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Telomere lengths are maintained in many cancer cells by
the ribonucleoprotein enzyme telomerase but can be
further elongated by increasing telomerase activity
through the overexpression of telomerase components.
We report here that increased telomerase activity results
in increased telomere length that eventually reaches a
plateau, accompanied by the generation of telomere length
heterogeneity and the accumulation of extrachromosomal
telomeric repeat DNA, principally in the form of telomeric
circles (t-circles). Telomeric DNA was observed in promye-
locytic leukemia bodies, but no intertelomeric copying or
telomere exchange events were identified, and there was
no increase in telomere dysfunction-induced foci. These
data indicate that human cells possess a mechanism to
negatively regulate telomere length by trimming telomeric
DNA from the chromosome ends, most likely by t-loop
resolution to form t-circles. Additionally, these results
indicate that some phenotypic characteristics attributed
to alternative lengthening of telomeres (ALT) result from
increased mean telomere length, rather than from the ALT
mechanism itself.
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Introduction

In human cells, telomeric DNA is composed of double-
stranded (ds) arrays of a (TTAGGG),, repeat unit, terminating
in a single-stranded (ss) G-rich 3’ overhang (Moyzis et al,
1988; de Lange et al, 1990; Makarov et al, 1997; Wright et al,
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1997). Telomeres have been shown to exist in a stable
secondary structure called a telomere-loop (t-loop), which
is formed by strand invasion of the 3’ overhang into internal
telomeric repeats on the same chromosome end and the
consequent formation of a displacement loop at the site of
sequestration (Griffith et al, 1999).

The shelterin complex, which comprises six telomere-
specific proteins (TRF1, TRF2, POT1, TIN2, TPP1 and
Rapl), associates with the telomeric repeat DNA to form
a protective structure that prevents the chromosome terminus
from being inappropriately processed by DNA repair path-
ways (de Lange, 2005). It has been proposed that shelterin is
responsible for the structural stability of the t-loop and acts
dynamically with a number of interacting partners, which are
involved in DNA processing, to shape the telomere and
ensure telomere integrity (de Lange, 2005; Palm and de
Lange, 2008). Nevertheless, the details of t-loop formation
and their dynamics throughout the cell cycle remain elusive.

To counteract telomere shortening, which occurs as a
result of end-replication limitations, the majority of immortal
cells as well as cells of the germline use the ribonucleoprotein
enzyme telomerase, the catalytic core of which comprises the
reverse transcriptase hTERT and the RNA component hTR
(Feng et al, 1995; Nakamura et al, 1997). Levels of hTR and
hTERT are both limiting for telomerase activity and telomere
length in immortalised cells, and telomerase-positive cancer
cell lines typically have a very small number of telomerase
molecules and stably short telomeres (Cristofari and Lingner,
2006; Cao et al, 2008). In such situations, telomerase is
preferentially recruited to the shorter telomeres (Bianchi
and Shore, 2008).

Telomerase-positive immortal cells maintain a balance
between telomere attrition and telomere elongation by nega-
tive feedback of telomere length on telomerase activity,
mediated in cis at each individual chromosome end by the
binding of shelterin proteins, especially TRF1, along the
telomeric tract (Smogorzewska et al, 2000; Smogorzewska
and de Lange, 2004; Bianchi and Shore, 2008). This feedback
mechanism is likely to involve monitoring of the number of
telomere-binding proteins and resultant changes in telomere
accessibility by telomerase. Telomeres can be lengthened by
increasing telomerase activity through exogenous expression
of hTR and hTERT, resulting in an increase in telomere-bound
shelterin proteins in proportion to the increased telomere
length (Cristofari and Lingner, 2006).

In this study, we examined the long-term effects of exo-
genous hTR expression in telomerase-positive human cancer
cell lines and the effects of elongation on telomere function
and stability. The results indicate the existence of a mechan-
ism in human cells to negatively regulate telomere length by
trimming of telomeric DNA from the chromosome ends.
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Results

Increased telomerase activity resulted in telomere
elongation and telomere length heterogeneity in
telomerase-positive cells

