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Despite a strong correlation between telomerase activity and malignancy, the outcome of telomerase
inhibition in human tumor cells has not been examined. Here, we have addressed the role of telomerase
activity in the proliferation of human tumor and immortal cells by inhibiting TERT function. Inducible
dominant-negative mutants of hTERT dramatically reduced the level of endogenous telomerase activity in
tumor cell lines. Clones with short telomeres continued to divide, then exhibited an increase in abnormal
mitoses followed by massive apoptosis leading to the loss of the entire population. This cell death was
telomere-length dependent, as cells with long telomeres were viable but exhibited telomere shortening at a
rate similar to that of mortal cells. It appears that telomerase inhibition in cells with short telomeres lead to
chromosomal damage, which in turn trigger apoptotic cell death. These results provide the first direct
evidence that telomerase is required for the maintenance of human tumor and immortal cell viability, and
suggest that tumors with short telomeres may be effectively and rapidly killed following telomerase

inhibition.
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The termini of most eukaryotic chromosomes are com-
posed of terminal repeats called telomeres. These repeats
serve to protect chromosome integrity and ensure com-
plete replication of essential genes. Telomeric repeats
are produced de novo by the ribonucleoprotein enzyme
telomerase, a large molecular weight complex contain-
ing both an RNA subunit and multiple protein compo-
nents (for review, see Greider 1996, 1998; Harley and
Sherwood 1997).

Genes encoding telomerase protein components have
been identified in single-celled eukaryotes such as yeast
(Lundblad and Szostak 1989; Lendvay et al. 1996;
Counter et al. 1997; Lingner et al. 1997; Nakamura et al.
1997) and ciliates (Collins et al. 1995; Lingner et al. 1997
Bryan et al. 1998; Collins and Gandhi 1998). These
telomerase components include Tetrahymena p80 and
p95, Saccharomyces cerevisiae telomerase reverse tran-
scriptase EST2 and its homolog in fission yeast Schizo-
saccharomyces pombe, ciliate telomerase reverse tran-
scriptase p123 and p133, and Oxytricha telomerase re-
verse transcriptase.

The cloning of telomerase genes in lower eukaryotes
has facilitated the identification of homologs in mam-
mals. A homolog to the tetrahymena P80 protein, TEP1
(TP1/TLP1) has been identified in humans, rats, and
mice (Harrington et al. 1997a; Nakayama et al. 1997).
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TEP1 binds the telomerase RNA and associates with
telomerase activity in tumor cell lines (Harrington et al.
1997a). Mammalian homologs to the telomerase reverse
transcriptases (TERTS) cloned in yeast and ciliates have
also been identified (Harrington et al. 1997b; Kilian et al.
1997; Meyerson et al. 1997; Nakamura et al. 1997,
Greenberg et al. 1998). The mammalian protein TERT
(hTRT/hEST2/TP2/TCS1) contains consensus reverse
transcriptase motifs and is associated with telomerase
activity. Mutational analysis of both yeast and human
TERT, in vitro reconstitution of telomerase activity
with hTERT and the RNA subunit, and the high phylo-
genic conservation of TERT, suggest that TERT and the
telomerase RNA form the core catalytic function of the
multicomponent telomerase holoenzyme (Harrington
et al. 1997b; Lingner et al. 1997; Weinrich et al. 1997;
Beattie et al. 1998; Nakayama et al. 1998).

A number of experiments suggest that telomerase ac-
tivity is important for the long-term replicative capabil-
ity of normal cells and unicellular organisms. Primary
human fibroblasts do not express telomerase activity and
exhibit a limited ability to replicate in culture. Such
cells cease to divide after 30-50 doublings and become
senescent. This, and the observation that telomere
length correlates with replicative capacity (Hayflick
1961; Counter et al. 1992) has led to the telomere hy-
pothesis, which postulates that telomere length specifies
the number of divisions a cell can undergo prior to se-
nescence (Harley 1991; Harley et al. 1990). This hypoth-
esis has gained recent support with the demonstration
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that overexpression of the TERT subunit can lead to
telomere lengthening and an extension of replicative
lifespan in telomerase-negative fibroblasts in culture
(Bodnar et al. 1998; Vaziri and Benchimol 1998). Addi-
tionally, disruption or mutation of telomerase genes in
lower organisms has shown that telomerase activity in
these organisms is largely responsible for telomere main-
tenance and subsequent long-term survival (Lundblad
and Szostak 1989; Lendvay et al. 1996; Lingner et al.
1997; Nakamura et al. 1997). Mice and mouse ES cells
lacking the telomerase RNA gene (mTR) both have
shown telomere shortening and can eventually impair
long-term viability (Lee et al. 1998; Niida et al. 1998).

