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Stabilization of telomere length in germline and highly

proliferative human cells is required for long-term survi-

val and for the immortal phenotype of cancer-derived

cells. This is achieved through expression of telomerase

reverse transcriptase (TERT), which synthesizes telomeric

repeats through reverse transcription of its tightly asso-

ciated RNA template (TR). The telomeric repeat binding

factor TRF1 inhibits telomerase at telomeres in cis in a

length-dependent manner to achieve telomere length

homeostasis. Here we manipulate telomerase activity

over a wide range in cancer and primary cells.

Concomitant overexpression of TERT and TR was neces-

sary and sufficient to substantially increase telomerase

activity. Upon overexpression, more telomerase associated

with telomeres and telomeres elongated at a constant rate

(up to 0.8 kb/population doubling (PD)) in a length-inde-

pendent manner. Thus, in less than 50 PDs, the length of

telomeres increased 3–8-fold beyond physiological size,

while telomere-bound TRF1 and TRF2 increased propor-

tionally to telomere length. Thus, long telomeres do not

permanently adopt a structural state that is non-extend-

ible. A low cellular concentration of telomerase is critical

to achieve preferential elongation of short telomeres and

telomere length homeostasis.
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Introduction

Telomere shortening, which accompanies each round of

chromosome replication in the absence of telomerase, limits

the replicative potential of many primary human cells and

is thought to provide powerful tumor-suppressive function.

Conversely, telomerase expression in the germline, in somatic

cells during early embryogenesis and in cancer-derived

immortal cells allows telomere length homeostasis (Harley

et al, 1990; Kim et al, 1994; Wright et al, 1996; Ulaner and

Giudice, 1997; Bodnar et al, 1998; Vaziri and Benchimol,

1998). Many stem or stem-like cells in the adult human also

exhibit some telomerase activity when stimulated to divide,

which is thought to slow, but not prevent, telomere short-

ening. Telomere length regulation and telomerase expression

in multicellular organisms may have evolved by opposing

selective pressures to suppress tumor formation on one side,

while not promoting premature cellular senescence in highly

proliferative tissues on the other side.

Telomere length in telomerase-positive immortal cell

lines and unicellular organisms is maintained within a

narrow range that is specified by species or cell type

(Smogorzewska and de Lange, 2004). This is mediated

through protein complexes that bind along the telomeric

tract, forming part of a negative feedback loop inhibiting

telomere elongation in cis (van Steensel and de Lange, 1997;

Ancelin et al, 2002; Smogorzewska and de Lange, 2004). In

Saccharomyces cerevisiae, the number of Rap1 protein com-

plexes binding along the telomeric tracts is proportional to

telomere length, providing a so-called protein-counting

mechanism (Marcand et al, 1997). The counting mechanism

in yeast involves telomeres switching between telomerase-

extendible and non-extendible states to mediate telomere

length homeostasis (Teixeira et al, 2004). In humans, a

similar counting mechanism is provided by the TRF-com-

plexes bound along the telomere tract (van Steensel and de

Lange, 1997; Smogorzewska et al, 2000; Ancelin et al, 2002).

The single-strand telomeric DNA-binding protein POT1,

which is recruited via the TRF-complex, can prohibit telo-

merase activity when bound to the chromosome 30 end, and

may transduce telomere length control from the TRFs to

telomerase (Loayza and De Lange, 2003; Kelleher et al,

2005; Lei et al, 2005). However, it is not known whether, as

in budding yeast, the frequency, rather than the extent of

telomere elongation is the regulated feature in vivo.

Telomerase is a large (more than 1 MDa) ribonucleoprotein

particle whose composition is not fully determined. The

catalytic core of telomerase consists of the telomerase reverse

transcriptase (TERT) and the RNA subunit (TR), which

provides the template (Greider and Blackburn, 1989;

Lingner et al, 1997; Weinrich et al, 1997; Beattie et al,

1998). Other telomerase-associated proteins may play a role

in biogenesis and regulation. While hTERT is expressed

only in telomerase-positive cells, hTR and other telomerase-

associated proteins are ubiquitously expressed and are often

considered as house-keeping genes (Feng et al, 1995).