HT1080 and HeLa telomerase-positive cells were transduced
with pBABEpuro containing hTR driven by the U3 promoter,
or with an empty vector control. Cells were selected and
passaged as stable mass cultures for 300 population dou-
blings (pds) from the point at which they were transduced.
After transduction, hTR expression increased approximately
20-fold in both HeLa and HT1080 cells, compared with vector
controls, and was maintained at this level throughout the 300
pds (Figure 1A). hTERT expression remained unchanged after
hTR overexpression in both cell lines (data not shown).
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Measurement of telomerase activity by conventional TRAP
is sometimes unreliable due to the presence of telomerase
inhibitors in cell extracts. To avoid this potential complica-
tion, we developed a modified real-time quantitative (RQ)-
TRAP assay containing a telomerase purification step.
Telomerase was immunoaffinity purified (IP) from cell lysate
using an hTERT antibody, which has been verified previously
for this application (Cohen and Reddel, 2008). After purifica-
tion, telomerase-mediated extension of a nontelomeric pri-
mer was measured by quantitative PCR (IP-RQ-TRAP) (Wege
et al, 2003; Cohen and Reddel, 2008). Linearity of the IP-RQ-
TRAP technique was shown (Supplementary Figure S1).
Telomerase activity increased approximately 6-fold in HeLa
hTR cells and approximately 10-fold in HT1080 hTR cells
(Figure 1B).
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Figure 1 hTR overexpression increases telomerase activity, telomere length and telomere length heterogeneity in telomerase-positive cells.
(A) Expression of hTR as fold change relative to parental control cells at increasing pd of HeLa and HT1080 cells after transduction with
pBABEpuro (vector) or pBABEpuroU3hTR (hTR), measured by quantitative RT-PCR. Error bars represent standard deviation between three
separate experiments. (B) Telomerase activity measured by IP-RQ-TRAP and expressed as fold change relative to vector sample at pd 10. Error
bars represent standard deviation between three separate experiments. (C) TRF analysis of genomic DNA digested with Hinfl and Rsal from
HeLa and HT1080 vector and hTR cells at increasing pds. Digested DNA from the ALT cell line VA13 was included as an example of telomere
length heterogeneity. (D) Telomere-FISH of HeLa and HT1080 vector and hTR cells using a PNA probe against the G-rich telomeric DNA strand.

Chromosomes were counterstained with DAPI.
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Figure 2 Telomere lengthening results in t-circle accumulation and an increase in ss G-rich and t-complex telomeric DNA. (A) 2D PFGE of
TRFs from HeLa and HT1080 vector and hTR cells at pd 235, digested with Hinfl and Rsal. Gels were Southern blotted and hybridised with a C-
rich telomeric DNA probe. The black arrows indicate circular telomeric DNA. Circularised Hindlll-digested bacteriophage lambda DNA was
electrophoresed simultaneously as a marker for ds circular DNA. Open circular (oc) spots are indicated, as is the remaining linear (1) telomere-
derived signal. (B) 2D gel electrophoresis of TRFs from HT1080 vector and hTR cells at increasing pd. Telomeric DNA was detected in-gel with a
y-32P-labelled C-rich probe. (C) 2D gel electrophoresis of TRFs from HT1080 vector and hTR cells at pd 300. Hybridisation was carried out in-gel
with a y-*2P-labelled C-rich or G-rich probe under native and denaturing conditions, to detect ss and ds telomeric DNA, respectively.

Terminal restriction fragments (TRFs) were generated by
digestion of genomic DNA with Hinfl and Rsal restriction
endonucleases, separated by pulsed-field gel electrophoresis
(PFGE), and then hybridised in-gel to a telomere-specific
probe. Mean TRF lengths in HeLa vector control cells re-
mained constant throughout the course of experimentation,
at approximately 4.5kb, whereas mean TRF lengths in
HT1080 vector cells grew slightly at later pds from approxi-
mately 6.5-7.5kb (Figure 1C).

HeLa hTR cells showed increasing telomere lengths over
150 pds, after which TRFs stabilised at approximately 8 kb
(Figure 1C). Telomere lengths of HT1080 hTR cells strikingly
continued to elongate with increasing pd, producing an
increasingly heterogeneous TRF length profile. This was
compared with the TRF profile of the cell line WI-38 VA13/
2RA (referred to here as VA13) (Figure 1C). VA13 cells use the
recombination-based alternative lengthening of telomeres
(ALT) mechanism of telomere length maintenance, which is
characterised by marked telomere length heterogeneity
(Bryan et al, 1995). TRF analysis of ALT cells frequently
shows residual telomeric signal in the wells of the gel. The
nature of this DNA and whether it originates from ALT-
associated promyelocytic leukemia (PML) bodies (APBs), is
simply too large to be resolved, or whether it represents
highly branched t-complex DNA (Nabetani and Ishikawa,
2009) is not known. At later pds, HT1080 hTR cells increas-
ingly phenocopied the ALT TRF profile, including the reten-
tion of telomeric DNA in the wells, yet notably lacked the
smallest sized telomeric fragments (Figure 1C).

©2009 European Molecular Biology Organization

Fluorescence in situ hybridisation (FISH) analysis of me-
taphase spreads using a telomeric peptide nucleic acid (PNA)
probe confirmed telomere length heterogeneity (Figure 1D).
Telomere FISH from vector transduced control cells showed
homogeneous telomeric signals indicative of short and stable
telomere lengths, whereas both HeLa hTR and HT1080 hTR
cells showed an overall increase in telomeric signal, accom-
panied by marked signal heterogeneity between different
telomeres within a single metaphase. This was particularly
apparent in HT1080 hTR cells at later pd (Figure 1D).

