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Telomere length is controlled by a homeostatic mechanism that involves telomerase, telomere-associated
proteins, and conventional replication machinery. Specifically, the coordinated actions of the lagging strand
synthesis and telomerase have been argued. Although DNA polymerase �, an enzyme important for the lagging
strand synthesis, has been indicated to function in telomere metabolism in yeasts and ciliates, it has not been
characterized in higher eukaryotes. Here, we investigated the impact of compromised polymerase � activity on
telomeres, using tsFT20 mouse mutant cells harboring a temperature-sensitive polymerase � mutant allele.
When polymerase � was temperature-inducibly inactivated, we observed sequential events that included an
initial extension of the G-tail followed by a marked increase in the overall telomere length occurring in
telomerase-independent and -dependent manners, respectively. These alterations of telomeric DNA were
accompanied by alterations of telomeric chromatin structures as revealed by quantitative chromatin immu-
noprecipitation and immunofluorescence analyses of TRF1 and POT1. Unexpectedly, polymerase � inhibition
resulted in a significantly high incidence of Robertsonian chromosome fusions without noticeable increases in other
types of chromosomal aberrations. These results indicate that although DNA polymerase � is essential for genome-
wide DNA replication, hypomorphic activity leads to a rather specific spectrum of chromosomal abnormality.

Telomeres are specialized structures composed of telomeric
DNA and associated proteins, and they protect the termini of
linear chromosomes in eukaryotes. Telomeric DNA in most
eukaryotic organisms consists of tandem arrays of a short re-
petitive sequence called a telomeric repeat, (TTAGGG) · (C
CCTAA) in vertebrates. One strand of the telomeric repeat
running towards the 3� end of telomeres is G-rich (G-strand),
whereas the other strand is C-rich (C-strand). The extreme end
of the G-strand comprises a single-stranded DNA called the
G-tail (66), which is produced by active processes involving
C-strand degradation and/or passive processes involving the
failure of the lagging strand synthesis to replicate the most
terminal portion of telomeric DNA (the end replication prob-
lem) (39, 49, 65, 67).

Telomeres contain a variety of telomere-specific and non-
specific proteins, the most important of which are the proteins
that are specifically bound to the telomeric double-stranded
DNA, TRF1 and TRF2 in vertebrates (reviewed in reference
57). TRF proteins associate with telomeric repeats as ho-
modimers through a specific DNA-protein interaction medi-
ated by the C-terminal Myb-like DNA-binding domain. POT1
specifically recognizes the single-stranded G-tail via the OB
fold domains at its N terminus (5, 31, 32). Recently, it has been

proposed that six telomeric proteins, TRF1, TRF2, and POT1
as well as TIN2, Rap1, and TPP1 (originally known as PIP1,
PTOP, or TINT1), comprise the core components of the mam-
malian telomeric complex (23, 34, 69).

Telomerase is a specialized reverse transcriptase that cata-
lyzes the de novo synthesis of the G-tail using its intrinsic RNA
template (33). In a given population of telomerase-positive
cells, the telomere length is maintained within a relatively
narrow range by means of a feedback mechanism operating
between the telomere structure and the telomerase reaction.
The accessibility of telomerase to its substrate (the 3� terminus
of the G-tail) is negatively regulated in cis by telomeric DNA-
binding proteins (TRF1 in vertebrates) (41, 62). In budding
yeast, the G-tail-binding protein Cdc13 recruits telomerase to
the G-tail and activates it in a collaborative manner with Est1,
a component of the yeast telomerase (15, 52, 59). The regula-
tory role of POT1 in telomerase appears to be more complex.
Although several studies have suggested that POT1 is a posi-
tive regulator of telomerase (4, 10), subsequent studies have
indicated that POT1 is a negative regulator of telomerase (36).
Moreover, it was demonstrated that POT1-bound telomeric
DNAs are not good substrates for telomerase in vitro (27).
POT1 also participates in the protection of telomeric ends,
because partial knockdown of POT1 led to reduced G-tail sizes
and telomere deprotection as manifested by telomere fusions
or the transient accumulation of DNA damage-responsive pro-
teins, such as 53BP1 and �H2AX (22, 64, 68).

During S phase, telomeric DNA is replicated by a replication
fork that originates and moves outward from a replication
origin located somewhere in the inner regions of chromo-
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somes. Accordingly, the G-strand is invariably replicated by the
leading strand synthesis, whereas the C-strand is replicated by
the lagging strand synthesis. While the internal regions of telo-
meres are replicated by the conventional DNA replication
mechanism, several studies in different systems suggest that the
telomerase reaction is intimately coupled with DNA replica-
tion. The telomerase reaction at artificially shortened telo-
meres appears to occur concomitantly with telomere replica-
tion in late S phase in budding yeast (40). In Oxytricha nova,
telomeres and telomerase are colocalized at the replication
band, a specialized structure undergoing replication (17). Be-
cause telomerase synthesizes only the G-strand, C-strand syn-
thesis is required to complete the double-stranded telomeric
DNA elongation. This task is believed to be performed by the
lagging strand synthesis machinery. De novo addition of telo-
meric double-stranded DNA to an inducibly formed double-
strand break did not occur in the absence of functional DNA
polymerase �, polymerase �, or primase, which are the en-
zymes required for the lagging strand synthesis (13). More
importantly, the synthesis of the G-strand by telomerase did
not occur on such occasions. Therefore, the lagging strand
synthesis machinery is essential not only for the C-strand syn-
thesis, but also for the G-strand synthesis by telomerase, sug-
gesting highly coordinated actions of the two DNA-synthesiz-
ing apparatuses. Consistent with this notion, it was
demonstrated that budding yeast polymerase � physically in-
teracts with Cdc13 and that fission yeast polymerase � interacts
with the telomerase catalytic subunit, Trt1 (12, 52).

Euplotes crassus provides a unique opportunity to study the
role of the lagging strand synthesis independent of genome-
wide replication. During the maturation of macronuclei, te-
lomerase extensively adds telomeric DNAs to numerous newly
formed DNA termini in the absence of general DNA replica-
tion. When cells were treated with aphidicolin, an inhibitor of
DNA polymerases �, �, and ε, during this specific period both
G- and C-strand syntheses were perturbed, indicating that the
lagging strand synthesis is closely coupled with the telomerase
reaction (16). Indeed, one biochemical study has shown that a
DNA primase component and telomerase reside in the same
complexes during the developmental stage of macronuclei in
this organism (53). Taken together, the lagging strand synthe-
sis plays two roles in telomeric DNA synthesis: as a conven-
tional DNA replication apparatus together with the leading
strand synthesis and as a C-strand fill-in reaction coupled with
the G-tail extension by telomerase (reviewed in reference 51).

The importance of the lagging strand synthesis machinery in
telomere maintenance has been genetically demonstrated in
budding yeast. It was observed that native telomere length was
increased at the semipermissive temperature in yeast mutants
of DNA polymerase � and Rfc1 that is involved in the lagging
strand synthesis by loading PCNA (1, 7). Importantly, telomere
elongation in DNA polymerase � mutants grown at the semi-
permissive temperature depends on the presence of active
telomerase (1), reemphasizing the intimate relationship be-
tween the lagging strand synthesis apparatus and telomerase.
The repression of telomere-inserted genes (telomere position
effect [TPE]), which reflects telomeric heterochromatin, is also
inactivated in DNA polymerase � mutant cells exposed to the
semipermissive temperature, indicating that not only the DNA
structure but also the chromatin structure at telomeres is al-

tered by the compromised DNA polymerase � activity (2).
Although such extensive studies in yeasts and ciliates have
implicated the role of the lagging strand synthesis in telomere
maintenance, similar conclusions have yet to be reached for
higher eukaryotes.

tsFT20 cells, a mutant clone identified in N-methyl-N�-nitro-
N-nitrosoguanidine-treated mouse mammary carcinoma
FM3A cells, show temperature-sensitive growth: the cells grow
as well as the parent FM3A cells at 33°C, but not at 39°C (44).
The point mutation at codon 1180 of the DNA polymerase �
p180-kD subunit gene leading to a Ser-to-Phe substitution is
responsible for the phenotype as well as the heat-labile activity
of DNA polymerase � in tsFT20 cells (26). In this study, we
examined tsFT20 cells in order to investigate the role of DNA
polymerase � in telomere regulation in mammalian cells.