However, hTR steady-state levels are higher in human cancer

cells (Avilion et al, 1996; Yi et al, 1999). Here we establish

a system to increase telomerase activity in a wide range in

primary and telomerase-positive cell lines, and analyze the

consequences on telomere length homeostasis.
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Results

Restriction of telomerase activity by both hTR

and hTERT in telomerase-positive cell lines

To increase telomerase activity in telomerase-positive cells,

we transiently transfected 293T cells with vectors carrying

hTR under control of the U1 promoter and hTERT under

control of the CMV promoter (Figure 1A and B). At 2 days

after transfection, cell extracts were prepared and telomerase

activity was quantitatively measured by RQ-TRAP, a modified

version of the TRAP assay, in which telomere elongation

products are amplified by quantitative RT–PCR (Wege et al,

2003). As shown in Figure 1C, telomerase activity was not

considerably affected when either hTR or hTERT was indivi-

dually overexpressed. In contrast, when both of these

subunits were transiently co-overexpressed, a 4200-fold

increase in telomerase activity was observed. Similar results

were obtained in HeLa cells (Supplementary Figure 1). To

confirm this result, we performed direct telomerase assays in

which a telomeric primer is extended by telomerase in the

presence of [a-32P]dGTP and unlabeled dNTPs, and extension

products are analyzed without prior amplification by PCR. As

expected, telomerase activity in crude extracts derived from

untransfected cells or from cells that individually over-

expressed either hTR or hTERT was not sufficient to detect

activity in this assay (Figure 1D, lanes 2–4). Telomerase

activity from human telomerase-positive cells can only be

detected upon PCR amplification of the products, as done

in TRAP assays (Kim et al, 1994), or upon enrichment of

telomerase (Morin, 1989). However, robust primer extension

was observed upon concomitant overexpression of hTR and

hTERT (Figure 1D, lane 5). Thus, both hTR and hTERT, but

apparently no other telomerase subunits, limit in vitro telo-

merase activity in these cells. For simplicity, we refer below to

the massive telomerase activity conferred by co-overexpres-

sion of hTR and hTERT as ‘super-telomerase’. This term does

not imply that super-telomerase has different properties, but

only that it is highly expressed and to distinguish it from cells

in which hTERT alone is overexpressed.

High levels of telomerase activity result in continuous

telomere elongation

In budding yeast, overexpression of the TR subunit TLC1

together with the TERT subunit Est2p also results in higher

telomerase activity levels in cell extracts (Teixeira et al, 2002).

However, this has no dramatic effects on telomere length,

suggesting that other telomerase-associated components are

limiting in vivo, or that telomere length homeostasis in this

organism is largely controlled at the telomere, by the equili-

brium between extendible and non-extendible states (Teixeira

et al, 2004). To test the role of telomerase concentration for

telomere length homeostasis in human immortal cell lines,

we stably transduced HeLa cells with hTR and hTERT retro-

viral vectors and analyzed populations of cells for telomerase

activity and telomere length. hTERT was expressed from the

retroviral LTR promoter and hTR was expressed as above

from the U1 promoter. As a control, cells were transduced

with empty vectors and grown in parallel. As above, cotrans-

duction with hTR and hTERT vectors resulted in substantially

increased telomerase activity levels (23-fold; Figure 2A and

B). However, in contrast to the transient expression experi-

ments, stable overexpression of hTERT alone also resulted

in an increase of activity (seven-fold). To determine whether

the discrepancy between transient and stable expression of

hTERT was due to increased levels of endogenous hTR upon

stable expression of hTERT, we quantified hTR levels by qRT–

PCR (data not shown; see also Figure 2A). However, hTR

levels were not affected by ectopic expression of hTERT in

this cell line. hTR overexpression on its own also led to

a moderate increase of telomerase activity (five-fold).

The effects of super-telomerase on telomere length were

determined by pulse-field gel electrophoresis (PFGE) of TRFs,

and in-gel hybridization. Our HeLa cell stock has a median

TRF length of 9 kb, which, when the length of the subtelo-

meric region also resistant to HinfI and RsaI digestion is

subtracted, corresponds to a median telomere length of
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Figure 1 Massive increase of telomerase activity upon transient
coexpression of hTR and hTERT in HEK293T cells. (A) Immunoblot
with anti-hTERT R484 antibody (upper panel) or with anti-tubulin
antibody (lower panel) as a loading control. (B) Northern blot with
an anti-hTR probe (upper panel) or actin probe as a loading control
(lower panel). Ct contains in vitro transcribed hTR. (C) Telomerase
activity measured by RQ-TRAP. RNase treatment of extracts reduced
the signal to below the detection limit (not shown). Values indicate
mean telomerase activity and standard deviation obtained from
three parallel transfections. Transfection efficiency was 490%, as
estimated from a separate transfection performed with a GFP-
encoding plasmid. (D) Telomerase activity was determined in a
direct telomerase assay using (TTAGGG)3 as a telomerase substrate.
Lanes 1 and 6, 32P-ddATP 30-labeled primer as þ 1 marker. RC,
recovery control (see Materials and methods). The periodicity is
somewhat irregular, presumably due to the presence of nucleases in
the crude extract that may attack extended and nonextended
primers from both ends. Upon enrichment of this telomerase over
one column, we obtained a very clear and regular six-nucleotide
pattern (unpublished results).
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approximately 7 kb (Figure 2C, lanes 1–3). As expected,

telomere length was stable during cell propagation. In

sharp contrast, telomeres in super-telomerase cells increased

steadily to 50 kb after 56 population doubling (PD)