Telomere lengthening in telomerase-positive cells
resulted in the formation and accumulation of
extrachromosomal telomeric repeat DNA

To determine whether extrachromosomal telomeric repeat
(ECTR) DNA accounted for some of the increased telomeric
content of HeLa hTR and HT1080 hTR cells, 2D gel electro-
phoresis was used to detect extrachromosomal t-circles. For
optimal size resolution, TRFs were separated by 2D PFGE and
hybridised to a telomere-specific probe. Bacteriophage lamb-
da DNA, that was digested with HindIIl endonuclease and
then circularised by DNA ligase was loaded as ds circular
DNA markers.

The prominent arc represents ds linear telomeric DNA of
high molecular weight, which increases in size and signal
intensity in HeLa and HT1080 hTR cells at pd 235, consistent
with elongated telomeres (Figure 2A). An arc of open-form ds
DNA circles containing telomeric sequence was present in the
HeLa and HT1080 hTR cells, but not evident in HT1080 vector
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controls (Figure 2A). A faint arc of circular DNA could,
however, be seen after longer exposure of the HeLa vector
gel. The circular molecules were detected at all molecular
weights within the range of detection (~2-9kb) and are
consistent with the t-circles observed previously in ALT cells
(Cesare and Griffith, 2004). A lower arc that has been
identified previously as consisting of ss telomeric DNA
(Cesare et al, 2008; Raices et al, 2008; Nabetani and
Ishikawa, 2009) migrated beneath the linear ds DNA in
HeLa hTR cells and was not present in the HT1080 hTR
cells (Figure 2A).

To determine at what stage the t-circles became abundant
and to confirm that the circles are the result of progressive
telomere elongation, standard 2D gels of HT1080 vector
and hTR cells at increasing pds were hybridised to a telomeric
probe (Figure 2B). Several prominent lower molecular
weight spots, specific to the HT1080 cells were identified.
These spots did not change in size and intensity and are
therefore most likely to represent interstitial bands of telo-
meric sequence. By using these spots as a marker of expo-
sure, the gels shown in Figure 2B and C appear to be suitably
comparable.

T-circles were detected at early pds in the hTR-expressing
cells after longer exposure, and increased substantially in
intensity over successive pds (Figure 2B). In addition, an arc
of telomeric repeat DNA migrating beneath the linear materi-
al was detected at later pds. Very faint arcs of circular
telomeric DNA could also be observed after extended expo-
sure in the HT1080 vector cells at later pds (Figure 2B).

HT1080 hTR cells show strong telomeric signal near the
wells, consistent with t-complex DNA, which comprises
highly branched telomeric repeats with large amounts of
internal ss portions (Nabetani and Ishikawa, 2009). This
type of telomeric DNA was recently described as a character-
istic feature of ALT cells and was proposed to arise from
Holliday junctions in the DNA (Nabetani and Ishikawa,
2009). Circular telomeric DNA appears to be present at low
levels in control HT1080 and HeLa cells but, most strikingly,
we show that ECTR DNA including t-complex DNA accumu-
lates with increasing telomere lengths in the cells with over-
expressed telomerase.

To determine more accurately the nature of the ECTR DNA,
2D gels were used to analyse DNA isolated from HT1080
vector and hTR cells at pd 300 and probed in-gel under native
or denaturing conditions using a C-rich or G-rich telomeric
probe (Figure 2C). Hybridisation under native conditions
showed that the arc migrating beneath the linear ds telomeric
DNA in the HT1080 hTR cells was composed of ss G-rich
telomeric sequence, and that a smaller, but detectable
amount was also present in the vector control cells
(Figure 2C). Somewhat surprisingly, an increase in C-rich
linear telomeric signal was seen under native conditions
in hTR expressing cells, indicating the existence of either ss
C-rich overhangs at the chromosome termini, or gapped ds
linear TRFs, which have been identified previously in ALT
cells (Nabetani and Ishikawa, 2009). T-complex DNA was
detected in the hTR expressing cells under both native and
denaturing conditions, consistent with this type of
telomeric DNA containing portions of ss telomeric repeats
(Nabetani and Ishikawa, 2009). T-circles were clearly
visible with both strand-specific probes under denaturing
conditions in HT1080 hTR cells, but not vector cells
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(Figure 2C). This shows that the t-circles are predominantly
ds, although some ss C-rich t-circles can also be detected in
HT1080 hTR cells, but are likely to represent ss regions of
gapped circles.

Promyelocytic leukemia bodies were associated

with telomeric DNA in telomerase-positive cells with
extended telomeres

PML bodies are discrete nuclear foci that are present in the
majority of mammalian cells and have been implicated in
numerous cellular processes (Bernardi and Pandolfi, 2007). A
subset of PML bodies known as APBs, which are thought to
be specific to ALT cells, are distinguished from other PML
bodies by containing telomeric DNA, telomeric-binding pro-
teins and proteins involved in recombination (Yeager et al,
1999).