MATERIALS AND METHODS

Plasmids. cDNAs for mouse POT1, mouse TRF1, and the wild-type and the
mutant forms of mouse DNA polymerase � p180 were expressed as fusion
proteins with N-terminally inserted three hemagglutinin (HA) tags and three
Flag tags using pMX-puro retrovirus vector (29) and the packaging cells Plati-
num E (PE) (43).

Cell culture and transfection. tsFT20 cells were maintained at the permissive
temperature of 33°C or the semipermissive temperature of 38°C in RPMI 1640
medium (Nissui) supplemented with 10% fetal bovine serum, 20 mM L-glu-
tamine, NaHCO3, penicillin, streptomycin, and amphotericin. High-titer retro-
viral stocks were generated by transient transfection of PE packaging cells.
Retroviral gene transfer was performed as previously described (54), and in-
fected cells were selected by treatment with 10 �g/ml puromycin (Sigma).

Cell cycle analysis. Subconfluent cultures were fixed with 70% ethanol and
kept overnight at 4°C. Fixed cells were incubated with RNase (1 mg/ml; Sigma)
for 30 min at 37°C, followed by staining with 50 �g/ml propidium iodide (Na-
calai) for 30 min at room temperature. Flow cytometry was performed with a
FACSCalibur (Becton Dickinson).

Hybridization of telomeric DNA. Genomic DNA was digested with HinfI (0.3
U/�l; TaKaRa) overnight at 37°C. The digested DNA was fractionated on a 0.8%
agarose gel in 1� Tris-acetate-EDTA. The gels were blotted onto Hybond-N�

membranes (Amersham), which were hybridized with the 5�-end-labeled (CCC
TAA)4 oligonucleotide probe in hybridization buffer (50% formamide, 5� Den-
hardt’s, 5� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.5%
sodium dodecyl sulfate [SDS]) overnight at 42°C. For in-gel hybridization,
genomic DNA was treated with or without 0.25 U/�l exonuclease I (Exo I; New
England Biolabs) overnight at 37°C. DNA was digested with HinfI overnight at
37°C and subjected to electrophoresis on a 0.8% agarose gel in 1� Tris-acetate-
EDTA. In-gel hybridization analysis was performed with the 5�-end-labeled
(CCCTAA)4 oligonucleotide probe in Church’s hybridization buffer (7% SDS,
0.5 M NaPO4 [pH 7.2], 1 mM EDTA) overnight at 42°C (9). After obtaining
autoradiographs, the gel was denatured with alkaline buffer (0.5 N NaOH and
150 mM NaCl) for 30 min, neutralized, and reprobed with the same probe to
ensure that equal amounts of DNA were loaded in each lane.

ChIP assay. The chromatin immunoprecipitation (ChIP) assay was performed
according to the methods described in the literature (24, 36). HA-POT1- and
HA-TRF1-expressing tsFT20 cells were fixed with 1% formaldehyde in the
medium for 10 min at 37°C, and this was followed by washing with phosphate-
buffered saline (PBS; Nissui), lysis in cell lysis buffer (1% SDS, 10 mM EDTA,
and 50 mM Tris-HCl, pH 8.0), sonication, and centrifugation for 10 min at 4°C.
For immunoprecipitation, anti-HA antibodies (16B12; Babco) and protein G-
Sepharose beads (Amersham) were used. After washing the beads with NET
buffer (0.5% NP-40, 150 mM NaCl, 5 mM MgCl2, 1 mM EDTA, and 1 mM
EGTA), coprecipitated DNA was extracted and suspended in Tris-EDTA. The
samples were denatured with 0.4 N NaOH and blotted onto Hybond-N� mem-
branes. The membranes were hybridized with the 5�-end-labeled (CCCTAA)4 or
(CA)12 oligonucleotide probe. The results were analyzed with a phosphorimager
(Typhoon 9400; Amersham).

Telomerase knockdown by antisense oligonucleotides. 2�-O-MeRNA oligonu-
cleotides were from GENSET OLIGOS. The sequences of the matched and
mismatched anti-TR template oligonucleotides are 5�-CAGUUAGGGUUA
G-3� and 5�-CAGUUAGAAUUAG-3�, respectively, where the underlined nu-
cleotides possess phosphorothioate linkages (21). A total of 2 � 105 tsFT20 cells
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in 2 ml of RPMI medium (without antibiotics) were transfected with 1.6 nmol
2�-O-MeRNA oligonucleotides using 8 �l of Lipofectamine 2000 (Invitrogen) in
1 ml of Opti-MEM l (Invitrogen). The cells were fed with fresh medium 3 days
after the transfection. The following day, the cells were harvested and assayed for
telomerase activity using the TeloChaser kit (TOYOBO) based on the stretch
PCR method (60).

Immunofluorescence (IF). Cells plated on cover slides were prepermeabilized
in 0.1% Triton buffer (0.1% Triton X-100, 20 mM HEPES-KOH [pH 7.4], 50
mM NaCl, 3 mM MgCl2, 300 mM sucrose) on ice for 5 min and fixed with 2%
formaldehyde in PBS on ice for 10 min. They were washed twice with PBS and
treated with Triton buffer (same as 0.1% Triton buffer except 0.5% Triton X-100
was used) at room temperature for 10 min. Subsequent steps were performed as
previously reported (45). Images were recorded with a Delta Vision restoration
microscope (Applied Precision) equipped with a 60� objective lens. 4,6-Dia-
midino-2-phenylindole (DAPI), Alexa 488, and cyanine 3 (Cy3) were excited by
lights at 360 nm (�20 nm), 490 nm (�10 nm), and 555 nm (�14 nm), respec-
tively, and images were collected at 457 nm (�25 nm), 528 nm (�14 nm), and
617 nm (�37 nm), respectively. Rabbit anti-mouse TRF1 antibodies (25) were a
kind gift from Y. Shinkai (Kyoto University Institute for Virus Research).

Quantitative image analysis. Alexa 488 and Cy3 signals that represented
TRF1 and HA-POT1, respectively, were processed by the deconvolution soft-
ware in Delta Vision and Graphic Converter (Lemke Software), and signal
intensity was recorded for each pixel. One z-section was chosen for each scanned
field. The background signal was determined so that the telomeric signals ap-
peared as punctuate spots. Once a threshold value was determined, it was
applied to the sections examined in the same scanned field. Signals above the
threshold value were extracted, and positive pixels continuous in the x-, y-, or
z-section were merged to form signal particles. The diameters of all the particles
were less than 0.4 �m. In a previous similar study, single telomeres were detected
as fluorescence in situ hybridization (FISH) signals showing a similar size dis-
tribution, suggesting that most, if not all, TRF1 and POT1 signals in our study
represented single telomeres (50). The signal intensities (after subtracting the
background) were integrated for each particle, and the value was considered to
represent the intensity of the cognate telomeric fluorescence signal. Histograms
of the signal intensity distribution were created using Kaleida Graph (Synergy
Software). The difference between distributions obtained from different samples
was statistically analyzed by the Wilcoxon-Mann-Whitney test.

FISH. Cells were grown for 4 to 12 h in the presence of 0.1 �g/ml Colcemid.
After treatment with hypotonic buffer (10 mM Tris HCl, 10 mM NaCl, and 5 mM
MgCl2) for 30 min, the cells were fixed with methanol-acetic acid, dropped on
glass slides, and dried. Telomere FISH was performed essentially as described in
reference 72. The glass slides were washed with PBS and fixed with 3% formal-
dehyde for 10 min. A hybridization mixture containing 0.3 �g/ml Cy3-conjugated
(CCCTAA)3 PNA probe (Sawady) in 50% formamide, 2� SSC, 10% dextran
sulfate, and 5� Denhardt’s solution was prepared. The hybridization mixture was
preheated at 80°C for 3 min and incubated with the glass slides overnight at room
temperature. The glass slides were washed with 2� SSC and 50% formamide
twice, followed by washing with 2� SSC twice and staining with 1 �g/ml DAPI.
Cells were analyzed with a Delta Vision restoration microscope (Applied Pre-
cision).