Unlike normal human fibroblasts, most tumor cell
populations possess infinite replicative capacity. Addi-
tionally, many studies have demonstrated a strong cor-
relation between telomerase activity and malignancy
(for review, see Shay and Bacchetti 1997). In agreement,
the catalytic subunit of human telomerase hTERT is up-
regulated in tumor and immortalized cells (Meyerson et
al. 1997; Nakamura et al. 1997) suggesting that TERT
expression and telomerase activity play a role in the im-
mortality of tumor cells. However, some exceptions to
this model exist. Human tumors and cell lines that lack
telomerase activity have been reported. Mechanisms for
alternate lengthening of telomeres have been postulated
on the basis of mechanisms discovered in yeast (Bryan
and Reddel 1997; Lundblad 1997). It is not known to
what extent these or other mechanisms may be func-
tioning in telomerase-positive tumor cells. Additionally,
mice lacking the gene for the mTR possess no telomerase
activity yet are viable for up to six generations (Blasco et
al. 1997). Cell lines have been derived from these mice,
which are competent to form tumors in nude mice, sug-
gesting that telomerase activity per se is not required for
tumor formation (Blasco et al. 1997). Late generation
mice doubly null for mTR and INK4a tumor suppressor
genes showed reduction in tumor formation and onco-
genic potential (Greenberg et al 1999), indicating that
telomerase activity is important in tumor formation in
cells with critically short telomeres. In contrast, combi-
nation of lack of telomerase activity and p53 deficiency
in mTR /p53 null mice also cooperated to initiate tumor
formation in aging mTR null mice (Chin et al. 1999).
However, the effect of telomerase inhibition on tumor
cells has not been examined directly.

To better understand mechanisms underlying telo-
mere maintenance, and to provide a model to predict the
outcome of pharmacologic inhibition of telomerase in
human tumors, we set out to specifically inhibit telom-
erase activity in human tumor and immortal cell lines.
Previously, antisense oligonucleotides against human
telomerase RNA have been used to inhibit telomerase
activity in human malignant glioma cells (S. Kondo et al.
1998a,b; Y. Kondo et al. 1998). These tumor cells dem-
onstrated increased sensitivity to DNA damaging agents
and suppressed tumor growth due to apoptosis (Kondo et
al. 1998). The molecular cloning of h'TERT subunit has
provided a tool to directly examine the role of telomerase
activity in human tumor cell proliferation. Here we
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demonstrate that inhibition of telomerase activity via
dominant-negative mutants of hTERT in human immor-
tal cells can lead to rapid and dramatic apoptosis.

Results

TERT aspartic acid mutants act as dominant-
negative inhibitors

We and others have identified previously several point
mutants in the reverse transcriptase (RT) motifs of the
telomerase catalytic subunit hTERT, which exhibit dra-
matically reduced telomerase activity (Harrington et al.
1997; Weinrich et al. 1997b; Nakamura et al. 1997). To
determine whether these mutants would act in a domi-
nant-negative fashion, four different mutants and the
wild-type hTERT were each placed under the control of
a CMV promoter followed by an IRES element and a
reporter gene encoding an enhanced green fluorescent
protein (EGFP). The resulting constructs express both
the hTERT protein and the GFP reporter from the same
transcript. These constructs were transfected into telom-
erase-positive human 293 cells. Each set of transfectents
was sorted into three groups on the basis of the GFP
expression level as follows: nontransfected (non), low ex-
pressors (low), and high expressors (high) by FACS. En-
dongenous TERT protein was undetectable because of its
low expression level. Cells were then evaluated for
telomerase activity (Fig. 1A) and hTERT protein levels
(Fig. 1B). Cells expressing low or high levels of mutant
hTERT exhibited dramatically reduced telomerase activ-
ity relative to the nontransfected cells from each popu-
lation. In contrast, cells expressing either the wild-type
hTERT protein or cells transfected with the GFP vector
alone showed normal levels of telomerase activity. Each
of the mutants could be coimmunoprecipitated with
both TEPI and the telomerase RNA (data not shown),
further supporting the notion that each could interact
with the telomerase complex and act in a dominant-
negative manner to block the activity of endogenous
TERT protein.