HeLa and HT1080 vector and hTR interphase cells were
immunostained using an antibody against PML protein and
then hybridised with a telomeric PNA probe. True colocalisa-
tions were confirmed by deconvolution of z-stacked images,
followed by 3D imaging (Figure 3A and B). PML protein
typically exists in a spherical or doughnut-shaped body (Jiang
and Ringertz, 1997) and colocalisations were only counted
when the telomeric DNA localised, throughout the z-stacks,
to the centre of the PML body (Figure 3B).

APB-like foci were identified in approximately 3% of both
HeLa and HT1080 cells with elongated telomeres at varying
pds (Figure 3A and B), whereas no colocalisations were
detected in any vector controls (data not shown). PML
protein also colocalised with TRF2 and the components of
the Mrell/Rad50/Nbsl (MRN) homologous recombination
complex in both HeLa and HT1080 hTR cells, but not in
vector controls (Supplementary Figure S2). In view of this
unexpected result, DNA fingerprinting of HeLa and HT1080
vector and hTR cells was used to confirm that there had been
no cell line cross-contamination with ALT cells (data not
shown).

The frequency of telomere exchange events was
unaltered in telomerase-positive cells with elongated
telomeres

Long, heterogeneous telomeres, the presence of ECTR DNA
and the colocalisation of telomeric DNA with PML protein
partly phenocopied the telomeres of cells that use the ALT
mechanism, so we investigated whether the hTR-transduced
HeLa and HT1080 cells had other features of ALT, including
elevated telomeric exchange events, usually referred to as
telomere sister chromatid exchanges (t-SCEs) (Bailey et al,
2004; Bechter et al, 2004; Londono-Vallejo et al, 2004;
Muntoni and Reddel, 2005). Chromosome-orientation-FISH
(CO-FISH) was carried out on metaphase spreads from
BrdU:BrdC treated cells using a Texas Red-conjugated PNA
probe against the C-rich strand and an Alexa 488-conjugated
PNA probe against the G-rich strand, to detect the parental
telomeric DNA strands of the two sister telomeres at each end
of metaphase chromosomes (Londono-Vallejo et al, 2004).
The ALT cell line VA13 was included in the analysis as a
positive control.

As described previously, the basal rate of t-SCE events in
telomerase-positive cells was very low (Londono-Vallejo et al,
2004), in contrast to the high frequency of exchange events
detected in VA13 cells. The rate of t-SCEs did not increase in

©2009 European Molecular Biology Organization
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Figure 3 Elongated telomeres are not substrates for telomeric exchange events. (A) Colocalisation of PML protein and FITC-conjugated
telomeric PNA probe in interphase HT1080 hTR cells at pd 200 by deconvolution microscopy of z-stacked images as a 2D-image and (B) as a
3D-image. Arrows indicate colocalisations. (C) CO-FISH analysis of HeLa and HT1080 vector and hTR cells, compared with VA13 (ALT +)
positive control, using a Texas Red PNA probe to the C-rich strand and an Alexa 488 PNA probe to the G-rich strand. Chromosomes were
counterstained with DAPI. Insets show a representative chromosome with no telomere exchange event in the HeLa and HT1080 cells and with
telomere exchange events detected at both telomeres in the VA13 cells.

Table I T-SCE analysis in HeLa and HT1080 vector- and hTR-expressing cells at pd 300 and VA13 cells as positive control

Cell line No. of chromosome No. of T-SCE Frequency of T-SCE per
ends analysed chromosome end (%)

HeLa vector 4830 1 0.02

HeLa hTR 4646 0 0

HT1080 vector 4680 1 0.02

HT1080 hTR 4794 0 0

VA13 3438 778 22.6

either the HeLa hTR or HT1080 hTR cells compared with Telomere-telomere copying was not detected in

vector controls (Table I; Figure 3C). We therefore conclude telomerase-positive cells with extended telomeres

that the extended telomeres of HT1080 and HeLa hTR cells Integration of a telomere-targeting plasmid tag has been used

are not subjected to postreplicative telomere exchange previously to examine intertelomere copy templating in ALT

events. cells (Dunham et al, 2000). This technique was used in this

©2009 European Molecular Biology Organization The EMBO Journal VOL 28 | NO 7 | 2009 803
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Figure 4 Telomere targeting results in loss of telomeric repeats, but no intertelomere copying. (A) Telomere tagged clones of HeLa and HT1080
vector and hTR cells, indicating the position of tag integration at the earliest timepoint (pd + 25). The neo® tag was detected by FISH using the
pSXneo plasmid as a probe. Chromosomes were counterstained with DAPI. (B) Tagged DNA was progressively excised from the telomere in
HeLa hTR clone 2, resulting in tagged extrachromosomal fragments, where the tag FISH signal colocalised with the propidium iodide DNA stain
(indicated by arrows). Insets show an enlarged colocalisation, indicated by the top arrow. (C) Telomere signal was detected as extrachromo-
somal fragments using an FITC-telomeric PNA probe in HeLa hTR clone 2. Chromosomes were counterstained with propidium iodide. Arrows
indicate extrachromosomal telomere fragments.

