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Abstract
Protection of telomeres 1 (POT1) proteins in various
organisms bind telomeres and regulate their structure and
function. In contrast to mice carrying two distinct POT1 genes
encoding two POT1 proteins (POT1a and POT1b), humans
have the single POT1 gene. In addition to full-length POT1
protein (variant v1), the human POT1 gene encodes four other
variants due to alternative RNA splicing (variants v2, v3,
v4, and v5), whose functions are poorly understood. The functional analyses of the NH2-terminally and COOH-terminally
truncated POT1 variants in this study showed that neither the
single-stranded telomere-binding ability of the NH2-terminal
oligonucleotide-binding (OB) folds nor the telomerasedependent telomere elongation activity mediated by the
COOH-terminal TPP1-interacting domain was telomere protective by itself. Importantly, a COOH-terminally truncated
variant (v5), which consists of the NH2-terminal OB folds and
the central region of unknown function, was found to protect
telomeres and prevent cellular senescence as efficiently as v1.
Our data revealed mechanistic and functional differences
between v1 and v5: (a) v1, but not v5, functions through the
maintenance of telomeric 3¶ overhangs; (b) p53 is indispensable to v5 knockdown-induced senescence; and (c) v5 functions at only a fraction of telomeres to prevent DNA damage
signaling. Furthermore, v5 was preferentially expressed in
mismatch repair (MMR)-deficient cells and tumor tissues,
suggesting its role in chromosome stability associated with
MMR deficiency. This study highlights a human-specific
complexity in telomere protection and damage signaling
conferred by functionally distinct isoforms from the single
POT1 gene. [Cancer Res 2007;67(24):11677–86]