(Figure 2C, lanes 14–18). Strikingly, the rate of elongation

(415 and 635 base pairs (bp)/PD in two independent experi-

ments) was constant in the analyzed size range and indepen-

dent of telomere length. The initial elongation rate

immediately after transduction (PD¼ 0–16) may have been

higher, since extrapolation of telomere length in super-telo-

merase cells to PD¼ 0 gives longer telomeres than control

cells (Figure 2E). The intermediate levels of telomerase

activity, reached upon overexpression of only one of the

two telomerase core components, gave slower telomere elon-

gation rates, indicating that telomerase activity levels were

limiting telomere length (Figure 2C). The effects of hTERT

expression alone in HeLa cells are in agreement with previous

observations (Baur et al, 2001).

Additive effects of hTR and hTERT overexpression

on telomerase activity and telomere elongation were also

observed in the fibrosarcoma-derived HT1080 cells

(Supplementary Figure 2). In super-telomerase HT1080

cells, telomerase activity was increased 40 times and telo-

mere length increased from 2.5 to 20 kb in 50 PD (eight-fold).

In contrast to HeLa cells, overexpression of hTR alone in

HT1080 cells resulted in a larger (nine-fold) increase of

telomerase activity and telomere length than hTERT over-

expression alone (three-fold). The low effects of hTERT

expression in HT1080 are in agreement with previous

observations (McChesney et al, 2000). Thus, hTR is more

limiting in this cell line. In both cell lines, the rate of telomere

elongation was directly related to the levels of telomerase

activity (compare panels B and C in Figure 2 and

Supplementary Figure 2).

To test if loss of telomere length control upon telomerase

overexpression was an acquired feature of cancer cells, we
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Figure 2 Massive telomere elongation upon long-term super-telomerase expression in HeLa cells. HeLa cells were transduced with retroviral
vectors encoding hTR or hTERT or the respective empty vectors. Cell populations were analyzed after double selection. (A) Overexpression of
telomerase core components. RT–PCR amplification (upper panels) of hTR or ARF3 as a loading control. RT–PCR conditions were ensured to be
in the dynamic range and RT-dependent (not shown). Immunoblot (lower panels) with anti-hTERTantibody or with anti-tubulin antibody as a
loading control. (B) Telomerase activity was determined by RQ-TRAP. RNase treatment of extracts reduced the signal to below the detection
limit (not shown). Each bar represents the mean7s.d. of at least three measurements. (C) Genomic blot of transduced HeLa cell populations at
the indicated PDs. TRFs were separated by PFGE. The rate of elongation is indicated below in bp/PD for this gel. The graph shows the median
telomere lengths at the indicated cell PD. Telomere lengths were deduced by subtracting 2 kb for subtelomeric sequences from the median TRF
length obtained from the gel.
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also determined the effects of super-telomerase expression in

primary telomerase-negative human lung fibroblasts (HLF)

(Figure 3). Also in HLF, co-overexpression of hTERT and hTR

most efficiently increased telomerase activity (Figure 3A and

B). Telomere length increased at a constant rate (780 bp) to

31 kb after 28 PD, which corresponds to at least twice the

physiological size of telomeres in embryos and six times the

initial size at the time of infection. Thus, also in primary cells

telomere overelongation was not prevented upon super-

telomerase expression.

Since telomerase only extends the G-rich 30 end of the

chromosome and incomplete C-strand synthesis has been

observed in some telomere length mutants in budding yeast

(Adams Martin et al, 2000), we tested if synthesis of the

complementary C-rich telomeric strand was incomplete in

super-telomerase cells. The 30 G-rich overhang in telomeric

DNA was detected by hybridization with a telomeric probe,

following electrophoresis in gels without prior denaturation

(Figure 4). After quantification of the signal, the DNA was

denatured in the gel and rehybridized with the same telo-

meric probe. This analysis indicated that the length of the

telomeric 30 overhang was not affected by telomerase over-

expression, and that there was no uncoupling between G-

and C-rich strand synthesis. Collectively, these data suggested

that steady-state telomere length requires restriction of telo-

merase levels and that telomere length is determined to a

large extent by the absolute levels of telomerase activity and

not solely by the balance between positive and negative

regulatory forces.