Neo Merge

study to investigate whether homologous recombination- A neomycin resistance gene (neo®) cassette flanked on
mediated telomere replication events also occurred in telo- either side by 800bp of telomeric repeats was used as a
merase-positive cell lines overexpressing hTR and showing telomeric DNA tag by targeting into the telomeres of HeLa
some of the phenotypic characteristics of ALT. and HT1080 vector and hTR cells at pd 230. Integration of the
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Table II Telomere-tagged chromosomes in HeLa and HT 1080 clones
at early population doubling following tag integration (pd +25) and
at late population doubling (pd +60)

Cell line and clone Early pd (pd +25) Late pd (pd +60)

HeLa
hTR clone 2 12pter None
hTR clone 4 2qter, 19pter, 2qter, 19pter,
21pter 21pter
HT1080
Vector clone 13 1qter 1qter
Vector clone 20 11q +ter 11q +ter
hTR clone 3 9qter 9qter
hTR clone 15 6p or 3pdelinter, 6p or 3pdelinter,
21pter 21pter
hTR clone 16 Bpter Bpter

DNA tag was detected in clonal cell populations by FISH at
early pds (pd +25). Two HT1080 vector clones (clones 13
and 20) and three HT1080 hTR clones (clones 3, 15 and 16),
all of which contained a single telomeric integration site
(Figure 4A), were picked and cultured separately. HT1080
hTR clone 15 also contained an interstitial tag integration site.
No telomeric integration of the tag was obtained in any HeLa
vector clones analysed. Two HeLa hTR clones (clones 2 and
4) with telomeric integration of the tag were chosen for
analysis (Figure 4A). Clone 2 had a single telomere integra-
tion site, and clone 4 contained three telomeric integration
sites (Table II). The variation in telomere tag signal intensities
within a single metaphase spread, in clones that have more
than one tagged telomere, indicates that at least some telo-
meres contain more than one copy of the tag; this is
consistent with the possibility that the tag has integrated as
an array.

All clones were passaged for 60 pds after integration of the
tag. The number of tagged telomeres did not increase in any
of the vector or hTR clones, as observed previously in
telomerase-expressing cell lines (Dunham et al, 2000); that
is, no telomeric copying events involving a tagged chromo-
some end were detected (Table II). Therefore, despite the
increase in chromosomal telomeric and ECTR DNA, there is
no evidence in these telomerase-positive cells of the recom-
bination-mediated telomere replication events observed in
ALT cells.

In HeLa hTR clone 2, the telomere tag was entirely lost
after 60 pds. Loss of the telomere tag in this clone and not in
any of the other analysed clones is likely to reflect a more
distal position of tag insertion in the telomere repeat array,
resulting in the tag being readily subjected to loss by telo-
meric deletion events.

This clone provided us with an informative system for
investigating the partial loss of telomeric DNA from a specific
chromosome end. Neo®FISH was carried out at pd + 28,
a timepoint after verification of telomeric tag integration and,
intriguingly, deletion of the tag from the telomere could be
visualised in metaphase spreads (Figure 4B). We observed
neo®FISH signals separate from chromosomes, that coloca-
lised with propidium iodide or DAPI stained DNA fragments,
although this was only evident when the signal intensity of
the red or blue channel, respectively, was increased substan-
tially, indicating that the fragment was very small. Several
deleted fragments could be seen in a single metaphase
(Figure 4B). We hypothesise that this resulted from the tag

©2009 European Molecular Biology Organization
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integrating as an array and one or more copies being lost in
progressive rounds of telomere truncation.

Telomeric deletion events were confirmed in HeLa hTR
clone 2 pd + 28 by telomere-FISH (Figure 4C). The deleted
telomere fragments were identified as doublets, irregularly
shaped fragments, and also as single signals within the cells.
No telomere fragments were identified in vector controls.
Importantly, no telomere signal-free ends were identified.

Telomerase-positive cells with elongated telomeres
showed no increase in telomere dysfunction-induced
foci

Telomere uncapping results in telomere dysfunction, shown
by the formation of telomeric foci containing DNA damage
response factors (telomere dysfunction-induced foci, TIFs)
and the consequent activation of a DNA damage response (de
Lange, 2002; Takai et al, 2003). We quantitated the number of
TIFs, as visualised by the presence of the DNA double strand
break marker phosphorylated histone H2AX (y-H2AX), at
telomere ends in HeLa and HT1080 vector and hTR cells at
pd 220 and pd 300 (Figure 5A).