Introduction
Telomeres are a specialized structure at chromosome ends
consisting of tandem repetitive DNA sequence [(TTAGGG)n in
humans] and the associated proteins. The very end of telomeric
DNA is a single-stranded 3¶ overhang (f75–300 bases in humans)
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of the (TTAGGG)n sequence, which plays a key role in the
protection of telomeres from the degradation and fusion events as
well as in the formation of the ‘‘t-loop’’ structure (1, 2). Telomere
dysfunction associated with the loss of telomeric 3¶ overhangs,
induced by cellular stress, replicative exhaustion, or chemical
treatment, can lead to the inhibition of cell proliferation (3, 4).
Dysfunctional telomeres can also be a substrate for nonhomologous end joining, leading to chromosome end-to-end fusions,
anaphase bridge formation, and global genome instability (5, 6).
The structure and function of telomeres are regulated by a
multiprotein complex containing single- and double-stranded
telomere-binding proteins (termed ‘‘shelterin’’; ref. 2) as well as by
telomerase, a ribonucleoprotein enzyme that synthesizes telomeric DNA repeats (7). Protection of telomeres 1 (POT1), an
evolutionarily conserved shelterin component, binds singlestranded telomeric DNA through the NH2-terminal oligonucleotidebinding (OB) folds (2, 8). POT1 also interacts with TPP1 protein
through the COOH-terminal region to take part in the shelterin
complex (9–12). The full-length human POT1 protein reportedly
functions to protect telomeric 3¶ overhangs (13, 14), inhibit
anaphase bridge formation (14, 15), maintain cell viability and
proliferation (13–15), regulate telomerase and telomere length
(11, 12, 16–19), define the recessed 5¶ end of telomeres (13), and
enhance the ability of WRN and BLM helicases to unwind
telomeric DNA (20).
Mice have two POT1 proteins (POT1a and POT1b), which are
encoded by two distinct genes that likely originated from a recent
gene duplication event (21–23). Mouse POT1a and POT1b proteins
seem to have overlapping and distinct functions in telomere
protection and DNA damage signaling (21–23), providing functional diversity and complexity for telomere biology in this
mammal. In contrast, humans have only one POT1 gene. In
addition to the full-length POT1 protein (also termed variant v1),
at least four NH2-terminally or COOH-terminally truncated
isoforms (termed v2, v3, v4, and v5) are generated from the
human POT1 gene due to alternative RNA splicing (24). However,
little is known about the functions of these truncated POT1
isoforms. Here, we examine an NH2-terminally truncated variant
(v4) and two COOH-terminally truncated variants (v2 and v5),
as well as the full-length variant (v1), for their roles in telomere
protection, telomere length regulation, and cellular senescence.
This study provides novel insight into the dissection of functional
domains of human POT1 protein and supports the notion that
chromosome end protection and DNA damage signaling at
human telomeres are cooperatively regulated by functionally
distinct POT1 variants encoded by the single gene. The expression
of a COOH-terminally truncated, telomere-protective variant may
also contribute to chromosome stability in mismatch repair
(MMR)-deficient tumors.
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Materials and Methods
Cells, lentiviral and retroviral vector transduction, and cellular
senescence assays. A normal human fibroblast strain MRC-5 and human
cancer cell lines used were obtained from the American Type Culture
Collection. A normal human fibroblast strain WI-38 was from Coriell Cell
Repository. NHF, a primary human fibroblast strain derived from foreskin,
was previously described (25). HEC59 and HCT116 with a single copy of
transferred, normal chromosomes 2 and 3, respectively, were gifts from
Dr. Thomas Kunkel (National Institute of Environmental Health Sciences,
Research Triangle Park, NC; refs. 26, 27). The lentiviral expression
system was prepared by using the ViraPower lentiviral expression system
(Invitrogen). Retroviral transduction followed the protocol recommended
by Stratagene.3 The examination of replicative life span and senescenceassociated h-galactosidase (SA-h-Gal) staining in human fibroblasts were
carried out as previously described (28).
Overexpression and short hairpin RNA knockdown vectors. The
cloned cDNAs of POT1 variants v1, v2, and v5 were provided by Dr. Peter
Baumann (Stowers Institute, Kansas City, MO; ref. 24). The Gateway
cloning system (Invitrogen) was used to insert the cDNA in the lentiviral
expression vector pLenti6/V5-DEST (Invitrogen) to drive the expression
of each POT1 variant tagged with a ‘‘V5 epitope’’ at the COOH terminus
(note that uppercase ‘‘V’’ is for this epitope tag, not for POT1 variants, in
this article). To obtain the lentiviral expression vector of v4 (13), the
initiation codon in the v1 expression vector was changed from ATG to
CCG by site-directed mutagenesis. The lentiviral short hairpin RNA
(shRNA) vectors used to knock down v1 and v5 expression (sh-v1 and shv5, respectively) were prepared at BioMarkers (shRNA sequences are
available upon request). Note that the v5 target sequence is at the 3¶
untranslated region of endogenous v5 mRNA and absent in the lentivirally
overexpressed v5 mRNA (see Fig. 3D). A retroviral shRNA construct for
p53 knockdown (29) was derived from pSUPERretro vector carrying a
puromycin-resistant gene (OligoEngine). pLPC-Myc-TRF2DBDM, a retroviral
construct expressing a myc epitope-tagged, dominant-negative mutant of
TTAGGG repeat factor (TRF) 2 (30), was a gift from Dr. Titia de Lange
(Rockefeller University, New York, NY). The Flag-tagged TPP1 expression
vector (9) was a gift from Dr. Zhou Songyang (Baylor College of Medicine,
Houston, TX). The retroviral vector expressing human telomerase reverse
transcriptase (hTERT) was previously described (31).
Anaphase bridge formation. Cells were fixed with 100% methanol at
20jC for 30 min and stained with the Prolong Gold antifade reagent
with 4¶,6-diamidino-2-phenylindole (DAPI; Invitrogen). At least 60 anaphase
cells were examined for each sample per experiment. When one or more
perpendicularly aligned connecting chromatin filaments were observed in a
well-separated parallel anaphase, the anaphase was defined as positive for
bridge formation.
Metaphase chromosome preparation and fluorescence in situ
hybridization analysis. To arrest the cells at metaphase, 0.1 Ag/mL
colcemid (Invitrogen) was added to the culture 2 h before the harvest. The
cells were treated in hypotonic solution (0.06 mol/L KCl) and fixed. The
telomeric peptide nucleic acid (PNA) fluorescence in situ hybridization
(FISH) assay was performed with the Telomere PNA FISH kit/Cy5 from
Dako following the manufacturer’s instructions. At least 100 well-spread
metaphases in each group were examined for chromosome abnormalities
(i.e., multicentric chromosomes, chromosome end joining, and breaks).
The percentage of cells with chromosome abnormalities (mean F SD) was
obtained from three independent experiments.
Measurement of telomeric 3¶ overhang, telomere length, and
telomerase activity. Genomic DNA samples were digested with HinfI
and electrophoresed through 0.7% agarose gel. After drying, the gel was
hybridized with 32P-labeled [CCCTAA]4 oligonucleotide as previously
described (32) followed by washing and signal detection using the Typhoon
8600 system (Molecular Dynamics). The amounts of telomeric 3¶ overhangs,
normalized with loaded DNA amounts detected with ethidium bromide
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(EtBr) staining of the gel, were quantitated by using the ImageQuant version
5.2 software (Molecular Dynamics). After denaturation, the same procedures
were repeated to examine telomere length, which was indicated as a peak
terminal restriction fragment length. Telomerase activity was detected using
the TRAPeze Telomerase Detection kit (Chemicon International).
Western blot, immunoprecipitation, and immunofluorescence.
Western blot analyses and immunoprecipitation followed standard
procedures as previously described (14, 28). Indirect immunofluorescence
was performed as previously described (33). Antibodies used are as follows:
anti-V5 epitope (Invitrogen), anti-myc epitope (Invitrogen), anti-Flag
epitope (Sigma-Aldrich), anti-POT1 (Santa Cruz Biotechnology), anti-POT1
(Novus Biologicals), anti-p53 (DO-1, Santa Cruz Biotechnology), anti-phosphop53 (Ser15; Cell Signaling Technology), anti-p21WAF1 (Oncogene Sciences),
anti-p16INK4A (Santa Cruz Biotechnology), anti-h-actin (Abcam), anti-gH2AX (Upstate), anti-hRAP1 (Bethyl Laboratories), anti-TRF2 (Santa Cruz
Biotechnology), anti-lamin A/C (Santa Cruz Biotechnology), Alexa Fluor
488–conjugated anti-mouse IgG (Molecular Probes), and Alexa Fluor
568–conjugated anti-rabbit IgG (Molecular Probes).
mRNA expression analyses. The real-time quantitative reverse
transcription-PCR (RT-PCR) assays and the data analyses were performed
as previously described (34). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the endogenous control gene (Applied Biosystems).
For detection of v1, the Taqman predeveloped assay reagent for human
POT1 (assay ID Hs00209984_m1, Applied Biosystems) was used. The
primers and probe for v5 were synthesized at Applied Biosystems (shRNA
sequences are available upon request). The conventional RT-PCR assay,
which simultaneously detects the splicing variants encoding v1, v2, and v5
isoforms, was carried out using the platinum Taq kit (Invitrogen) and the
following primer pair: TTCAGATGTTATCTGTCAATCAGAACCTG and
ATGTATTGTTCCTTGTATAAGAAATGGTGC (24). Each PCR product was
purified from an agarose gel followed by direct DNA sequencing. To
specifically detect endogenous v5 mRNA, but not the lentivirally expressed
v5, in the conventional RT-PCR, the following primers were used:
CATCGGCTACAAAATCTG and ACCATTTTCTCTTGGTCTCAG (used in
Fig. 3D and Supplementary Fig. S6).
Tumor tissue samples. The tumor tissue samples were collected from
medical institutions in Finland (35, 36). The MMR status of the samples was
determined using the microsatellite markers BAT25, BAT26, BAT40,
D2S123, D17S250, D5S346, and D18S34. Hereditary nonpolyposis colorectal
cancer (HNPCC) was diagnosed based on pathogenic germ-line MLH1 and
MSH2 mutations. Patient information and samples were collected after
obtaining informed consent. The study was approved by the appropriate
ethics review committees.