Telomere-bound TRF1 and TRF2 are not limiting

The elongation of telomeres in super-telomerase cells far

beyond physiological size indicated that telomere length

regulation by TRF1 and TRF2 does not involve locking over-
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Figure 3 Cooperative effects on the telomere length of long-term hTR and hTERToverexpression in HLF. Cells were transduced with retroviral
vectors encoding hTR or hTERTor empty vectors. Cell populations were analyzed after double selection. (A) Overexpression of telomerase core
components. RT–PCR amplification (upper panels) of hTR or ARF3 as a loading control. RT–PCR conditions were ensured to be in the dynamic
range and RT-dependent (not shown). Immunoblot (lower panels) with anti-hTERT R484 antibody or with anti-tubulin antibody as a loading
control. The asterisk indicates a band that crossreacts with the R484 antibody. (B) Telomerase activity as determined by RQ-TRAP. The activity
for hTERT-transduced cells was arbitrarily set to 100. RNase treatment of extracts reduced the signal to below the detection limit (not shown).
Stars indicate signal below the detection limit. Each bar represents the mean7s.d. of at least three measurements. (C) Genomic blot of TRFs in
transduced HLF cell populations at the indicated PDs separated by PFGE. The rate of elongation is indicated below in bp/PD for this gel. The
graph shows median telomere length at the indicated cell PD. Telomere length was deduced by subtracting 2 kb for subtelomeric sequences
from the median TRF length obtained from the gel.
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elongated telomeres permanently in a non-extendible state.

Alternatively, it was conceivable that TRF1 and TRF2 levels

became limiting at very long telomeres, thus not allowing any

more efficient repression of telomerase activity. To test this

possibility, TRF1 and TRF2 binding was assessed by confocal

immunofluorescence (IF) microscopy using TRF1- and TRF2-

specific antibodies. It was previously shown in two HeLa cell

clones with different telomere lengths that the amount of

TRF1 and TRF2 at telomeres correlates with telomere length

(Smogorzewska et al, 2000; Loayza and De Lange, 2003).

Staining and image acquisition were performed under iden-

tical conditions in parallel, and TRF1 and TRF2 staining are

shown without contrast adjustment (Figure 5A). TRF1 and

TRF2 staining gives a punctate nuclear pattern corresponding

to telomeres. In super-telomerase cells, nuclear dots were

much brighter than in control cells, as expected for longer

telomeres that bind more TRF1 and TRF2. We quantified

TRF1 and TRF2 IF signals in nuclear foci (Supplementary

Table 1), as described in Supplementary Methods. The TRF1

signal was increased 11-fold in super-telomerase cells and the

TRF2 signal nine-fold at 87 PD. This increase is proportional

to the increase in telomere length from 7 to 60 kb (nine-fold).

To determine more accurately the relative amounts of

TRF1 and TRF2 per telomeric DNA, we performed chromatin

immunoprecipitation (ChIP) experiments (Figure 5B and C).

The percentage of telomeric DNA bound to TRF1 and TRF2

was determined in slot blots using a telomeric probe.

Crosslinked extracts that were immunoprecipitated with M2

Flag antibody or no antibody were used as negative controls.

Two different TRF1 antibodies immunoprecipitated 12 and

4% of total telomeric DNA, respectively, and a TRF2 antibody

immunoprecipitated 5% of total telomeric DNA in control

HeLa cells. Since these values are expressed as percentage of

total telomeric DNA, they take into account telomere length.

In super-telomerase cells, the quantity of total telomeric DNA

immunoprecipitated by the two TRF1 antibodies and the

TRF2 antibody was not significantly different. Thus, TRF1

and TRF2 are not limiting in super-telomerase cells. They

bind to the very long telomeres at a density similar to that

measured for the telomeres of control cells. Together with the

IF experiments, our data show that increased telomere length

in super-telomerase cells results in a directly proportional

increase in telomere-bound TRF1 and TRF2 proteins.