RESULTS

Telomeres are elongated in tsFT20 cells at semipermissive
temperature. It has been reported that tsFT20 cells grow as
well as the parent FM3A cells at the permissive temperature of
33°C, but not at the nonpermissive temperature of 39°C (44);
this was recapitulated in this study (Fig. 1A). We cultured the
cells at various temperatures and found that they grew slowly
at 38°C. The doubling times of tsFT20 cells at 33°C and 38°C
were 24 h and 30 h, respectively, whereas those of FM3A cells
at 33°C and 38°C were from 16 to 18 h. tsFT20 cells cultured at
38°C exhibited an increase in the fraction of cells in S phase
compared with those cultured at 33°C (53.8% versus 36.5%).
In contrast, FM3A cells cultured at these temperatures showed
essentially the same fractions of cells in S phase (33.5% and
29.3% at 33°C and 38°C, respectively) (Fig. 1B). tsFT20 cells
cultured at 38°C showed reduced levels of bromodeoxyuridine
incorporation (data not shown). These results are consistent

with the idea that DNA polymerase � activity in tsFT20 cells at
38°C is partially inactivated. The slow growth (Fig. 1C) and the
increase of the S-phase fraction (data not shown) of tsFT20
cells at 38°C were rescued when the cells were transfected with
retrovirus encoding the wild-type p180 subunit (p180-WT)
cDNA, but not with those encoding the tsFT20-derived tem-
perature-sensitive mutant allele (p180-tsFT20) cDNA or the
empty vector (Fig. 1C). Taken together, we concluded that the
mutant DNA polymerase � in tsFT20 cells has a semipermis-
sive temperature of 38°C, which was used in this study to
compromise DNA polymerase � activity in a temperature-
inducible manner.

We measured the telomere lengths of FM3A and tsFT20
cells cultured at permissive (33°C) and semipermissive (38°C)
temperatures. Both cell types were routinely maintained at
33°C and divided into two populations, one kept at 33°C and
the other shifted to 38°C. Genomic DNA was isolated, digested
with HinfI, and analyzed by Southern hybridization using the
vertebrate telomeric oligonucleotide probe, (CCCTAA)4. Mus
musculus typically shows long telomeric repeats ranging from
approximately 50 to 100 kb (28). However, FM3A cells pos-
sessed relatively short (6 to 9 kb) telomeric repeats in all cases
of cultures at 33°C or 38°C for 1, 6, or 9 weeks (Fig. 2A, lanes
1 to 5). The band at 	4 kb is derived from internal telomeric
repeats. tsFT20 cells grown at 33°C for 1 or 9 weeks exhibited
telomeric repeats within the same length range (lanes 6 and 7).
In contrast, tsFT20 cells kept at 38°C showed progressive and
marked elongation of telomeric repeats during the 9-week
culture. The repeat length did not noticeably change after
incubation for 1 week at the semipermissive temperature (lane
8) but was markedly increased after a 6-week incubation (lane
9). At this time, two telomeric signals were apparent, a smear
signal around 7 to 9 kb and the other around 20 to 30 kb. After
a 9-week culture, the 20- to 30-kb signal increased in size
further, and the smear signal appeared to be larger than the
20- to 30-kb signal, suggesting that the telomeric repeat growth
continued during the incubation period of 6 to 9 weeks at 38°C
(lane 10).

By performing the experiments several times independently
and measuring the elongation kinetics of the telomeric repeat,
we noticed two apparently distinct elongation patterns. In
some culture populations, it appeared that the telomeric re-
peats grew abruptly within a relatively short window of time. In
one case, shown in Fig. 2B, a sudden onset of elongation was
observed between the 3- and 4-week time points after the
temperature shift. The size and intensity of the major signal
kept increasing thereafter, indicating that telomere elongation
continued (lanes 5 to 9). In other culture populations, as ex-
emplified in Fig. 2C, the elongation rate of telomeric repeats
appeared to be relatively constant, and the end point after a
9-week culture at 38°C was a relatively mild telomeric exten-
sion compared with cases that showed sudden elongation. In a
total of eight independent cultures, the type of elongations
shown in Fig. 2B and 2C were observed five and three times,
respectively. Interestingly, any given culture population dis-
played either type of telomere elongation with some excep-
tions (see below), and the time course of elongation was rela-
tively reproducible within one type (see Fig. S1 in the
supplemental material). We do not know at this moment what
is responsible for the difference in behavior of telomeres in
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response to the temperature shift, and it appears to be deter-
mined stochastically. We also noted that in some cases, as
shown in Fig. 2A, the population was a mixture of two sub-
populations that showed two distinct elongation patterns, judg-
ing from the presence of the suddenly elongating telomere
populations and the gradually elongating ones. We do not
know whether different cell populations in the culture or dif-
ferent telomeres in one cell behave differently in such cases.
We concluded that the telomeric repeat length of tsFT20 cells
is markedly and continuously increased after the temperature
is shifted from 33°C to 38°C.

To confirm that the telomere elongation in tsFT20 cells at
38°C is due to the defect of the p180 subunit of DNA poly-
merase �, a complementation experiment was performed using
tsFT20 cells expressing p180-WT or p180-tsFT20 (described in
Fig. 1C). These cells were maintained at 33°C or 38°C for 5
weeks, and their telomere lengths were analyzed by Southern
hybridization (Fig. 2D). We found that tsFT20 cells rescued by
p180-WT did not show telomere elongation at 38°C (lane 5).

On the other hand, tsFT20 cells expressing p180-tsFT20 or
infected with the control vector showed elongated telomeres at
38°C (lanes 3 and 7). These results indicate that telomere
elongation in the tsFT20 mutant is caused by the specific defect
of DNA polymerase � at 38°C.

G-tail extension prior to telomeric double-stranded DNA
elongation. To explain telomere elongation in tsFT20 cells at
the semipermissive temperature, we reasoned that the defec-
tive DNA polymerase � produced abnormal telomeric DNA
structures. Because DNA polymerase � is mainly involved in
the lagging strand synthesis, its mutant may show a defect of
the telomeric C-strand synthesis that leads to the extension of
the G-tail. The amount of the G-tail was measured using the
nondenaturing in-gel hybridization technique for FM3A and
tsFT20 cells grown at 33°C or 38°C. HinfI-digested DNA run in
a gel was directly hybridized with the (CCCTAA)4 oligonucle-
otide probe under neutral conditions and subjected to phos-
phorimaging analysis. The gel was subsequently denatured and
rehybridized with the (CCCTAA)4 oligonucleotide probe, and

FIG. 1. Temperature-dependent growth of tsFT20 cells. A. Growth curves of FM3A (wild type) and tsFT20 mutant at 33°C, 37°C, 38°C, and
39°C. tsFT20 exhibited significant yet retarded growth at 38°C and no growth at 39°C. Cell density was adjusted to 105/ml at 0 h, and the cultures
were continued for 96 h. Cell density was measured at intervals as indicated. B. Cell cycle analysis of FM3A and tsFT20 cells showing logarithmic
growth at 33°C and 38°C by FACScan. tsFT20 cells cultured at 38°C showed an increase in the fraction of cells in S phase. The percentages of cells
in G1, S, and G2�M phases (indicated by brackets above the peak curves) were as follows: 43.2%, 33.5%, and 23.3% for FM3A at 33°C; 49.5%,
29.3%, and 21.2% for FM3A at 38°C; 44.6%, 36.5%, and 18.9% for tsFT20 at 33°C; and 28.7%, 53.8%, and 17.5% for tsFT20 at 38°C. C. tsFT20
cells expressing the wild-type p180 subunit of DNA polymerase � bypassed the slow growth at high temperatures. tsFT20 cells were infected with
retroviruses encoding the indicated proteins, and the infected cells were selected by treatment with puromycin for 5 days. The selected cells as well
as FM3A cells were used for obtaining growth curves as described for panel A. Mock-infected, vector; wild-type p180 subunit of DNA polymerase
�, p180-WT; temperature-sensitive mutant form of p180 derived from tsFT20,p180-tsFT20.
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autoradiographs were obtained (Fig. 3). The signals obtained
by the nondenaturing in-gel hybridization were sensitive to the
treatment with Exo I, which digests single-stranded DNA from
the 3� termini prior to the HinfI digestion, suggesting that they
were indeed derived from the G-tail (Fig. 3A, lanes 5 to 8 and
13 to 16). Signals detected after rehybridization of the dena-
tured gel (Fig. 3B) showed similar intensities except for those
of tsFT20 cells grown at 38°C for 9 weeks, which showed
extensive telomeric elongation that excluded a direct compar-
ison with the other lanes. However, the 	4-kb band derived
from internally located telomeric repeat sequences was de-
tected at the same intensity for all cases. The results together
indicated that the same amounts of genomic DNAs that were
completely digested were analyzed in Fig. 3A.