Results
Overexpression of POT1v1 and POT1v5 inhibits anaphase
bridge formation and chromosome abnormalities. To investigate the functions of human POT1 variants, we constructed the
lentiviral overexpression vectors driving v1 ( full length), v2
(retaining two NH2-terminal OB folds and missing the COOHterminal half), v4 (starting at Met132 and missing most of the first
OB fold), and v5 (retaining two NH2-terminal OB folds and missing
most of the COOH-terminal TPP1-interacting region; Supplementary Fig. S1A), each fused in frame to a ‘‘V5 epitope tag’’ (uppercase
V for this epitope tag and lowercase ‘‘v’’ for POT1 variants in this
article). When an equal titer of vector supernatant (multiplicity of
infection = 3) from each POT1 overexpression construct or a vector
control was transduced to HT1080 cells, almost all of the cells
became blasticidin S resistant and continued to proliferate,
showing high transduction efficiency in this experimental system
and no apparent effect on cell proliferation by overexpression of
any POT1 variant. The expression of each variant in its expected
molecular weight was detected by the anti-V5 epitope antibody and
the anti-POT1 antibodies (Supplementary Fig. S1B).
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Figure 1. Human POT1 variants have
different effects on anaphase bridge
formation, telomere length, and telomeric 3¶
overhang. A, anaphase bridge formation
(number of anaphases with bridge
formation/number of anaphases examined)
in HT1080 cells overexpressing POT1
variants. Seven days after the lentiviral
transduction of POT1 overexpression
vectors, the cells were transduced with a
control retroviral vector () or the retroviral
vector expressing TRF2DBDM (DN-TRF2 ).
Western blot, using anti-myc epitope
antibody, confirmed similar levels of
TRF2DBDM expression in all the transduced
cells. Anaphase bridge formation was
examined 5 d after the retroviral
transduction. Columns, mean of three
independent experiments; bars, SD.
*, P < 0.05; **, P < 0.001. B, telomere FISH
analysis of telomere dysfunction-induced
chromosome abnormalities in HT1080
cells overexpressing POT1 variants.
The lentiviral transduction of POT1
overexpression vectors followed by the
retroviral transduction of TRF2DBDM
(DN-TRF2 ) was performed as in A .
Chromosome abnormalities were
examined 5 d after the DN-TRF2
transduction. Columns, mean percentage
of cells with chromosome abnormalities
from three independent experiments; bars,
SD. *, P < 0.001. C and D, genomic
DNA was isolated from the same set of
HT1080 cells at the same day as in A.
Lanes 1 to 5, control retroviral vector;
lanes 6 to 10, TRF2DBDM retroviral vector.
Lanes 1 and 6, control lentiviral vector;
lanes 2 and 7, v1 overexpression; lanes 3
and 8, v2 overexpression; lanes 4 and 9,
v4 overexpression; lanes 5 and 10, v5
overexpression. The DNA samples were
digested by Hin fI and analyzed in the in-gel
hybridization with 32P-[CCCTAA]4 probe
under denatured (C) or native (D )
conditions. In C , the image analysis
determined a peak in smear of telomere
signals (peak terminal restriction fragment
length). *, P < 0.05. In D , 3¶ overhang
signals were normalized with loaded DNA
amounts (EtBr) and shown as the relative
amounts to cells with both overexpression
and shRNA vector controls (/).
*, P < 0.05 (increase); **, P < 0.05
(decrease). Columns, mean of two
independent experiments; bars, SD.