Increased telomerase association with chromosome

ends in super-telomerase cells

As discussed above, telomere length control in telomerase-

positive cancer cells by TRF proteins and POT1 may involve

restricting telomerase access to chromosome ends in a

length-dependent manner. Alternatively, these proteins may

regulate the extent of telomere elongation by regulating, for

example, telomerase processivity. To test if telomere associa-

tion was enhanced upon super-telomerase expression, we

performed ChIP experiments in stably transduced and tran-

siently transfected HeLa cells (Figure 6). The experiment was

performed as in Figure 5B, but antibodies against hTERTwere

used to assess telomerase–telomere interaction. No signifi-

cant binding of hTERT with telomeres could be detected in

empty-vector transduced or transfected cells. However, a

clear association of hTERT with telomeric DNA could be

detected in HeLa cells that either stably or transiently ex-

pressed super-telomerase. Since, upon transient transfection

of HeLa cells, telomere length increased only slightly (data

not shown, see also total and TRF1-bound telomere DNA

signal in Figure 6, lower part) while telomerase–telomere

binding was still enhanced (Figure 6, lower part), the in-

creased association of hTERT with chromosome ends is not

a secondary consequence of telomere elongation. Thus,

increased telomerase binding to telomeres provides a possi-

ble molecular explanation for telomere overelongation in

super-telomerase cells.

Discussion

hTR and hTERT limit the amount of active telomerase

RNP in telomerase-positive cells

Our work establishes a basis for obtaining unprecedented

high levels of telomerase activity in cancer cell lines and

primary cells. Our observations demonstrate that both hTR

and hTERT restrict telomerase activity and telomere length in

two cancer-derived and one primary cell line (Figures 1–3,

and Supplementary Figures 1 and 2), while other telomerase

subunits are not limiting. Upregulation of hTERT in tumors is

required for telomerase activation and telomere length stabi-

lization. hTR, which is ubiquitously expressed, is shown here

to restrict telomerase activity in HT1080 and to a lesser extent

in HeLa cells. Indeed, the hTR locus is amplified in some

tumors, suggesting that hTR upregulation can be more im-

portant for telomerase activation than generally appreciated

(Soder et al, 1997). hTR levels also limit telomerase activity

in human haematopoietic cells, as seen in dyskeratosis

congenita patients, in which decreased expression of hTR
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Figure 4 The G- and C-strands are both elongated in super-telo-
merase cells. Telomeric overhang was analyzed by in-gel hybridiza-
tion of TRFs from control- or super-telomerase-expressing HeLa
cells (same as in Figures 2 and 5). Hybridization to native DNA
(left) detecting telomeric overhang or to denatured DNA (right)
detecting the total telomeric DNA in the same gel re-hybridized with
the same probe after denaturation. The signal of internal restriction
fragments containing telomeric repeats (asterisks) shows equal
loading of DNA.
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causes bone marrow failure (Vulliamy et al, 2001, 2004).

Haploinsufficiency has also been reported in heterozygous

mTRþ /� mice (Hathcock et al, 2002; for a review, see

Harrington, 2005). Our data reveal that telomere length

homeostasis in the analyzed cancer cells is achieved with

limiting amounts of telomerase, which results in stable but

short telomeres. This observation could provide a simple

molecular explanation for the apparent paradox that, despite

the expression of telomerase in cancer cells, telomere length

in these cells is often very short.

In Figure 2, we analyzed the fate of telomeres in super-

telomerase HeLa cells up to PD¼ 56, which corresponds to

more than the estimated number of cell divisions needed to

generate a human body (1016 mitoses; Strachan and Read,

1999). Telomere repeat addition was not inhibited in this time

window. More recently, super-telomerase HeLa cells were

followed up 87 PD, elongating their telomeres beyond 60 kb

in a linear fashion (data not shown). Telomere length is seen

here to largely depend on telomerase concentration. Since

telomerase is downregulated during human embryogenesis in
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(upper) or transiently transfected (lower) HeLa cell populations.
Transiently transfected cells were analyzed 72 h post-transfection
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indicated on the left. Duplicate dot blots were probed for telomeric
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(B) representing per cent TTAGGG repeat DNA recovered in each ChIP. Averaged duplicate signals obtained with total DNA samples were used
as 100% value for the quantification. As the histograms represent the percentage of input telomeric DNA, they are corrected for telomere length
changes.
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most tissues after 12–21 weeks (Ulaner and Giudice, 1997),

our findings imply that both hTERT and hTR levels must be

extremely tightly regulated during early human embryogen-

esis in order to ensure optimal telomere maintenance for the

lifetime. However, we cannot exclude the possibility that

overexpression of hTR and hTERT without overexpression

of other telomerase components may result in formation

of telomerase complexes that fail to respond to negative

feedback regulation mechanisms.