FM3A cells showed similar signal intensities under nonde-
naturing conditions for all cases when grown at 33°C or 38°C
for 1 or 9 weeks (Fig. 3A, lanes 1 to 4), demonstrating that the
G-tail length did not change much despite the different culture
conditions. In contrast, tsFT20 cells cultured at 38°C showed
significant increases of the signal intensity in the nondenatured
gel, compared with the control tsFT20 cells at 33°C (Fig. 3A,
lanes 9 to 12). tsFT20 cells grown at 38°C for 1 week showed a
signal with increased intensity (Fig. 3C) (1.9-fold � 0.18-fold;
n 
 3) (the G-tail signal intensity is normalized to the loading
control, the intensity of the 	4-kb band in Fig. 3B) and the
same mobility compared with those grown at 33°C (Fig. 3A,
lanes 9 and 10). These results are consistent with the observa-
tion that the telomeric sequences did not elongate at this stage

FIG. 2. Elongation of telomeric repeats in tsFT20 at semipermissive temperature. HinfI-digested genomic DNAs isolated from FM3A or
tsFT20 cells cultured at 33°C or 38°C for the indicated periods were analyzed for telomeric repeats by Southern hybridization using the telomeric
repeat probe (CCCTAA)4. A. tsFT20 exhibited gradual elongation of telomeric repeats during culture at 38°C for 9 weeks. B. Some tsFT20
populations displayed sudden onset of telomeric repeat elongation. C. Some tsFT20 populations displayed gradual telomeric repeat elongation.
D. Telomeric repeat elongation does not occur in tsFT20 cells rescued by p180-WT. tsFT20 cells expressing the indicated protein were measured
for telomeric repeat length after incubation at 33°C or 38°C for 5 weeks. tsFT20 cells were infected with the control retrovirus vector (vector), the
retrovirus encoding the wild-type p180 (p180-WT), or the temperature-sensitive p180 mutant derived from tsFT20 (p180-tsFT20), selected by
puromycin treatment, and analyzed.
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(Fig. 3B, lane 10) and suggest that the G-tail had already
extended prior to the elongation of the telomeric repeats.
After a 9-week culture at 38°C, tsFT20 cells displayed elon-
gated telomeres (Fig. 3B, lane 12) and the G-tail showed a
further increase in signal intensity (Fig. 3C) (2.4-fold � 0.27-
fold; n 
 3) and consistently retarded mobility (Fig. 3A, lane
12). The G-tail extension observed in tsFT20 cells at 38°C was
caused by compromised DNA polymerase � activity, because
tsFT20 cells expressing p180-WT did not show this phenotype,
whereas those expressing p180-tsFT20 did (data not shown).
We concluded that the alteration of telomeric DNA occurs in
a two-step manner in DNA polymerase �-defective tsFT20
cells: first, the length of the single-stranded region of telomeres
is increased, and this is followed by the elongation of the
double-stranded telomeric repeats.

Ordered increases of POT1 and TRF1 bound to telomeres in
tsFT20 cells at semipermissive temperature. Such an ordered
sequence of G-tail extension and telomeric DNA elongation
was previously observed in a temperature-sensitive yeast DNA
polymerase � mutant (2). It was also reported that TPE is
inactivated in the mutant at the semipermissive temperature,
suggesting that not only the structure of telomeric DNA but
also that of telomeric chromatin was changed by defective
DNA polymerase � (2). To examine whether telomeric chro-
matin is also altered in tsFT20 cells cultured at 38°C, we fo-
cused on two telomeric DNA-binding proteins, TRF1 and
POT1, which bind to double-stranded and single-stranded te-
lomeric DNA, respectively (5, 8). Using retrovirus vectors, we
generated tsFT20 cells that stably expressed N-terminally HA-
tagged mouse POT1 or mouse TRF1 (tsFT20-HA-POT1 or
tsFT20-HA-TRF1, respectively). Indirect IF experiments using
anti-HA antibodies indicated that HA-POT1 and HA-TRF1
colocalized with endogenous TRF1 detected with anti-TRF1
antibodies (data not shown). Telomere lengths were not sig-
nificantly altered by the expression of HA-POT1 or HA-TRF1
(Fig. 4A, lanes 1 to 3 and lanes 7 to 9).

To analyze the amounts of POT1 and TRF1 that bind to
telomeres during the two-step alteration of telomeric DNA, we
incubated tsFT20-HA-POT1 and tsFT20-HA-TRF1, as well as
mock-infected tsFT20, at 38°C for 2 or 8 weeks. The expression
levels of HA-POT1 in tsFT20-HA-POT1 and HA-TRF1 in
tsFT20-HA-TRF1 did not change regardless of culture at 33°C
or 38°C (data not shown). The cells cultured at 38°C for 2
weeks did not show noticeable double-stranded telomeric
DNA elongation compared with those cultured at 33°C, dem-
onstrating that the cells were at the first step of telomeric DNA
alteration (Fig. 4A, 2 weeks). The cells grown at 38°C for 8
weeks displayed extensive telomeric DNA elongation, indicat-
ing that they had entered the second step of telomeric DNA
alteration (Fig. 4A, weeks). These cell samples were analyzed
for the presence of telomeric DNA-bound proteins by the
ChIP assay (Fig. 4B). HA-tagged proteins were immunopre-
cipitated from formalin-cross-linked cell samples using an-
ti-HA antibodies. The presence of telomeric DNA in the de-
cross-linked immunoprecipitates was detected by slot blot
hybridization with the telomeric (CCCTAA)4 oligonucleotide
probe without any amplification step. Little, if any, telomeric
DNA was detected in the immunoprecipitates from mock-
infected tsFT20 cells cultured at 33°C or 38°C for 2 or 8 weeks
(Fig. 4B). As a second negative control, the (CA)12 oligonu-

FIG. 3. tsFT20 at 38°C showed an extended G-tail before telomeric
DNA elongated. A. G-tail signals. DNA was prepared from FM3A or
tsFT20 cells that were cultured at 33°C or 38°C for 1 or 9 weeks,
treated or untreated with Exo I, and HinfI digested. After electro-
phoresis, the DNA in the gel was hybridized with the (CCCTAA)4
probe under nondenaturing conditions. The gel was exposed to a film
to obtain an autoradiograph. B. The gel used in panel A was denatured
and rehybridized with the (CCCTAA)4 probe. C. The intensities ob-
tained in panel A were normalized to the intensity of the 	4-kb signal
in panel B, and the relative values are shown such that the value for
FM3A or tsFT20 cells cultured at 33°C for 1 week is set as 1.
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cleotide probe did not detect any signals in the immunopre-
cipitates of either case (Fig. 4B, 8-week samples). These results
together demonstrated the specificity of the ChIP assay. The
hybridization was quantitative, because when we loaded seri-
ally diluted samples, we found that the signal intensities were
changed in a linear fashion (data not shown).

We calculated the fraction of telomeric DNAs immunopre-
cipitated by anti-HA antibodies relative to the total telomeric
DNAs in the whole-cell extract (WCE). Approximately 0.4 to
2.4% of telomeric DNAs present in WCE (after subtracting
the background precipitates deduced by the mock expressing
cells) were immunoprecipitated in our system. In a previous
study, approximately 20 to 30% of total telomeric DNAs were
consistently detected in anti-TRF1 immunoprecipitates among
different cell lines showing different telomere lengths, suggest-
ing that TRF1 associates with telomeres in a stoichiometric
manner with telomeric DNA length (36). The reason for the
relatively low recovery of the telomeric DNA in the immuno-
precipitates in this study compared with those in the previous
study is not known.