We examined the formation of anaphase bridges (Fig. 1A;
Supplementary Fig. S2A), an indicator of telomere dysfunction
and chromosome end-to-end fusions (5, 6), in these POT1 variantexpressing HT1080 cells (Fig. 1A, left). In vector control cells, 21%
of anaphases showed bridge formation. Whereas the overexpression of v2 or v4 had no effect on anaphase bridge formation,
decreased anaphase bridge formation was observed in v1- or v5overexpressing HT1080 cells (12% or 11%, respectively). Under the
condition where telomere dysfunction was experimentally induced
by the dominant-negative mutant of TRF2 (TRF2DBDM; ref. 30), the
frequency of anaphase bridge formation remarkably increased up
to f70% in vector control cells (Fig. 1A, right). The overexpression
of v1 and v5, but not v2 and v4, again strongly inhibited the
TRF2DBDM-induced anaphase bridge formation (38% and 30% in
v1- and v5-expressing cells, respectively). Consistent with the ability
to inhibit anaphase bridge formation, the overexpression of v1

www.aacrjournals.org

and v5 resulted in a significant reduction in TRF2DBDM-induced
chromosome abnormalities (V20% in v1- and v5-overexpressing
cells versus >40% in control, v2- and v4-overexpressing cells;
Fig. 1B), such as dicentric or multicentric chromosomes due to
telomere dysfunction (Supplementary Fig. S2B).
Different activities of POT1 isoforms on telomere length and
3¶ overhang. The POT1 variant-expressing HT1080 cells were
examined for their telomeres in the in-gel hybridization experiments under denatured and native conditions. The measurement
of telomere terminal restriction fragment length, an indicator of
overall telomere length in the cells, in the denatured gel (Fig. 1C)
showed that the overexpression of v1 and v4, but not v2 and v5,
significantly elongated telomere length. This effect was likely
telomerase dependent because it was not observed in telomerasenegative human fibroblasts (data not shown). With the expression
of a dominant-negative TRF2 mutant (TRF2DBDM) that increased
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terminal restriction fragment length (30, 37), v1 and v4 further
elongated telomeres. The ability of v1 and v4 to elongate telomere
length was correlated with their ability to interact with TPP1
(Supplementary Fig. S3), consistent with the recent finding that the
POT1-TPP1 complex enhances telomerase recruitment and processivity in vitro (11, 12).
The quantitation of amounts of single-stranded telomere repeat
DNA in the native gel (Fig. 1D) showed that the overexpression
of v1, but not the others, resulted in a significant increase in
3¶ overhang. The expression of TRF2DBDM reduced the amount of
3¶ overhang in vector control cells, which led to anaphase bridge
formation, as previously reported (30). Whereas v2-, v4-, and v5overexpressing cells underwent the decrease in 3¶ overhang
amounts similar to vector control cells, v1 overexpression made
the cells resistant to the TRF2DBDM-induced loss of 3¶ overhangs.
Endogenous POT1v1, but not POT1v5, is critical to
maintenance of 3¶ overhang, but both contribute to telomere
protection. To further investigate the roles of v1 and v5 in
telomere protection, we used a lentiviral shRNA vector system to
specifically knock down the expression of endogenous v1 or v5.
Endogenous v1 expression was reduced by 60% to 70% in HT1080
and HCT116 cells transduced with the shRNA vector against v1
mRNA (sh-v1) but not in those with the shRNA vector against
v5 mRNA (sh-v5; Fig. 2A, left). Similarly, f60% suppression of
v5 expression was observed in the cells with sh-v5, but not in the
cells with sh-v1 (Fig. 2A, right). The v1 and v5 knocked down
HT1080 cells both showed an increase in anaphase bridge
formation (Fig. 2B), although the frequency (39% and 34%,
respectively) was modest compared with the effect of TRF2
inhibition by TRF2DBDM (described above, Fig. 1A). HCT116 cells
showed a much lower background level of anaphase bridges (<5%
in scrambled shRNA control; discussed below). Both sh-v1 and shv5 resulted in an increased, but still modest, frequency of anaphase
bridge formation in these cells (<15%). As shown in Fig. 2C, the
amounts of 3¶ overhangs in HT1080 and HCT116 with sh-v1 were
reduced, whereas sh-v5 had no apparent effects on 3¶ overhangs in
these cells. The shRNA knockdown of v1 led to telomere length
elongation (Fig. 2D).
Endogenous POT1v5, as well as POT1v1, protects normal
human cells from cellular senescence. The shRNA knockdown
of endogenous v1 or v5 induced cellular senescence, characterized
by cell growth arrest and SA-h-Gal activity, in normal human
fibroblast strains MRC-5 (Fig. 3A), NHF (see below, Fig. 4B and C),
and WI-38 (Supplementary Fig. S4). The significant decrease in
bromodeoxyuridine incorporation was associated with sh-v1–
induced and sh-v5–induced senescence (1.9% and 2.0%, respectively, compared with 43.9% in control cells; Supplementary
Fig. S5). The induction of cellular senescence by sh-v1 was
associated with f40% decrease in 3¶ overhang amounts, consistent
with the previous findings (13, 14), whereas senescent sh-v5 cells
still maintained 3¶ overhangs comparable with the control
nonsenescent cells (Fig. 3B). No significant changes in overall
telomere length were observed in MRC-5 fibroblasts with sh-v1
or sh-v5 (Fig. 3C). The lentiviral overexpression of v5 (which is
not targeted by sh-v5; see Materials and Methods), but not the
other variants, rescued the cells from sh-v5–induced cellular
senescence (Fig. 3D), excluding the possibility of an off-target effect
of sh-v5. Endogenous v5 expression was found to be downregulated in senescent human fibroblasts (Supplementary Fig. S6),
further supporting the physiologic importance of v5 in cellular
replicative potential.