Model for telomere length homeostasis: dynamic

transitions between non-extendible, extendible

and extending states

Super-telomerase-expressing cells elongated telomeres with

a constant rate (0.25–0.8 kb/PD) far beyond physiological

length, despite the fact that TRF1 and TRF2 increased at

telomeres in proportion to the number of telomere repeats

(Figure 5). To reconcile these findings with a model in which

telomeres switch in a length-dependent manner between

extendible and non-extendible states (Teixeira et al (2004)

and references therein), we predict that long telomeres are

not permanently locked in a non-extendible state, but that the

switch between these two telomeric states is rather dynamic.

In addition, we predict the existence of a distinct third

telomeric state with extendible telomeres switching to an

extending state, upon productive association with telomer-

ase. In this model, the transition between the non-extendible

and extendible states is length dependent, whereas the tran-

sition between extendible and extending states depends on

the concentration of telomerase (Figure 7). In cells with low

levels of telomerase activity (top panel), short telomeres

oscillate between extendible and extending states and long

telomeres would be mainly in the non-extendible state. In

contrast, in cells with high levels of telomerase (such as

super-telomerase cells, bottom panel), long telomeres would

still be mostly in a non-extendible state, but the transition

between the states would be frequent enough to permit

continuous telomere elongation. We see increased telomerase

binding to telomeres in super-telomerase cells (Figure 6). The

mechanisms of telomerase recruitment in human are elusive.

However, from studies in budding yeast, it is known that

telomerase recruitment occurs through two distinct pathways

(Evans and Lundblad, 1999; Pennock et al, 2001; Fisher et al,

2004). One is mediated by telomere-bound Cdc13p, which

binds telomerase-associated Est1p. The other involves the

interaction between telomere-binding Ku, which binds the TR

subunit TLC1. Whatever the mechanism in human super-

telomerase cells, we suspect that the increased local concen-

tration of telomerase in these cells near its substrate may

favor transition from the extendible to the extending state

before the end is sequestered back into a non-extendible state

(Figure 7).

The molecular nature of the putative non-extendible,

extendible and extending states, as well as the molecular

mechanisms that drive their transition are not well under-

stood. The telomerase non-extendible state could correspond

to the t-loop structure or the telomeric 30 end bound to hPOT1

(Griffith et al, 1999; Loayza and De Lange, 2003). Our results

imply that this state is not a permanent feature of long

telomeres, as telomere elongation was still permitted with

high levels of telomerase. In this respect, the chromatin

structure of the non-extendible state appears very different

from the telomere chromatin structure, which is responsible

for telomere silencing. This latter chromatin structure is

stably inherited over several cell cycles and rarely switches

to the opposite state (Gottschling et al, 1990; Baur et al, 2001;

Koering et al, 2002). Telomerase elongates telomeres in late

S-phase at least in yeast (Marcand et al, 2000). This suggests

that the transition from non-extendible to extendible state

and/or extendible to extending state may occur only in

S-phase of the cell cycle. Telomere transitions in S-phase

may, for example, be enabled by passage of the replication

fork, cell-cycle-dependent telomere binding of telomerase

components, as documented in yeast (Fisher et al, 2004), or

other cell cycle-dependent modifications. Finally, the finding

that telomerase levels limit telomere length suggests that the

main function of the negative feedback loop mediated by

telomeric proteins is not to prevent telomere overelongation,

but to favor extension of short telomeres when telomerase is

limiting.

Function of
telomere length

Long

Short

Long

Short

Non-extendible state Extendible state Extending state

Function of
[telomerase]

Limiting telomerase activity

High telomerase activity

Figure 7 A three-state model for telomere length homeostasis. Telomeres are proposed to switch between non-extendible (red, curly end),
extendible (green, straight end, middle) and extending states (green straight end associated with telomerase, right). The equilibrium between
non-extendible and extendible states is a function of telomere length, while the equilibrium between extendible and extending state is a
function of telomerase concentration. The top panel shows a situation where telomerase concentration is limiting, corresponding to the here-
analyzed telomerase-positive cell lines. The bottom panel indicates the situation in super-telomerase cells.
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Materials and methods

Plasmid DNA
For transient expression, hTERT cDNA was cloned into the EcoRI
site of pcDNA6/myc-His C (Invitrogen). The hTERT stop codon was
upstream of the tags and therefore full-length untagged hTERT was
expressed. hTR was cloned downstream of the U1 promoter in the
EcoRI and HindIII sites of pBluescript II SK(þ ) (Stratagene). For
stable infections, full-length hTERT cDNA was cloned in the EcoRI
site of pBabe-Hygro downstream of the LTR-promoter and U1-hTR
was cloned in the BglII and HindIII sites of pMND-Banshee
retroviral vector containing a neomycin selection cassette (a kind
gift of J Rossi).