In the case of 2-week cultures, significantly larger amounts
of telomeric DNAs were found in anti-HA-POT1 precipitates
from cells incubated at 38°C than from cells incubated at 33°C
(Fig. 4C, graph a; n 
 3), concomitantly with the elongation of
single-stranded G-tail in tsFT20 at 38°C. In contrast, those
amounts present in anti-HA-TRF1 precipitates were within the
same range between cells cultured at 33°C or 38°C (n 
 3), a
result consistent with the observation that the double-stranded
telomeric DNA did not elongate at this stage.

When we analyzed the ChIP results obtained for cells in the
second step of telomeric changes (8-week incubation), it was
necessary to take into account the telomere elongation. For the
normalization, we used the (CA)12 signal in WCE as the total
DNA of unit cells. Total telomeric DNA per unit cell was
increased by approximately twofold in tsFT20-HA-TRF1 and
tsFT20-HA-POT1 cells cultured at 38°C, compared with that
in cells cultured at 33°C for 8 weeks (2.2-fold � 0.74-fold, n 

3, and 2.0-fold � 0.40-fold, n 
 3, respectively). Relative te-
lomeric DNA per unit cell was calculated from the following
equation: [(CCCTAA)4 signal in WCE]/[(CA)12 signal in
WCE]. The relative amount of precipitated telomeric DNA
per unit cell (i.e., per single telomere locus) was calculated
from the equation [(CCCTAA)4 signal in IP]/[(CA)12 signal in
WCE], and the results indicated that significantly larger
amounts of telomeric DNAs were present in both HA-TRF1

FIG. 4. ChIP analyses revealed that POT1 and TRF1 sequentially
accumulate at telomeres. A. tsFT20 cells stably expressing the HA-
tagged indicated protein were obtained by infecting the cells with
retrovirus expression vectors, followed by puromycin selection. The
cells were cultured at 33°C or 38°C for 2 or 8 weeks, and DNAs were
digested with HinfI and subjected to Southern hybridization using the
telomeric (CCCTAA)4 probe. B. Telomeric DNA present in anti-HA
immunoprecipitates from tsFT20 cells expressing HA-TRF1 or HA-
POT1. tsFT20-HA-POT1, tsFT20-HA-TRF1, and mock-infected
tsFT20 cells were cultured at 33°C or 38°C as indicated and subjected
to ChIP assay. DNAs present in the immunoprecipitates obtained with
anti-HA antibodies were directly hybridized with indicated probes.
The applied amount of WCE samples was equivalent to 1/16 of that of
IP samples. The fraction of telomeric DNA specifically precipitated
among that in WCE (Telo IP/Telo WCE) was calculated as follows:

[(telomeric DNA signal in precipitate)/(telomeric DNA signal in
WCE)]

(TRF1 or POT1)
� [(telomeric DNA signal in precipitate)/(telomeric

DNA signal in WCE)](mock). For the cells incubated at 38°C for 8
weeks, the relative amount of telomeric DNA specifically precipitated
per unit cell (Telo IP/CA WCE) was calculated as [(telomeric DNA
signal in precipitate)/(CA signal in WCE)](TRF1 or POT1) � [(telomeric
DNA signal in precipitate)/(CA signal in WCE)](mock). These values
are expressed in arbitrary units. C. Quantitation of ChIP results. The
results obtained from three independent experiments including that
shown in B were quantitated. (a and b) Fraction (percentage) of
precipitated telomeric DNAs among the total telomeric DNAs for cells
incubated for 2 weeks (a) and 8 weeks (b) at the indicated tempera-
tures. (c) Amount of precipitated telomeric DNAs on a unit cell basis
(expressed in an arbitrary unit) for cells incubated for 8 weeks at the
indicated temperatures.
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and HA-POT1 precipitates from cells incubated at 38°C than
in those from cells incubated at 33°C (5.1-fold, n 
 3, and
4.1-fold, n 
 3, respectively) (Fig. 4C, graph c).

It was also suggested that the relative density of TRF1 and
POT1 at telomeres {the amount of telomeric DNA per unit
telomeric DNA length, calculated from the equation [(CCCT
AA)4 signal in IP]/[(CCCTAA)4 signal in WCE]}, was in-
creased in these cells, although the increase was not statisti-
cally significant for POT1 (2.1-fold, n 
 3, and 1.7-fold, n 
 3,
respectively) (Fig. 4C, graph b). Taken together, it was found
that the absolute amounts of, and possibly the relative densities
of, HA-POT1 at telomeres were increased in tsFT20-HA-
POT1 cells incubated at 38°C for 2 weeks and thereafter. In
contrast, increases in the abundance of HA-TRF1 were not
observed until the second step of telomeric changes (8-week
incubation at 38°C).

As a second means to quantitate the relative abundance of
POT1 and TRF at telomeres, we measured the relative signal
intensity of HA-POT1 and the endogenous TRF1 immunoflu-
orescence in cells detected with anti-HA and anti-TRF1 anti-
bodies, respectively. tsFT20-HA-POT1 cells were preperme-
abilized to remove soluble proteins, fixed, and reacted with
antibodies. Signal intensities were recorded for each pixel in
one nucleus, and pixels showing signals above the background
level were extracted (see Materials and Methods). The distri-
bution of particle signal intensity for each cell culture (200 to
300 segments for each condition) was analyzed (Fig. 5A). The
Wilcoxon-Mann-Whitney test indicated that the median inten-
sities of the TRF1 fluorescence signals were within the same
range between cells cultured at 33°C and 38°C for 2 weeks (P

 0.58). In contrast, the median intensities of the TRF1 fluo-
rescence signals in cells cultured at 38°C for 8 weeks, and also
the HA-POT1 fluorescence signals in cells cultured at 38°C for
2 or 8 weeks, were significantly higher than those in cells
cultured at 33°C (P � 0.001 in all cases). These results indi-
cated that telomere-bound HA-POT1 but not TRF1 was in-
creased in tsFT20-HA-POT1 cells after a 2-week incubation at
38°C, and both HA-POT1 and TRF1 were increased after an
8-week incubation compared with those cultured at 33°C.

The mean signal intensity was calculated for all particles in
cells under one growth condition after subtracting the back-
ground signal. The relative mean signal intensity (RMSI38/33)
was obtained by dividing the value for cells cultured at 38°C by
that for cells cultured at 33°C. Experiments were performed
independently four times, and the obtained RMSI38/33 values
for TRF1 for cells incubated for 2 weeks and 8 weeks were
1.13-fold � 0.26-fold and 2.6-fold � 1.05-fold, respectively. In
contrast, the RMSI38/33 values for HA-POT1 after 2- and
8-week incubations were 1.9-fold � 0.47-fold and 2.3-fold �
0.90-fold, respectively (Fig. 5B). Because the “background
level” varied to some extent from sample to sample, the abso-
lute values obtained in this analysis should be considered semi-
quantitative. However, it is noteworthy that the RMSI38/33

values obtained in these experiments were consistent with
those obtained in the ChIP experiments (Fig. 4).

Taken together, these experiments suggest that impaired
DNA polymerase � activity results in dynamic changes of not
only telomeric DNA but also telomeric chromatin structures.
In the initial step of the changes (2 weeks at 38°C), POT1
rather than TRF1 associates with telomeric DNA in higher

absolute amounts than in cells cultured at 33°C, concomitant
with possessing longer G-tails without overall telomeric DNA
elongation. In the second stage (8 weeks at 38°C), larger
amounts of both TRF1 and POT1 associate with telomeric
DNA, concomitant with possessing long telomeric DNA and
G-tails. Therefore, it appears that the amounts of POT1 and
TRF1 present at telomeres are largely correlated with the
lengths of single-stranded and double-stranded telomeric re-
gions, respectively, in this system.