Cancer Res 2007; 67: (24). December 15, 2007

p53 is indispensable for cellular senescence by POT1v5
knockdown, but not by POT1v1 knockdown. The ectopic
expression of telomerase may allow normal human cells to bypass
cellular senescence (38). To examine whether sh-v1 and sh-v5
induce cellular senescence in the presence of the ectopically
expressed telomerase, we used NHF-TERT cells, a human fibroblast
cell line immortalized by a retroviral expression of hTERT, which
express telomerase activity (Supplementary Fig. S7A) and have
long telomeres (Supplementary Fig. S7B). As shown in Supplementary Fig. S7C and D, both sh-v1 and sh-v5 induced cellular
senescence in NHF-TERT cells as efficiently as in primary NHF
fibroblasts. Thus, telomerase expression or elongated telomeres do
not compensate the inadequate levels of v1 and v5 in protecting
normal human cells from cellular senescence.
To further investigate a mechanistic difference between v1 and
v5 in cellular senescence, p53 expression was knocked down by a
shRNA vector in a primary human fibroblast strain NHF. The
resulting NHF-p53KD cells almost completely lost the induction of
p53 protein in response to Adriamycin, a DNA-damaging agent
(Fig. 4A). In the NHF-p53KD cells lacking a p53 response to DNA
damage, sh-v1 induced cellular senescence as efficiently as it did
in cells with a control vector (NHF-pSR; Fig. 4B and C). In marked
contrast, the ability of sh-v5 to induce cellular senescence was
abrogated in NHF-p53KD cells (Fig. 4B and C). The p53
dependence of sh-v5–induced senescence in this experiment was
consistent with the Western blot results of cellular senescenceregulatory factors in normal human fibroblasts (WI-38 in Fig. 4D
and MRC-5 in Supplementary Fig. S8). Both sh-v1 and sh-v5 led to
the increase in Ser15-phosphorylated p53 and the up-regulation of
p21WAF1, an effector of p53-mediated cellular senescence. In
contrast, only sh-v1 induced the expression of p16INK4A, another
major effector for cellular senescence in human cells. These results
suggest that, whereas both the p53 and the p16INK4A pathways
mediate sh-v1–induced senescence, sh-v5–induced senescence is
mediated by the p53 pathway, but not by the p16INK4A pathway.
Differential DNA damage foci formation by POT1v1 and
POT1v5 knockdown. We examined the phosphorylated histone
H2AX (g-H2AX; ref. 25), an indicator of cellular DNA damage, in
human fibroblasts (NHF and WI-38) that were induced to senesce
by sh-v1 and sh-v5. The number of g-H2AX foci detected by
immunofluorescence (Fig. 5A, green, and B) and the amount of
g-H2AX in Western blot (Fig. 5C) remarkably increased in both
sh-v1–induced and sh-v5–induced cellular senescence. Most of the
g-H2AX foci induced by sh-v1 (75–79%) were colocalized with the
telomere proteins hRAP1 (39) and TRF2 (Fig. 5A; Supplementary
Fig. S9; ref. 30), showing that the inhibition of endogenous v1
expression resulted in many dysfunctional telomeres recognized
as DNA damage. In contrast, fewer sh-v5–induced g-H2AX foci
(16–19%) were colocalized with TRF2 and hRAP1 (Fig. 5A;
Supplementary Fig. S9), suggesting that endogenous v5 also
functions at sites other than telomeres. This notion was consistent
with the immunofluorescence observation that v1 frequently
colocalized with hRAP1 (Supplementary Fig. S10) and TRF2 (data
not shown; refs. 14, 16, 24), whereas v5 showed only <20% colocalization (Supplementary Fig. S10; data not shown).
POT1v5 is preferentially expressed in MMR-deficient
tumors. It is known that MMR-proficient tumors show chromosome instability, whereas MMR-deficient tumors do not (40).
The lower frequency of anaphase bridge formation in HCT116
(MMR deficient; Fig. 2B) is consistent with chromosome stability
in this cell line (40). The telomere-protective v5 was much more
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Figure 2. Endogenous POT1v1 and
POT1v5 contribute to telomere protection
in different manners. HT1080 and HCT116
cells were transduced with scrambled
shRNA control (scr), shRNA targeting
POT1v1 (sh-v1), or shRNA targeting
POT1v5 (sh-v5). A, real-time quantitative
RT-PCR assays of POT1v1 (left ) and
POT1v5 (right ). For each cell line, the data
(mean F SD) are shown as relative values
to the expression level in scrambled
shRNA control. Note that the actual value
of POT1v5 expression in HCT116 is
f10-fold higher than that in HT1080
(see Supplementary Fig. S11A).
B, anaphase bridge formation was
examined 10 d after the shRNA
transduction. Columns, mean of two
independent experiments; bars, SD.
*, P < 0.05; **, P < 0.01. C, genomic DNAs
were isolated 10 d after the shRNA
transduction digested with HinfI and were
used in the in-gel hybridization with
32
P-[CCCTAA]4 probe under native
conditions as in Fig. 1D . The relative
amounts of 3¶ overhang (% signal to
scrambled shRNA control cells) are shown.
D, the same gels used in C were
denatured and neutralized, and
rehybridized with 32P-[CCCTAA]4 probe.
The peak terminal restriction fragment
lengths are shown below the pictures.