Cell transfection and viral infection
Transient transfections were carried out using lipofectamine 2000
transfection reagent (Invitrogen). Retroviruses were prepared by
transient transfection of vector-encoding plasmids into the Phoenix-
amphotrophic encapsidation cell line (a kind gift of G Nolan). Cell
supernatants were collected and filtered 48, 56 and 72 h after
transfection. Target cells were infected three times in six-well plates
with 2 ml of supernatant, 2 ml of fresh medium and 4ml of 4 mg/ml
polybrene. At 24 h after the last infection, cells were transferred to
selection medium (DMEM containing 10% FCS, 1 mg/ml G418 and
250 mg/ml hygromycin B), at which time PD was arbitrarily set to 0.
After 10–15 days, control uninfected cells were dead and selection
was considered as complete. HLFs were first infected with the
pMND-Banshee-U1-hTR or empty vector, selected with G418 and
then with the pBabe-Hygro-hTERT or empty vector, and selected
with hygromycin. PD was arbitrarily set to 0 at the start of
hygromycin selection.

RQ-TRAP
Cells were collected, washed once in PBS and resuspended in 3-((3-
cholamidopropyl)-dimethylammonio)-1-propane-sulfonate (Chaps)
lysis buffer at 105 cells/ml. After 30 min incubation on a rotating
wheel at 41C, extracts were centrifuged at 14 000 g for 30 min at 41C,
the supernatants were quick-frozen and stored at �801C. Protein
concentration of extracts was determined with the Bradford protein
assay (BioRad). The RQ-TRAP protocol was slightly modified and
adapted to the LightCycler system (Wege et al, 2003). Reactions
were carried out in 20-ml reactions containing the LC-FastStart Sybr
Green II mix (Roche), 1ml of undiluted or diluted cell extracts, 0.1mg
of telomerase primer TS, 0.05mg of reverse primer ACX and 0.5 mM
additional MgCl2. Using the LightCycler (Roche), samples were
incubated for 30 min at 301C, for 10 min at 951C and amplified in 40
PCR cycles for 5 s at 951C and 60 s at 601C. The threshold cycle
values (Ct) were determined automatically by the second-derivative
maximum method using arithmetic baseline adjustment. Duplicate
five-fold serial dilutions of the most active samples were used to
draw a standard curve of the form log10(protein quantity)¼ aCtþ b.
Telomerase activity was expressed relative to this standard as the
quantity of standard sample extract giving the same Ct value.
Samples were serially diluted to verify the linearity of the RQ-TRAP
reaction, and RNase-treated to verify that the amplification product
was due to telomerase activity.

Direct telomerase assays
Conventional telomerase assays were carried out for 1 h at 301C in
20-ml reactions containing 4mg of 293T Chaps extracts, 50 mM Tris–
HCl (pH 8.0), 50 mM KCl, 1 mM spermidine, 1 mM b-mercapto-
ethanol, 1 mM MgCl2, 0.5 mM dATP, 0.5 mM dTTP, 2mM dGTP,
20 mCi of [a-32P]dGTP (3000 Ci/mmol) and 1 mM of telomeric primer
(T2AG3)3. Reactions were stopped by the addition of 5 mM
EDTA and 1% SDS. Trace amounts of a 32P-labeled 10-mer DNA
oligonucleotide was added as recovery control (noted RC in
Figure 1D). Products were ethanol-precipitated. DNA pellets were
resuspended in 98% formamide containing 10 mM EDTA and
0.005% xylene cyanol, heated to 951C for 1 min, and analyzed on
12% polyacrylamide-urea sequencing gels.

Chromatin immunoprecipitation
ChIP assays were performed as described (Loayza and De Lange,
2003) with the following modifications. For immunoprecipitations,
5mg of M2 anti-Flag (Sigma), TRF1(N19), TRF1(C19)-X (Santa-
Cruz), TRF2 (Upstate) antibodies or 25 ml of hTERT (R484, crude

serum) or preimmune serum (PI) (Wenz et al, 2001) was used,
followed by incubation for 6 h at 41C with 15ml of protein
A/G-Sepharose bead mix (Amersham; 1:1 mix, preblocked over-
night with 1 mg/ml bovine serum albumin). Crosslinks were
reversed overnight at 651C. In all, 20% of DNA was loaded for
the detection of telomeric sequences using a 600-bp random-labeled
TTAGGG probe, and 10% for detection of Alu sequences using a 50-
labeled oligonucleotide probe (50-GTGATCCGCCCGCCTCGGCCTCC
CAAAGTG-30).