Telomerase is required for telomeric repeat elongation, but
not for G-tail extension, in tsFT20 at semipermissive temper-
ature. The G-tail extension and the telomeric repeat elonga-
tion may have several possible mechanisms. The G-tail may be
exposed simply because of the failure of the C-strand synthesis,
or it may be elongated by a net synthesis, for example, by
telomerase. Similarly, the telomeric repeat may be synthesized
by telomerase or such mechanisms as those involving DNA
recombination. To investigate the role of telomerase in the
two-step alteration of telomeric DNA in tsFT20 cells at the
semipermissive temperature, we knocked down the telomerase
activity using a 13-nucleotide phosphorothioate oligonucleo-
tide that targets telomerase RNA (TR) (21). The anti-TR
oligonucleotide contains the sequence 5�-AGGGUUAG-3�,
which is completely complementary to the template region of
mouse telomerase RNA (mTR), 5�-CUAACCCU-3�. As con-
trol, we also tested an anti-TR-Cr oligonucleotide that con-
tains the sequence 5�-AGAAUUAG-3�, having two nucleo-
tides not complementary to mTR (underlined). These two
oligonucleotides were transfected into tsFT20 cells cultured at
33°C or 38°C separately, and telomerase activity was measured
using the stretch PCR assay 4 days after the transfection (60).
Telomerase was significantly inhibited not by anti-TR-Cr, but
by anti-TR, at 33°C and 38°C (Fig. 6B, lanes 4 to 7). The
activity was sensitive to RNase pretreatment, suggesting that
the product was indeed derived from telomerase activity (lanes
8 to 11). Then, tsFT20 cells were transfected with the oligo-
nucleotides every 3 days during a 5-week culture. tsFT20 cells
transfected with anti-TR or anti-TR-Cr for 5 weeks at 33°C
showed no change in telomere length compared with those
observed prior to the transfection, indicating that the oligonu-
cleotide transfection procedure itself does not affect telomere
length (Fig. 6C, lanes 1 to 3). Interestingly, telomere length
was not increased at 38°C when telomerase was inhibited by
transfecting anti-TR during the 5-week culture, whereas the
same treatment with anti-TR-Cr had no effect on the telomere
elongation (lanes 4 and 5). These results indicate that telom-
erase activity is required for telomeric repeat elongation in
tsFT20 cells at 38°C.

We next investigated whether telomerase is also required for
the G-tail extension observed during the initial step of telo-
meric DNA alteration in tsFT20 cells cultured at 38°C. tsFT20
cells cultured at 33°C or 38°C were transfected with either
anti-TR or anti-TR-Cr every 3 days and harvested 2 weeks
after the temperature shift. The G-tail was examined by the
in-gel hybridization technique as described above. tsFT20 cells
cultured at 38°C for 2 weeks showed increased G-tail signal
intensity as detected by the (CCCTAA)4 probe irrespective of
the transfection of anti-TR or anti-TR-Cr, compared with cells
cultured at 33°C (Fig. 6D, lanes 1 to 4). These signals were
sensitive to the pretreatment with Exo I, demonstrating that
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they were indeed derived from the 3�-terminal fragment (lanes
5 to 8). The signals obtained under denaturing conditions con-
firmed that the same amount of DNA that was completely
digested was loaded to each lane (lanes 9 to 16). When the
G-tail signal was quantitated, we observed similar levels (1.6-
to 1.8-fold) of increases in both cases of anti-TR- and anti-TR-
Cr-transfected cells at 38°C compared with those at 33°C. To-
gether, we concluded that telomerase activity is not required
for the G-tail extension in the initial step of telomeric DNA
alteration in tsFT20 cells cultured at 38°C. This conclusion
suggests that the G-tail extension is not due to the net synthesis
of the G-strand.

tsFT20 cells that experience telomere elongation adapt to
new telomere length setting. To determine whether the telo-
mere elongation induced by impaired DNA polymerase � ac-
tivity is reversible or not, we first prepared tsFT20 cells that
had been cultured at 38°C for 4 weeks. The cultures were then
either kept at 38°C or shifted to the permissive temperature of
33°C (week zero) and harvested 1, 3, 5, 8, or 12 weeks later, as
shown in the protocol (Fig. 7A). tsFT20 cells at week zero
showed telomere elongation, as expected (Fig. 7B, compare
lane 1 with lane 2). When the cultures were continuously
grown at 38°C for an additional 8 weeks, the telomere length
was increased progressively during this period (lanes 7 to 10).

FIG. 5. Higher signal intensities of TRF1 and HA-POT1 in tsFT20-HA-POT1 cells cultured at semipermissive temperature than those in cells
at permissive temperature. tsFT20-HA-POT1 cells were simultaneously stained for HA-POT1 and endogenous TRF1 by IF using anti-HA and
anti-TRF1 antibodies, respectively. HA-POT1 and TRF1 signals at telomeres were extracted and quantitated by the method described in Materials
and Methods. A. Frequency distributions of telomeric HA-POT1 and TRF1 fluorescence signal intensities in tsFT20-HA-POT1 cells cultured
under the indicated conditions. The frequency distributions of HA-POT1 and TRF1 in all the cell cultures at 38°C, except that of TRF1 in cells
at 38°C for 2 weeks, were significantly different from those of cells cultured at 33°C (P � 0.001, Wilcoxon-Mann-Whitney test). The number of
analyzed telomere signals (n), the mean value (mean), and the standard deviation (SD) of the signal intensities are shown. B. The RMSI38/33 values
for TRF1 and HA-POT1 in cells cultured for 2 or 8 weeks were calculated from four independent experiments.
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In contrast, the cultures that were shifted to 33°C at week zero
did not show further telomere lengthening (lanes 3 to 6). In-
terestingly, the telomeres in these cultures did not return to the
original short size shown by those kept at 33°C. These results
indicate that the elongation process per se is reversibly induced
by the inactivation of DNA polymerase � activity. However, it
appears that once the telomere length was altered by the
4-week culture at 38°C, the cells adapted to the new setting of
telomere length and maintained the length even after DNA
polymerase � activity was restored. In contrast, the G-tail ex-
tension that appeared at week zero was reduced to the original
level as shown by tsFT20 cells cultured at 33°C for 1 week and
for 12 weeks after shifting back to 33°C (Fig. 7C, lanes 2 to 4),

suggesting that the G-tail length is directly related to DNA
polymerase � activity.

Chromosomal aberrations are accompanied by telomeric
DNA and chromatin alterations in tsFT20 cells at semiper-
missive temperature. Because we observed significantly altered
structures of telomeric DNA and chromatin in tsFT20 cells at
the semipermissive temperature, we investigated whether
these alterations would have any impact on genome integrity.
FM3A and tsFT20 cells were cultured at 33°C or 38°C for 6
weeks, and metaphase spreads were prepared from them. The
spreads were analyzed by staining DNA as well as detecting
telomeric repeats using FISH with the Cy3-conjugated (CCC
TAA)3 PNA probe.

FIG. 6. Telomerase activity is required for telomeric repeat elongation, but not for G-tail extension. A. Anti-TR, which is complementary to
the template region of hTR (human telomerase RNA) and mTR, and the control oligonucleotide (anti-TR-Cr), which possesses two mismatched
nucleotides in the template region. B. tsFT20 cells cultured at 33°C or 38°C were transfected with anti-TR or anti-TR-Cr oligonucleotides and
harvested 4 days later. Then, the cells were analyzed for telomerase activity according to the methods described in reference 60. C. tsFT20 cells
cultured at 33°C or 38°C were transfected with anti-TR or anti-TR-Cr oligonucleotides at 3-day intervals for 5 weeks. Telomeric repeat length was
measured as described in the legend for Fig. 2. Similar results were obtained from three independent experiments. D. tsFT20 cells cultured at 33°C
or 38°C were transfected with anti-TR or anti-TR-Cr oligonucleotides at 3-day intervals for 2 weeks. G-tail length was measured as described for
Fig. 3. Similar results were obtained from two independent experiments. E. The G-tail signal intensities obtained in panel D were quantitated.
Values obtained for cells grown at 33°C are set at 1.0.
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FIG. 7. Telomere length of tsFT20 cells that had been transiently cultured at semipermissive temperature. A. Protocol of the experiment.
tsFT20 cells that had been cultured at 33°C or 38°C for 4 weeks were prepared (week zero). The 38°C cultures were divided into two: one was kept
at 38°C, while the other was shifted to 33°C and cultured for an additional 12 weeks. The cells were harvested at the indicated time points and
analyzed for telomere length as for Fig. 2. B. Telomere lengths of cells shown in panel A. C. G-tail signals of cells indicated in panel A. DNA
samples were treated [Exo I (�)] or not treated [Exo I (-)] with Exo I prior to HinfI digestion. After in-gel hybridization and autoradiography
(nondenatured), the gel was denatured and reprobed with the same telomeric oligonucleotide probe (denatured). D. The G-tail signal intensities
obtained in panel C were quantitated and normalized to the signal intensity of the 	4.0-kb internal telomeric band detected under denatured
conditions. The value obtained for cells grown stably at 33°C is set at 1.0 (panel C, lane 1). Similar results were obtained from four independent
experiments.
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The Robertsonian (Rb) chromosome fusion refers to the
centric fusion of two acrocentric chromosomes to form a single
metacentric one (reviewed in reference 56). It is frequently
observed in mouse genomes that are characterized by acrocen-
tric chromosomes. We observed Rb fusions in all the 33°C or
38°C grown FM3A and tsFT20 cells we examined, indicating
that FM3A cells had already acquired and stably transmitted
some Rb fusions. In all cases, we did not detect the telomeric
repeat signal at the fusion points in our cytological analyses.
Interestingly, however, we found a significantly high frequency
of cells containing large numbers of Rb fusions in tsFT20 cells
cultured at 38°C for 6 weeks, compared with FM3A cells cul-
tured at 33°C or 38°C and tsFT20 cells cultured at 33°C (Fig.
8A and B). When cells containing different numbers of Rb
fusions were scored, tsFT20 cells cultured at 38°C displayed a