abundantly expressed in HCT116 than in HT1080 (Fig. 2A legend,
Supplementary Fig. S11A and B); therefore, we examined whether
the high expression of v5 is generally associated with MMRdeficient, chromosomally stable human tumors. The real-time
quantitative RT-PCR (Supplementary Fig. S11A) and/or the
conventional RT-PCR amplifying alternatively spliced mRNAs
encoding the variants v1, v2, and v5 (Supplementary Fig. S11B;
ref. 24) showed that three other MMR-deficient tumor cell lines
(HEC59, HCT15, and RKO), but not four MMR-proficient cell lines
(HeLa, 293, SW620, and HT29), expressed high levels of v5 mRNA.
Interestingly, whereas v1 was abundantly expressed in all the cell
lines, the detection of v2 was concomitant with that of v5. The
examination of primary tumor tissues, including MMR-deficient
colorectal cancers from HNPCC patients (8 cases), MMR-deficient
(10 cases) and MMR-proficient (21 cases) sporadic colorectal

www.aacrjournals.org

cancers, and MMR-proficient lung cancers (8 cases), further
supported the correlation between v5 expression and chromosome
stability in MMR-deficient tumors (Supplementary Fig. S11C;
Table 1). In all of the cases but one (c1021), the detection of v5
mRNA was concordant with the MMR-deficient status. The
coupling of v2 and v5 expression was also common in these
primary tissue samples with only one exception (case c1021, again).

Discussion
This study is the first detailed characterization of in vivo
functions of human POT1 variants and presents novel, as well
as confirmative, findings on telomere biology in human cells.
Our data on the function of full-length human POT1 (variant
v1), including telomere elongation, protection of 3¶ overhangs,
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Figure 3. shRNA knockdown of
endogenous POT1v1 or POT1v5 induces
cellular senescence in human fibroblasts.
A, normal human MRC-5 fibroblasts at
passage 32 were transduced with
scrambled shRNA control (scr ), shRNA
targeting POT1v1 (sh-v1 ), or shRNA
targeting POT1v5 (sh-v5 ), as in Fig. 2.
At 8 d after the transduction, cells were
examined for SA-h-Gal activity. Top,
representative pictures; bottom, columns,
mean of two independent experiments;
bars, SD. (), untransduced MRC-5.
*, P < 0.0001. B and C, genomic DNAs
isolated 6 d after the shRNA transduction
were digested by Hin fI and analyzed in the
in-gel hybridization with 32P-[CCCTAA]4
probe under native (B ) or denatured (C )
conditions. The relative amounts of 3¶
overhang (B) and the peak terminal
restriction fragment lengths (C ) are shown
as in Fig. 2C and D , respectively. D, v5
overexpression rescues cellular
senescence induced by shRNA knockdown
of v5. MRC-5 fibroblasts at passage 41
were transduced with the lentiviral
overexpression vector for v1, v2, v4, or v5
or a control vector ( ). Five days later,
the cells were transduced with the shRNA
vector targeting v5 (sh-v5), cultured for 8 d
further, and examined for SA-h-Gal activity.
As a control, the cells transduced with
control empty vector () and then with
scrambled shRNA control (scr ) were
included in the assay. Columns, mean of
two independent experiments; bars, SD.
*, P < 0.0001; **, P < 0.001. Bottom,
RT-PCR results of endogenous v5 mRNA,
overexpressed POT1 variants (same assay
as in Supplementary Fig. S1B ), and
GAPDH control.

inhibition of anaphase bridge formation and chromosome aberrations (Figs. 1 and 2), and protection from cellular senescence
(Fig. 3), are consistent with the previous findings (13–15, 18),
validating our experimental design and procedures. The functional
analyses of NH2-terminally or COOH-terminally truncated variants
and the comparison with the full-length protein provide important
insight into the dissection of functional domains of human POT1.
v2, virtually consisting of only two OB folds, had no in vivo effects
on telomere length, amounts of 3¶ overhangs, and the formation of
anaphase bridge and abnormal chromosomes (Fig. 1). The NH2terminally truncated v4 variant, missing an OB fold, failed to
maintain 3¶ overhangs and to inhibit anaphase bridge formation
and chromosome aberrations (Fig. 1). These findings suggest that
the intact NH2-terminal OB folds are necessary, but not sufficient,
for in vivo telomere protection functions of POT1. Consistently, our
data also suggest that both the ability of the OB folds to bind
single-stranded telomeric DNA (8, 24) and the participation in the
shelterin complex through TPP1 interaction are necessary for