The proportion of y-H2AX associated chromosome ends in
HeLa or HT1080 hTR cells undergoing telomere-trimming
events and t-circle formation did not increase compared
with vector controls (Figure 5B). On the contrary, a slight
decrease in the number of TIFs was identified in HeLa and
HT1080 hTR cells compared with vector cells (Figure 5B),
probably due to a decrease in the number of very short
telomeres as the result of increased telomerase activity.

Discussion

In this study, we used the generation of artificially elongated
telomeres by overexpression of hTR and the consequent
increase in telomerase activity in telomerase-positive cell
lines, to reveal a mechanism by which human cells negatively
regulate telomere length by trimming telomeric repeats from
the chromosome ends (Figure 6). This process is distinct from
the gradual telomere attrition seen with each round of cell
replication, and from the cis-acting telomere length control
mechanism operative in telomerase-positive cells that
appears to depend on modulation of telomere accessibility
to telomerase (Bianchi and Shore, 2008).

Cells with 6- to 10-fold increased telomerase activity
developed elongated telomeres that became heterogeneous
in length but lacked very short telomeres or signal-free ends.
This was accompanied by an accumulation of t-circles, ss G-
rich ECTR DNA and t-complex DNA in both HeLa and
HT1080 cells. Telomere extension by telomerase is thought
to occur during S phase (Jady et al, 2006; Tomlinson et al,
20006), after which cells traverse a checkpoint at G2/M before
progressing through mitosis. Although we cannot rule out an
indirect effect of the over-expressed telomerase, the data
presented here are most consistent with telomere length
being subject to checkpoint control. We speculate that
when telomeres become over-elongated, there is an increased
probability that they will be trimmed by resolution of a t-loop
intermediate to form t-circles, and therefore that t-loops are
likely to be present after DNA synthesis and through G2/M.

We were also able to visualise the partial removal of
telomeric sequences in metaphase cells. The identification
of some doublet deletion products at this phase of the cell

The EMBO Journal VOL 28 | NO 7 | 2009 805
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Figure 5 No increase in TIFs was detected in cells undergoing telomeric deletion events. (A) Cytospun HeLa and HT1080 hTR chromosomes
were immunostained for y-H2AX in conjunction with FITC-telomeric PNA probe. Chromosomes were counterstained with DAPIL.
(B) Quantitation of TIF data from HeLa and HT1080 parental cells compared with vector and hTR cells at pd 220 and pd 300, expressed as
percentage y-H2AX associated chromosome ends. Approximately 3000 chromosome ends were counted per experiment. Error bars represent
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standard deviation between three separate experiments.

cycle indicates that the truncation events can occur during
the G2 or M phase of the cell cycle, after DNA synthesis, but
before sister-chromatid separation. Deleted products from the
two sister-chromatids may remain associated with cohesins,
which are involved in linking sister-chromatids together
during cell division, thus appearing as doublets.

Importantly, no increase in the number of TIFs was seen in
the cells displaying telomere-trimming events. T-circles do
not have exposed DNA ends and would not be expected to
trigger a DNA damage response. What is very interesting,
however, is that the telomere truncation events do not result
in TIFs at the linear chromosome ends, implying that there is
no loss of telomere capping function or the formation of
critically short telomeres, either of which would be detected
as telomere dysfunction. The trimming events, therefore,
appear to be a well-controlled process.

Telomere truncation events have been reported previously
for unicellular eukaryotes. It has long been known that
during continuous culture of Tetrahymena thermophila,
macronuclear telomeric sequences in vegetatively dividing
cells are added and removed, a process thought to be
regulated by cellular signals (Larson et al, 1987). In addition,
it has been known for some time that mutant Saccharomyces
cerevisiae strains with elongated telomeres undergo a process
referred to as telomere rapid deletion (TRD) (Li and Lustig,
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t-circle

Holliday
junction
resolution

Limiting or
no telomerase

Nonlimiting telomerase

Figure 6 Schematic of proposed telomere length control by dele-
tion events. In situations of nonlimiting telomerase, telomeres
extend beyond a threshold length, after which resolution of the
t-loop Holliday Junction intermediate produces a truncated telo-
mere and a t-circle. In situations of limiting or no telomerase,
telomere lengths are below the threshold required to trigger these
controlled telomere-trimming events.
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1996; Lustig, 2003). Consistent with the conclusion that
resolution of t-loops into t-circles is involved in TRD, both
t-loop intermediates and t-circles have been identified in
yeast mutant strains with long telomeres (Groff-Vindman
et al, 2005; Cesare et al, 2008).

