05.
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according to one recent analysis (39), the disruption of telo-
merase activity in normal human cells alters the maintenance
of the telomeric single-stranded overhangs without changing
the rate of overall telomere shortening. Rescue of an hTERT
mutant defective in telomere elongation by fusion with POT1
suggests that POT1 may recruit hTERT on telomeres (1).
Further studies are needed to define the exact relationship
between POT1 and telomerase.

Recent reports show that POT1 interacts with TRF1 as a
terminal transducer of TRF1 telomere length control (36).
POT1-interacting protein PTOP is responsible for recruitment
of POT1 to the TRF1-TRF1-interacting protein 2 (TIN2) com-
plex on telomeres (35, 58, 59). When these proteins were
overexpressed, we confirmed the association of POT1 and
TRF1. Thus, POT1 may have multiple functions. It binds to the
telomeric single-stranded overhangs, interacts with TRF2 to
protect them, and forms a complex with TRF1 to modulate
telomere elongation.

Interaction of POT1 and TRF2. We found that POT1 inter-
acted with TRF2 in vitro and in vivo. POT1 bound to endog-
enous TRF2, as determined by immunoprecipitation. TRF2
and TRF2�B�M overexpression was associated with POT1,
confirming the POT1 and TRF2 interactions. TRF2�B�M lacks
the DNA-binding domain but still bound to POT1, suggesting
that recovery of POT1 in the TRF2 immunocomplex is not
dependent on the DNA-binding activity of TRF2. POT1 and
TRF2 directly interacted in vitro, supporting an interaction
between POT1 and TRF2 and arguing against DNA tethering
as the basis for their coimmunoprecipitation. Functional stud-
ies were consistent with POT1 and TRF2 complex formation.
TRF2�B�M removed POT1 from the telomeres, as found by a
colocalization study and a ChIP assay. Moreover, exogenous
POT1 formed a complex with TRF2�B�M to block its interac-
tion with POT1 and TRF2. Thus, one possibility is that telo-
meric single-stranded overhangs are protected by POT1 and
TRF2 and telomere-capping functions are recovered. To
detect the binding of endogenous POT1 and TRF2, we used
three anti-POT1 antibodies for the coimmunoprecipitation as-
say. Only one POT1 antibody could bring down TRF2. This is
a possible reason that low enrichment of POT1-TRF2 complex
in cells can be difficult to detect when a different affinity anti-
body is used (36). We also did not detect RAD50 and NBS1 in
the POT1-immunoprecipitated complex, suggesting that
TRF2 may form different complexes on the telomeres: TRF2–
TIN2–repressor-activator protein 1 (RAP1) in a double-
stranded TTAGGG repeat and TRF2-POT1 in a single-
stranded overhang. It is possible that other proteins are also
present in the latter complex, such as TIN2. A recent report
shows by dynamic studies of protein binding to telomeres in
living cells that TRF2 resides at telomeres in two distinct frac-
tions (40). The fast fraction has binding dynamics similar to
those of TRF1, and the slow one binds with dynamics similar to
those of POT1. The results support the model that TRF2 has
a dual role in the maintenance of telomeric length and integrity
and that POT1 and TRF2 cooperate to maintain telomeric
integrity.

Mechanisms of telomeric structure and function. In a telo-
mere-capping model, t-loops can provide cells with an archi-
tectural solution to the telomere protection problem in mam-
mals (15, 23). t-loops are large duplex telomeric loops that

appear to be formed by the invasion of the single-stranded
overhang into the duplex part. TRF2, when given the right
substrate, can form t-loop-like structures in vitro (48). The
exact structure at the base of the t-loops is not known, but it is
clear that there is a short segment of single-stranded DNA,
likely representing a D-loop of TTAGGG repeats that are
displaced by the invading single-stranded overhang. The inva-
sion of the single-stranded overhang may simply sequester the
telomere terminus from being mistaken for a site of damage
(15, 23).

TRF2 and POT1 could also form a complex that can bind to
the base of t-loops. The current model suggests that telomeric
single-stranded binding proteins and single-stranded DNA
overhangs are required for t-loop formation (23). E. coli single-
stranded binding protein (SSB) can form a protein-DNA com-
plex at the t-loop-tail junction, when HeLa t-loops are incu-
bated with SSB (23). This suggests that a single-stranded
binding protein might be located at the base of t-loops. As a
specifically telomeric single-stranded DNA-binding protein,
POT1 could bind to the telomeric tails in the D-loop and
stabilize t-loop configuration. TRF2 is a duplex TTAGGG
repeat-binding protein and does not interact with a single-
stranded DNA overhang (15, 52), making it unlikely that TRF2
directly protects the single-stranded DNA end. TRF2 binds to
the junction of double- and single-stranded telomeric DNA
(15, 23, 48), very near the POT1-binding site. POT1 inter-
acted with TRF2 to form a protein-DNA complex with telo-
meric single-stranded DNA. These data suggest that POT1
may be a component of the base of t-loops. POT1-RNAi and
TRF2�B�M cause the same consequence of the loss of telo-
meric overhangs, implying that TRF2�B�M induces the loss
of telomeric overhangs by both disrupting TRF2-mediated
t-loops and removing POT1 from telomeres. Furthermore,
POT1 can correct the specific chromosomal abnormalities and
senescent phenotypes induced by TRF2�B�M, which support
this model.

At the ends of human chromosomes, three interconvertible
states may exist: t-loops, POT1 capping, and engagement with
telomerase (2). These different states could correlate with par-
ticular stages of the cell cycle. POT1, as a telomeric-specific
single-stranded DNA-binding protein, may be involved in telo-
mere capping and t-loop maintenance. It will be of interest
to determine if POT1 contributes to these various regulated
states during the cell cycle.
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