Cancer Res 2007; 67: (24). December 15, 2007

efficient in vivo telomere localization of POT1 (Supplementary
Figs. S3 and S10), in agreement with the in vitro biochemical data
showing that POT1-TPP1 interaction enhances POT1 affinity for
single-stranded telomeric DNA (11, 12).
Colgin et al. (18) suggested POT1 as a positive regulator of
telomere length because of telomere elongation by POT1 overexpression, whereas Ye et al. (10) regarded it as a negative regulator
of telomere length, because they observed that shRNA knockdown
of POT1 resulted in telomere elongation. This study showed that
either overexpression or shRNA knockdown of full-length POT1
(v1) resulted in telomere elongation in the same cell line (HT1080)
under similar experimental settings (Figs. 1C and 2D). In both
cases, the telomere elongation was likely to be dependent on
telomerase activity, because it did not occur in telomerase-negative
fibroblasts (Fig. 3C; data not shown). Our data provide in vivo
evidence for dual roles of human POT1 in regulating telomerase
function (i.e., negative regulation through preventing telomerase
access to a ssDNA substrate and positive regulation by serving as a
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telomerase processivity factor), which were suggested by in vitro
biochemical studies (11, 12, 17, 19). We hypothesize that a certain
level of POT1 expression is responsible for homeostatic control of
telomere length in telomerase-expressing human cells and that a
deviation of POT1 expression in either direction may shift the
homeostasis toward a longer length of telomeres. Loayza and de
Lange (16) showed that POT1(DOB), an artificial mutant lacking
the first NH2-terminal 126 residues, led to telomere elongation
when overexpressed. In this study, the overexpression of v4, which
is virtually identical to POT1(DOB), caused telomere elongation
to the same extent as full-length POT1 (v1; Fig. 1C). It is likely
that variant v4 and POT1(DOB), even without the first OB fold,
still retain the ability of full-length POT1 to regulate telomere
length in a telomerase-dependent manner. The interaction with
TPP1 (Supplementary Fig. S3) seems essential for this telomerasedependent telomere length regulation because TPP1 can directly
associate with hTERT, the catalytic component of human
telomerase enzyme (11). Our findings in the v4 overexpression
and v1 knockdown experiments (Figs. 1 and 2) showed that
elongated telomeres by themselves were not a primary determinant of the protected state of telomeres.
One of the major findings in this study is the biological activity of
v5, which consists of two NH2-terminal OB folds and a central
region of unknown function and lacks the TPP1-binding ability
(Supplementary Fig. S1A and S3). Despite the infrequent in vivo
telomere localization of v5 similar to the nonfunctional v2
(Supplementary Fig. S10), v5 functioned to protect telomeres from
end-to-end fusions (Figs. 1A and B and 2B) and prevent normal
human cells from undergoing senescence (Fig. 3A) as effectively as
the full-length v1. One interesting possibility is that v5 may bind
and protect telomeres with a specific structure (e.g., a very short 3¶

overhang), which are most susceptible to becoming dysfunctional.
This notion is consistent with no overall change in 3¶ overhang
amounts and a few telomere-associated g-H2AX foci induced by
shRNA knockdown of v5 (Figs. 2C, 3B, and 5A; Supplementary
Fig. S9). It is also possible that v5 competes and/or cooperates with
the other single-stranded telomere-binding proteins, such as RPA
(41) and hnRNPs (42), to exert its telomere-protective activity.
Although the exact molecular mechanism of telomere protection
by v5 still needs to be clarified, the central region present in the
telomere-protective v5, but not in the nonprotective v2, should play
a critical role in interacting with and/or regulating other factors
yet to be identified. Given that a larger fraction of v5 was not
colocalized with hRAP1 and TRF2 (Supplementary Fig. S10; data
not shown) and that some telomere-binding proteins are suggested
to function at other loci than telomeres (43), the investigation of a
possible nontelomeric function of v5 will be also interesting.
The induction of cellular senescence by shRNA-mediated
knockdown of endogenous v5 (Fig. 3), as well as the spontaneous
down-regulation of endogenous v5 expression during replicative
senescence (Supplementary Fig. S6), identified this POT1 variant as a
novel, physiologic regulator of cellular senescence. The almost
complete dependence of v5 knockdown-induced senescence on p53
response to DNA damage, in contrast to the efficient induction of
senescence by v1 knockdown in the absence of a p53 response
(Fig. 4A–C), highlighted the mechanistic difference between the roles
of v1 and v5 in cellular senescence. The Western blot result showing
p53 activation and p16INK4A up-regulation in senescent human
fibroblasts with v1 knockdown (Fig. 4D) suggests that telomere
dysfunction associated with the loss of 3¶ overhangs in these cells
triggered both the p53 and the p16INK4A DNA damage signaling
pathways, as usually observed with telomere dysfunction-driven