marked increase in the percentage of Rb-containing cells:
88.2% of the cells contained more than five Rb fusions,
whereas 2.8%, 3.1%, and 6.0% of the cells did so in FM3A at
33°C and 38°C and in tsFT20 cells cultured at 33°C, respec-
tively (Fig. 8C). A significant fraction of tsFT20 cells cultured
at 38°C contained six or more Rb fusions (52.9%), whereas
none of the FM3A cells cultured at 33°C or 38°C, or tsFT20
cells cultured at 33°C, did so (Fig. 8D). Consistent with the
increase in the number of Rb fusions, the total number of
chromosomes in a cell was decreased in tsFT20 cells grown at
38°C (Fig. 8C). No telomeric repeat signals were observed at
the fusion points in all the Rb fusion cases (Fig. 8A and B).
This result was unexpected, given that the telomeric repeats
were elongated rather than shortened in tsFT20 cells cultured
at 38°C. We did not find any noticeably higher frequencies of

FIG. 8. Robertsonian fusions in tsFT20 cells. A and B. FISH analyses of metaphase chromosome spreads prepared from tsFT20 cells cultured
at 33°C (A) and 38°C (B) for 6 weeks. DNAs stained with DAPI are shown in blue, and telomeric repeats revealed by the Cy3-labeled telomeric
repeat PNA probe are shown in red. White arrowheads indicate metacentric chromosomes formed by the Robertsonian fusion. Note that no
detectable telomeric repeat signal is present at the fusion points. C. Metaphase spreads obtained from indicated cells were scored according to the
number of Rb fusions and the number of total chromosomes. D. Frequencies of spreads displaying different numbers of Rb fusions.

11084 NAKAMURA ET AL. MOL. CELL. BIOL.



chromatid fusions and breaks or of chromosome fusions and
breaks. These results indicate that compromised DNA poly-
merase � activity entails a specific genomic instability in an
unexpected manner, as revealed by the dramatic increases in
the number of Rb fusions with no telomeric repeats at the
fusion point.

DISCUSSION

In this study, we demonstrated that the compromised DNA
polymerase � activity in tsFT20 cells leads to alterations in
telomeric DNA and chromatin structures in a two-step man-
ner. In the first step, which is evident 1 or 2 weeks after the
temperature shift, G-tail extension occurs concomitantly with
the accumulation of a large amount of POT1, but not of TRF1,
at telomeres without overall telomeric repeat lengthening. Be-
cause this step is telomerase independent, it is most likely that
the G-tail length is increased not by a net synthesis of the
G-strand but by the exposure of the G-strand of preexisting
telomeric double-stranded DNAs as the G-tail due to the ero-
sion of the C-strand. The inefficient C-strand synthesis caused
by the reduced DNA polymerase � primase activity during the
conventional DNA replication may most likely explain the
C-strand erosion. In the second step, the overall telomeric
DNA length is progressively and markedly increased in a te-
lomerase-dependent manner. At this stage, the amounts of
both POT1 and TRF1 bound to telomeres are increased.
These dynamic changes of telomeric DNAs and chromatin in
polymerase �-deficient cells extend the observations in bud-
ding yeast and fission yeast polymerase � mutants (1, 2, 7, 12)
and emphasize the evolutionarily conserved roles of DNA
polymerase � in telomere maintenance. Unexpectedly, how-
ever, we observed a significantly high frequency of Rb fusions
in tsFT20 cells at the semipermissive temperature. Thus, the
hypomorphic function of DNA polymerase � results in rather
specific chromosomal abnormalities.

Changes of abundance of POT1 and TRF1 at telomeres
during G-tail length increase and telomeric DNA elongation.
We monitored the length of telomeric DNA along with the
abundance of TRF1 and POT1 bound to telomeres during
incubation of tsFT20 cells at 38°C. The telomeric proteins were
analyzed by two independent experimental systems (quantita-
tive ChIP and IF), which gave the same conclusions. Most
significantly, a large absolute amount of POT1, but not of
TRF1, associated with telomeres in the first step of telomeric
DNA change, showing long single-stranded regions but not
long double-stranded regions. In the second step, where both
single-stranded and double-stranded telomeric DNA lengths
were increased, both POT1 and TRF1 bound to telomeres in
larger amounts than control cells. These results suggest that
the absolute abundances of POT1 and TRF1 at telomeres are
correlated with the lengths of single-stranded and double-
stranded telomeric DNAs, respectively. Because POT1 is a
DNA-binding protein specific to single-stranded telomeric
DNA (5, 32, 37), this result appears to be explained by the
larger amounts of POT1 recruited directly to longer single-
stranded G-tails. However, recent studies have suggested that
most POT1 proteins at telomeres are first recruited by protein-
protein interactions with TPP1 (originally known as PIP1,
PTOP, or TINT1) (35, 36, 68, 70) and thereafter loaded to the

single-stranded regions. Therefore, the result presented in this
study was not straightforwardly expected. It is believed that six
telomeric proteins, TRF1, TRF2, Rap1, TIN2, TPP1, and
POT1, comprise the core components of the mammalian telo-
meric complex (23, 34, 69). This study suggests that the stoi-
chiometry of TRF1 and POT1 among these components is not
strictly constant, but rather variable.

Mechanisms of telomeric elongation in tsFT20 cells at semi-
permissive temperature. It has been reported that mutants of
the catalytic subunit of DNA polymerase � show lengthening
of telomeric DNAs in budding yeast and fission yeast (1, 2, 7,
12, 52). In most cases, the mutant alleles affect the catalytic
activity of the enzyme, suggesting that the incomplete lagging
strand synthesis at telomeres leads to structural changes of
telomeric DNA and chromatin. In some cases, however, the
mutant alleles deregulate telomere length in a more specific
manner. Apparently, some budding yeast polymerase � mu-
tants do not affect the catalytic activity of the enzyme; rather,
they destabilize the protein-protein interaction between poly-
merase � and Cdc13 (52). These mutants show telomere elon-
gation in a telomerase-dependent manner, suggesting that the
protein interaction is involved in regulating telomerase action.
A mutant allele of Pol12, the B subunit of budding yeast DNA
polymerase �, was reported (19). The general DNA replication
seems to be unaffected, whereas the specific interaction be-
tween Pol12 and Stn1, a telomere capping protein, is inacti-
vated in the mutant. However, in these cases, telomere length-
ening is relatively small and self-limited: the telomere size did
not progressively increase; rather, it was stabilized in the new
setting. In contrast to these specific alleles, telomere lengthen-
ing in catalytically defective mutants is characterized by mas-
sive and continuous elongation, as shown in tsFT20 cells.
These differences in behavior among the polymerase � mutant
alleles suggest that DNA polymerase � is involved in telomere
maintenance via at least two distinct mechanisms: one is
through the C-strand synthesis and the other is through pro-
tein-protein interactions with telomere-specific factors. We be-
lieve that the telomere phenotypes observed in tsFT20 cells
were caused by the failure of general catalytic activity of DNA
polymerase �.