In human cells, expression of the TRF2 mutant, TRF24E,
which lacks the basic domain, induces catastrophic deletions
of telomeric DNA, creating t-loop sized t-circles, accompa-
nied by a DNA damage response and induction of senescence
(Wang et al, 2004). This process is dependent on the MRN
complex and XRCC3, which has been implicated in resolvase
activity. An increase in the number of ECTR DNA fragments
and signal-free ends has also been observed in cells from
patients with ataxia-telangiectasia, following oxidative stress
(Tchirkov and Lansdorp, 2003). Another context in which
telomeric homologous recombination and t-circles occur is in
cells that use the ALT mechanism (Cesare and Griffith, 2004).
Notably, telomere length is much less uniformly controlled in
these contexts and, like cells exposed to TRF2E, ALT + cells
frequently have chromosomes with telomere signal-free ends
(Perrem et al, 2001; Wang et al, 2004).

The cells used in this study are tumour-derived, and it is
conceivable that their telomeres may behave atypically.
Nevertheless, the deletion events described here in telomer-
ase-positive cells with elongated telomeres appear to be well
regulated. The deletion events appear to occur at a low
frequency in the control telomerase-positive cells, as indi-
cated by the low level of t-circles; trimming of over-elongated
telomeres is presumably required only infrequently in cells
that usually maintain telomeres at a somewhat homoge-
neously short length. We suggest that this mechanism is
also likely to operate in normal human cells with longer
telomeres, albeit at a lower frequency. It has been suggested
previously that sudden telomere shortening events are re-
sponsible for the stochastic onset of senescence in cultures of
normal human cells (Rubelj and Vondracek, 1999).

No telomeric exchange or intertelomere copying events
were detected in any of the telomerase-positive cells with
elongated telomeres. Therefore, telomere elongation in telo-
merase-overexpressing cells is not sufficient to activate the
telomeric recombination events characteristic of ALT
(Dunham et al, 2000). Similarly, yeast TRD events involve
intrachromosomal telomeric deletions and are distinct from
the interchromosomal subtelomeric and telomeric repeat
exchange events that occur in telomerase-null yeast type I
and type 1II survivors, respectively (Lustig, 2003).

Nevertheless, a number of similarities do exist between
telomerase-positive cells with elongated telomeres and ALT
cells: telomere length heterogeneity, the presence of ECTR
DNA in the form of t-circles, ss G-rich DNA and t-complex
DNA, and the formation of APB-like colocalisations between
PML protein and both telomeric repeat DNA and telomere-
associated proteins. As in ALT cells, these PML bodies also
contained the MRN homologous recombination complex.
The lack of any intertelomeric recombination events, how-
ever, shows that the ALT mechanism is not activated and that
these previously described ‘markers’ of ALT are more likely to
be consequential to the over-elongated telomeres that are
characteristic of that mechanism.

In conclusion, this study has revealed a process in human
cells in which telomere-trimming events involving t-circle
formation contribute to telomere length regulation in the
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presence of increased telomerase activity. This mechanism
appears to occur at low frequency in telomerase-positive
control cells and is exacerbated in the situation of increased
telomerase activity and extended telomere lengthening. We
propose that telomere length is controlled by the previously
described factors, namely telomere attrition resulting from
the end-replication problem, telomerase activity levels, and
factors acting at the telomere to control access of telomerase
to its substrate, together with trimming of over-lengthened
telomeres.

Materials and methods

Retroviral infection and cell culture

Retroviruses were prepared by transient transfection of the viral
packaging cell line PA317 with pBABEpuro empty vector control or
the hTR expression vector pBABEpuroU3hTR. Supernatant was
collected and filtered 48 and 72h after transfection. HT1080 and
HeLa cells were transduced with viral supernatant containing 4 pg/
ml polybrene twice overnight. After a recovery of 24 h, 0.25 pg/ml
puromycin was added to the growth medium (DMEM containing
10% foetal bovine serum), at which time pd was arbitrarily set to 0.
Uninfected cells were included as a selection control. After 2 weeks,
selection was removed and mass cultures of HeLa and HT1080 cells
were passaged at a 1:16 split ratio for 300 pds.

Telomere targeting by transfection

Cells were transfected with Kpnl linearised telomere targeting
plasmid, Tel (Dunham et al, 2000), using siPORT transfection
reagent (Ambion, Applied Biosystems). Forty-eight hours after
transfection, cells were plated at low density and selected in
500 ug/ml G418. Clones were isolated and assayed at early (pd
+25) and late (pd +60) pd for telomere integration of plasmid
sequence by neo™-FISH.