Telomere assays
Genomic DNA was prepared with the Wizard genomic DNA kit
(Promega). RsaI and HinfI digested DNA (2mg) was fractionated on
a CHEF-DRII PFGE apparatus (BioRad) in 1% agarose in 0.5� TBE
at 5.2 V/cm for 16 h at 141C with switch times ramped from 0.5 to
6 s, followed by ethidium bromide staining. For the overhang assay,
in-gel hybridization was performed directly without denaturation of
DNA as described (Karlseder et al, 2002), using a 50-end-labeled
(C3TA2)4 oligonucleotide or a 600-bp random-labeled TTAGGG
probe. For TRF analysis, gels were denatured first as described
(Karlseder et al, 2002). Median telomere length was determined
exactly as described (Li and de Lange, 2003). Note that median
telomere length was obtained by subtracting 2 kb of subtelomeric
sequences from the median TRF length.

Northern blot, RT–PCR and qRT–PCR
Total RNA was extracted with the RNeasy miniprep kit (Qiagen)
using on-column DNase digestion (RNase-Free DNase Set, Qiagen).
RNA concentration was determined by measuring the OD at
260 nm. For Northern blots, 2 mg of total RNA was separated by
6% PAGE under denaturing conditions (7 M urea, 1� TBE) and
transferred to a Hybond-Nþ membrane. The hTR hybridization
probe was prepared by random labeling of a NarI–StuI fragment of
hTR cDNA, using the Invitrogen random primers DNA labeling kit.
For b-actin mRNA detection, a 50-end radiolabeled oligonucleotide
(50-AAGCTTATCAAAGTCCTCGGCCAC-30) probe was used. For
quantitative RT–PCR (qRT–PCR), cDNAs were prepared using
SuperScript II reverse transcriptase (Invitrogen) followed by Light-
Cycler qPCR, using the LC-FastStart Sybr Green II kit, primers hTR
fw790 and R3c (Wenz et al, 2001), and 1 ml of cDNA, as indicated
in the manufacturer’s instructions. Serial dilutions of in vitro
transcribed hTR were used as standard. hTR quantity was normal-
ized to the amount of total RNA. As a control for DNA
contaminations, RT–PCR without RT was performed in parallel for
each sample, which did not result in detectable PCR products.
SuperScript III one-step RT–PCR system with Platinum Taq DNA
polymerase (Invitrogen) was used to perform RT–PCR. Initial
control experiments were performed to ensure that amplification
was in the dynamic range in the experimental conditions used
(100 ng of total RNA, 15 min at 551C, 2 min at 941C (15 s at 941C,
30 s at 571C, 30 s at 681C) repeated 24 times). For amplification of
the house-keeping ARF3 mRNA, forward and reverse primers were
50-TCACCACCATCCCTACCATT-30 and 50-AGGTGGCCTGAATGTAC
CAG-30, respectively.

Immunoblots
In all, 5mg of Chaps extracts (Figure 1) or 105 cells was directly
boiled for 5 min in Laemmli sample buffer (Figures 2 and 3) and
fractionated on 4–20% SDS–PAGE gradient gels. We performed
immunoblots with standard protocols, using an affinity-purified
rabbit polyclonal antibody against hTERT (1:10 000, R484 (Wenz
et al, 2001)) or a mouse monoclonal antibody to b-tubulin
(1:20 000, DM1A, Sigma). Secondary horseradish peroxidase-
conjugated goat antibodies against rabbit or mouse were used
(1:10 000, Promega). The AlphaInnotech chemoluminescence sub-
strate and imaging system was used to detect bound antibodies.

Indirect IF
Cells were grown on glass coverslips, washed with cold PBS, and
fixed with cold methanol for 15 min at �201C. After two washes
with cold PBS, cells were preblocked for 1 h in PBS containing 0.1%
Tween-20 and 5% milk (preclarified by centrifugation for 30 min at
15 000 g) and incubated with primary antibody for 1 h at RT. For
TRF1, a purified rabbit polyclonal antibody (370) was used (a kind
gift from T de Lange) and diluted 1:500. For TRF2, a mouse
monoclonal antibody (Upstate) was diluted 1:300. Cy3-conjugated
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secondary antibodies were used. Nuclei were stained with 0.1 mg/
ml DAPI in PBS.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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