Figure 4. POT1v5 knockdown-induced
senescence, but not POT1v1 knockdowninduced senescence, is abrogated in the
absence of a p53 response. A, primary
human NHF fibroblasts were transduced
with a control vector (NHF-pSR ) or
shRNA knockdown vector targeting p53
(NHF-p53KD ). The absence of a p53
response to Adriamycin (ADR ) treatment
(at indicated concentrations for 8 h) in
NHF-p53KD was confirmed by Western
blot. B, NHF-pSR and NHF-p53KD cells
were transduced with scrambled shRNA
control (scr ), shRNA targeting POT1v1
(sh-v1), or shRNA targeting POT1v5
(sh-v5) and examined for SA-h-Gal
activity, as performed in Fig. 3A. Columns,
mean of three independent experiments;
bars, SD. *, P < 0.001. C, representative
pictures of SA-h-Gal staining. D, WI-38
fibroblasts transduced with control shRNA
(scr), POT1v1 shRNA (sh-v1), or POT1v5
shRNA (sh-v5) were examined in
Western blot for p53 (total amount),
p53 phosphorylated at Ser15 residue
(P-S15-p53 ), p21WAF1, and p16INK4A.
h-Actin was a loading control.
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senescence of human cells (44, 45). The increase in p53 phosphorylation and the up-regulation of p21WAF1, without an increase in
p16INK4A, in senescent fibroblasts with v5 knockdown (Fig. 4D) are
consistent with the p53 dependence of this senescence induction.
Interestingly, mouse cell senescence induced by a POT1a deficiency
(23) or overexpression of a mutant POT1b allele (21) was abrogated in

the absence of p53, resembling human cell senescence induced by v5
knockdown. Mouse POT1 proteins may share a common mechanism
for cellular senescence with human v5 variant.
There are some fundamental differences in telomere biology
between mice and humans (46). Recent studies (21–23) showed that
mice have two POT1 proteins (POT1a and POT1b) encoded by two

Figure 5. Differential formation of DNA
damage foci in POT1v1 knockdowninduced versus POT1v5 knockdowninduced senescence. A, WI-38 fibroblasts
transduced with scrambled shRNA control
(scr ), shRNA targeting POT1v1 (sh-v1),
or shRNA targeting POT1v5 (sh-v5 ) were
immunostained with anti-g-H2AX mouse
monoclonal antibody (green ) together with
anti-TRF2 antibody (top ) or anti-hRAP1
antibody (bottom ; red ). The nuclei
were counterstained with DAPI. The
percentages of g-H2AX foci that colocalize
with TRF2 or hRAP1 signals (shown in the
parentheses) were data from at least
10 cells. For sh-v5 cells, examples of the
colocalization are indicated by white
arrows. B, in NHF and WI-38 fibroblasts
with control shRNA (scr ), POT1v1 shRNA
(sh-v1 ), or POT1v5 shRNA (sh-v5 ), the
numbers of g-H2AX foci were counted in at
least 35 cells. The percentages of the
cells with z10 g-H2AX foci are graphed.
C, the same set of shRNA-transduced cells
as in B was examined for g-H2AX levels
in Western blot. Lamin A/C was a
loading control.
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Table 1. POT1v5 expression in MMR-proficient and
MMR-deficient tumor tissues
Samples

Colorectal cancer (HNPCC)
Colorectal cancer (sporadic)
Colorectal cancer (sporadic)
Lung cancer

MMR status*

()
()
(+)
(+)

POT1v5-positive/total
c
cases examined
8/8
10/10
1x/21
0/8

P = 4.16E12b

*Determined by the National Cancer Institute–recommended panel of
microsatellite markers. (+), MMR proficient; (), MMR deficient.
cDetermined by the RT-PCR as shown in Supplementary Fig. S11B
and C.
bFisher’s exact probability test.
x Case c1021 in Supplementary Fig. S11C.

different genes. POT1a and POT1b are functionally distinct,
although they also have some redundant functions. Our findings
that the variant forms of human POT1 protein produced from the
single POT1 gene have different biological activities on telomeres
suggest a different mode of complexity in telomere regulation in
humans from that in mice. Despite this genetic difference, human
chromosome ends, like mouse ones, may also need at least two
functionally distinct, telomere-protective POT1 isoforms (variants
v1 and v5) for normal telomere function and DNA damage signaling.
Considering the sequence similarity between human POT1v1 and
mouse POT1 proteins (>70% identity), it may be surprising that they
apparently have opposite effects on 3¶ overhang regulation: POT1a
deficiency (23) or POT1b deficiency (22) elongated 3¶ overhang in
mice, whereas decreased POT1v1 expression led to a reduction in
3¶ overhang in humans (Figs. 2C and 3B; refs. 13, 14). Consistently,
the overexpression of human POT1v1 caused an increase in 3¶
overhang, which was resistant to the TRF2 inactivation-induced loss
of 3¶ overhang (Fig. 1D). Taken together with the elongation of 3¶
overhang by POT1 deletion in chicken cells (47) and the complete
loss of telomeric DNA in pot1-deleted fission yeast (48), it is likely
that, although POT1 proteins in various organisms are conserved
structurally (i.e., OB fold) and functionally (i.e., control of DNA
damage signaling at telomeres), they may have totally different
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