Quantitative RT-PCR

Total RNA was extracted using the RNeasy miniprep kit (Qiagen),
digested with DNasel (Invitrogen) and quantified by spectro-
photometry. cDNA was synthesised from 1 pg total RNA by random
priming using SuperScript III reverse transcriptase (Invitrogen)
and diluted to 100 pl. A measure of 2 pl of cDNA was used in 25 pl
gRT-PCR reactions for hTR and GAPDH containing 0.4 uM forward
(F) and reverse (R) primers (hTRF: CTAACCCTAACTGAGAAGGG
CGTA, hTRR: GGCGAACGGGCCAGCAGCTGACATT, GAPDHF: AC-
CCACTCCTCCACCTTTG, GAPDHR: CTCTTGTGCTCTTGCTGGG)
with SYBR green PCR mastermix (Applied Biosystems). RT minus
controls were included. PCR conditions were 50°C for 2 min, 95°C
for 10 min and 40 cycles of 95°C for 15s, 60°C for 60, followed by
melt curve analysis. Matched PCR efficiencies for the two primer
sets were confirmed by standard curve comparison and analysis
was carried out by the comparative cycle threshold (Ct) method
using GAPDH as the reference gene and expressed as fold change to
the parental cell line.

IP-RQ-TRAP

Telomerase was immunoaffinity purified from whole cell lysate
from 10° cells in a total volume of 200 pl, as described previously
(Cohen and Reddel, 2008). A measure of 2 pl of purified telomerase
solution was used in a 25 pl qPCR reaction using 0.1 ug telomerase
primer TS, 0.05 pg reverse primer ACX (Kim and Wu, 1997; Wege
et al, 2003) and SYBR green PCR mastermix (Applied Biosystems).
Telomerase extension was carried out at 25°C for 20 min, followed
by PCR amplification of telomerase extension products using 95°C
for 10 min and 35 cycles of 95°C for 10s, 60°C for 60s. Triplicate
serial dilutions of hTR overexpressing HeLa and HT1080 cells were
used to draw a standard curve of the form y = mx + ¢, where y is the
Ct value and x is logjo(protein quantity). Telomerase activity was
expressed as a ratio to the vector sample at pd 10.

TRF analysis

Telomeric restriction fragments were prepared by digestion with
Hinfl and Rsal, as described previously (Cesare and Griffith, 2004).
The fragments were separated by 1D or 2D PFGE, or standard 2D gel
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electrophoresis and hybridised in-gel using a telomere-specific
oligonucleotide probe (Cesare and Griffith, 2004; Cesare et al,
2008). For hybridisation under native conditions, agarose gels were
dried at 50°C without denaturation and hybridised in-gel to y-**P-
ATP-labelled (CCCTAA), or (TTAGGG), telomeric probes (Grudic
et al, 2007). After imaging, the gels were denatured, neutralised and
rehybridised to the same probe overnight and subsequently washed
and exposed to a Phosphorlmage screen overnight.

Telomere FISH and CO-FISH

Chromosome preparations from colcemid-arrested cells were
obtained according to standard cytogenetic methods. FISH was
carried out with 0.3 pg/ml FITC- or Cy3-(CCCTAA); PNA probe
(Applied Biosystems) for 2 h at 37°C (Perrem et al, 2001). DNA was
counterstained with 0.6pg/ml DAPI (Sigma) and 120 pg/ml
propidium iodide (Sigma). Images of metaphase spreads were
captured on a Carl Zeiss Axio-Imager M1 using Metafer 4 software
(Metsystems, Germany) and analysed with Isis software.

For CO-FISH, cells were grown in 10 uM BrdU:BrdC (3:1) for 18 h,
with 0.1 pg/ml colcemid added for the final 2h. Chromosome
preparations were obtained according to standard cytogenetic
methods. Slides were stained in 0.5ug/ml Hoechst 33258
(Sigma) in 2 x SSC for 15min at room temperature (rt), overlaid
with 2 x SSC and exposed to 365nm UV light (Stratalinker 1800)
for 30 min. Slides were rinsed with distilled water and allowed to
dry. No exonuclease III treatment was included. Instead, chromo-
somes were denatured in 70% formamide, 2 x SSC at 70°C for
2min, and the fragmented DNA of the newly synthesised strand
was removed by rinsing twice in water. Chromosomes were
hybridised sequentially with Alexa 488-(CCCTAA); and Texas
Red-(TTAGGG); PNA probes (Panagene, Korea), as described
previously (Perrem et al, 2001). DNA was counterstained with
DAPI. Metaphase spreads were captured on a Carl Zeiss Axio-
Imager M1 using Metafer 4 software and analysed using Isis
software. Individual chromosome ends were scored as positive for a
telomere-exchange event if a signal doublet could be detected in
both strand-specific fluorochromes on both sister chromatids of the
respective chromosome.

Neo"-FISH

The plasmid backbone pSXneo was labelled by biotin nick
translation (Roche) according to the manufacturer’s instructions.
FISH was carried out as described previously (Dunham et al, 2000),
with 10ng/pl of pSXneo probe followed by detection with FITC-
conjugated avidin. Individual chromosome ends were scored as
positive for the neo® signal if a signal doublet could be detected on
both sister chromatids of the respective chromosome.
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