Massive telomere elongation has been observed in ALT
(alternative lengthening of telomeres) cells that maintain telo-
meres in a telomerase-independent manner using DNA re-
combination (reviewed in reference 47). However, we did not
find any phenotypes that are closely associated with ALT, such
as ALT-associated PML bodies (45, 71) (data not shown).
Together with the finding that the elongation depends on te-
lomerase activity, it is unlikely that the ALT mechanism is
involved in the telomere elongation in tsFT20 cells.

Another example of massive telomere lengthening is the
runaway telomere elongation found in the budding yeast
Kluyveromyces lactis that harbors mutations in the template
region of the telomerase RNA (42). We noticed that tsFT20
cells and K. lactis mutants share characteristic telomere phe-
notypes. First, these mutants showed more or less delays be-
fore the onset of telomere elongation. Second, the degree and
the kinetics of telomere elongation were stochastic among
cultures (Fig. 2; see also Fig. S1 in the supplemental material).
Third, the elongation was progressive and massive (10 kb in
K. lactis mutants; telomere length in wild-type K. lactis is 0.25
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to 0.5 kb) (Fig. 2) and continuous (at least 30 culture passages
corresponding to approximately 1,000 generations in K. lactis
mutants) (Fig. 2). It is believed that the substitution of mutant
telomeric repeats for the wild-type repeats that took place
during the initial lagging period disrupted the chromatin struc-
ture that inhibited telomerase action (42). Both double-
stranded telomeric DNA-binding protein and G-tail-binding
protein were implicated in the formation of the inhibitory
chromatin. Once the “open” chromatin structure that is con-
stitutively accessible to telomerase was formed, the runaway
elongation of telomeres ensued.

We suspect that a similar mechanism operates in the con-
tinuous growth of telomeric DNA in tsFT20 cells at 38°C. It
has been suggested that POT1 transduces the negative effect of
TRF1 on telomerase action (36). In light of this, it is puzzling
why telomeres kept elongated in tsFT20 cells at 38°C in the
presence of large amounts of TRF1 and POT1 associated with
telomeres. One possibility is that the TRF1-POT1 pathway
does not simply inhibit telomerase action in proportion to the
abundance of these proteins but positively and negatively reg-
ulates telomerase according to the state of the telomeric com-
plex including TRF1 and POT1, which is reflected in the stoi-
chiometry of the bound proteins in this study, as well as to the
structures of telomeric DNA. The dynamic changes of the
quantity and quality (such as protein modifications) of the
telomeric proteins, as well as the modes of interactions among
the protein components and telomeric DNAs, may intricately
determine the accessibility of telomerase. In this sense, it is
noteworthy that in our study there was a significant correlation
between the increase in the length of the G-tail and the net
increase of telomeric DNA by telomerase. Telomere elonga-
tion occurred only after the G-tail length was increased after
shifting to the semipermissive temperature and stopped when
the G-tail length returned to the control level after shifting
from the semipermissive temperature to the permissive one. It
is possible that the TRF1-POT1 pathway cannot regulate te-
lomerase action when the length of G-tail is abnormally in-
creased, as in cells under replication stress.

Although telomere homeostasis may be stabilized in a nar-
row range under stable conditions, the equilibrium is easily
perturbed by genome stresses, such as inefficient DNA repli-
cation. We observed that tsFT20 cells that had been cultured at
38°C transiently for 4 weeks and then shifted to 33°C did not
show any further increase or reduction of telomere length and
appeared to have adapted to the new telomere length setting.
tsFT20 cells that were shifted from 38°C to 33°C may maintain
the altered telomeric chromatin even at 33°C and keep the
equilibrium favorable for open chromatin. Alternatively, we
cannot exclude the possibility that some genetic or epigenetic
alteration(s) had occurred and been selected for growth ad-
vantage during the telomere elongation period of the cells,
leading to the irreversible nature of the new state.

Chromosomal instability caused by polymerase � defects.
Because the p180 mutation allele present in tsFT20 cells affects
the general catalytic activity of DNA polymerase � (Fig. 1),
one may expect that genetic instability involving the whole
genome would be observed in tsFT20 cells at the semipermis-
sive temperature. This is indeed true, because it was previously
found that tsFT20 cells that had been transiently cultured at
the nonpermissive temperature (39°C) showed general and

massive chromosomal aberrations, including chromatid gaps
and breaks, chromosome pulverizations, and ring chromo-
somes (14). In contrast, we did not observe any significant
increases of such chromosomal abnormalities other than Rb
fusions in tsFT20 cells grown at the semipermissive tempera-
ture (38°C). These results indicate that the hypomorphic de-
fects, rather than the complete inactivation, of DNA polymer-
ase � manifest a rather specific spectrum of genetic instability.

Dicentric chromosomes were formed at a high incidence in
human cells that had lost telomeric DNAs significantly after
extensive propagation and entered the crisis stage (11). The
disruption of telomere function by inactivating either telomer-
ase or TRF proteins led to the frequent appearance of end-
to-end fusions (6, 25, 30, 63). In mice, telomeres at short arms
are generally shorter than those at long arms, making the short
arm telomeres particularly vulnerable to these insults (72).
Alternatively, Rb fusions have been observed frequently in
mouse cells, simply because the other types of end-to-end
fusions involving the telomeres of long chromosome arms re-
sult in the formation of very unstable dicentric chromosomes.

It is puzzling why chromosomes possessing long telomeric
DNAs undergo Rb fusions with no telomeric FISH signal at
the fusion points. Such cases are not unprecedented, however.
Double-knockout mice defective in both the poly(ADP-ribose)
polymerase gene (PARP) and the p53 gene showed very long
telomeres as well as chromosomal abnormalities including Rb
fusions. Significantly, the fusion point of Rb chromosome did
not show telomeric FISH signals (61). In the PARP�/� p53�/�

knockout mice, it was suggested that the telomeric DNA
lengths were so heterogeneous, including very long and short
ones, that some telomeres lacked telomeric DNA and were
uncapped, leading to end-to-end fusions without telomeric
DNA at the fusion points. Rapid telomere deletion, which was
originally found in yeast and recently found in mammals (38),
may have occurred in telomeres that underwent Rb fusion.

Alternatively, the Rb fusion observed in tsFT20 cells may
not involve the failure of telomere capping. It has been re-
ported that DNA polymerase � physically interacts with Swi6,
an HP1 family heterochromatin protein that accumulates at
telomeres, centromeres, and the silent mating type loci in fis-
sion yeast. A mutant allele of polymerase � dislocated Swi6
from these loci and derepressed gene silencing (3, 46). Because
HP1 has been implicated in both centromeric and telomeric
structures in metazoans (for examples, see references 18, 55,
and 58), it is possible that the short arms of mouse cells, which
contain mostly heterochromatin spanning from telomeres to
centromeres, were disrupted to form the Rb fusions in poly-
merase �-defective cells. In this case, the Rb fusion was caused
by the failure of maintenance of the mouse short arm hetero-
chromatin and involved the fusion of such regions.

The specific increase in the incidence of Rb fusions in DNA
polymerase �-compromised cells without general chromo-
somal instability, as well as the structural changes at telomere
chromatin, supports the notion that telomeres and associated
heterochromatin are loci that are particularly vulnerable to the
failure of the DNA replication machinery. We have previously
shown that the repetitive sequence of telomeric DNA per se is
not a good substrate for conventional replication machinery in
a simian virus 40 DNA-based in vitro replication system (48,
49). The binding of TRF1 and TRF2 to the sequence further
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increases the chance of replication stalling at telomeric repeats
(48). Such conditions lead to significant alterations of the DNA
and chromatin structures at telomeres, as shown in this study,
which in turn may further deregulate telomere functions
through, for example, unregulated telomerase actions. In this
sense, telomeres should indeed be considered as the Achilles’
heel of chromosomes, not only because of the end replication
problem, as has been previously pointed out (20), but also as a
locus where the tightly regulated replication machinery is es-
sential for the maintenance of structure and function. It should
be noted that the replication stress-induced deregulation of
telomeres occurs in a relatively short period compared to that
induced by the end replication problem. It is possible that
similar conditions happen in cancer cells in vivo, thereby pro-
moting the progression through genetic instability.
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