To study the effects of long-term expression of the
dominant-negative mutants on tumor cells, stable cell
lines were generated in two telomerase-positive human
cell lines. The A431 line is an epidermoid tumor cell line
(derived from an 85-year-old patient), whereas 293 is an
embryonic kidney cell line that was originally immor-
talized in culture with SV40 T antigen. Both cell lines
exhibit a transformed phenotype and both cell lines ef-
ficiently form tumors in nude mice (data not shown). To
provide control over telomerase inhibition, these cells
were first transfected with a Drosophila ecdysone recep-
tor, then with the mutant or wild-type hTERTSs that
were placed under the control of the ecdysone-inducible
promoter element such that expression of the hTERT
transgenes could be regulated with the ecdysone analog
muristerone.

We first examined the telomere length of these stable
cell lines prior to induction by measuring the length of
the telomere restriction fragment (TRF) (Fig. 2A). All the
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mutants function as dominant-negative mu-
tants. (A) Telomerase activity of 293 cell ex-
tracts transiently transfected with GFP-select-
able TERT proteins and assayed by the TRAP
protocol. Each transfected cell was sorted into
three populations as follows: not transfected
(Non); low expression of GFP (Low); high ex-
pression of GFP (High). The transgenes used for
transfection are TERT 3-1 mutant (3.1); TERT
5-1 mutant (5.1); TERT 5-2 mutant (5.2); 5.2,
TERT 5-1,2 mutant (5.1); wild-type TERT (w.t.
TERT); plasmid containing GFP only (GFP vec-
tor). Each transfected lysate (0.5 ng) was used in
the TRAP assay. The seven lanes on the right
represent TRAP activity of buffer alone (-) and
serial dilution of nontransfected 293 lysate, the
numbers indicate micrograms of total 293 ly-
sate assayed. (Arrowhead) The internal control
band of the PCR reaction used in TRAP. (B)
Western analysis of the same lysates (15 pg/
lane) as in A with an anti-hTERT peptide anti-
body (See Material and Methods). The endog-
enous TERT proteins present in nontransfected
cells cannot be detected by this antibody.

A431 stable cell lines showed a homogeneous pattern of
unusually short-telomere length (1-4 kb) (Fig 2A). In con-
trast, 293 stable cell lines showed a great deal of clone-
to-clone variation in telomere length. Clonal stable cell
lines exhibited a range of average TRF length from (12 to
3 kb, although none of the cell lines exhibit TRFs as
short as those observed in the majority of the A431
stable clones.

Telomerase inhibition in A431 cells leads to rapid
cell death

We then investigated whether expression of dominant-
negative hTERT mutants would have any effect on A431
cells, the cell line exhibiting the shortest average telo-
mere length. Six isolated mutant clones and a wild-type
hTERT clone were all highly inducible as assayed by
muristerone-dependent protein expression (Fig. 2B). The
induction of dominant-negative mutants by muristerone
dramatically inhibited the telomerase activity in these
cells, whereas the induction of the wild-type hTERT pro-
tein resulted in slightly increased telomerase activity
(Fig. 2C). Each clone was split into two populations and
grown in the presence or absence of exogenously added
muristerone. Several days after induction, all of the mu-
tant cell lines exhibited morphological changes accom-
panied by the apparent death of the cells over a 5-10 day
period (Fig. 2D). The entire population rounded up off the
plastic, exhibiting cytoplasmic blebbing and chromatin
condensation, features of apoptosis (Fig 2D). In contrast,
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muristerone induction of clones expressing the wild-
type hTERT protein, which differ from the mutants by
only a single amino acid, exhibited normal morphology,
although their telomeres were as short as those of mu-
tant clones. The parental cell line expressing the ecdy-
sone receptor also appeared normal in the presence of
muristerone. We continuously maintained the mutant
cells in the presence of muristerone. By day 32, all of the
originally plated cells had died and a few individual sur-
viving clones were proliferating. Western analysis
showed that all of the surviving clones had lost the ex-
pression of the dominant-negative protein and exhibited
wild-type levels of telomerase activity (data not shown).

A431 cell death is apoptotic

To understand the mechanistic outcome of telomerase
inhibition on tumor viability, we next studied the kinet-
ics of protein accumulation, growth, proliferation, and
apoptosis in the A431 cell lines on the induction of mu-
tant TERT. A431 EcR, wild-type, and mutant TERT cell
lines were grown over an 8-day period in the presence or
absence of muristerone. Both wild-type and mutant
TERT protein was observed by 6 hr postinduction, reach-
ing steady-state levels by 24 hr (Fig. 3A). The growth
curves of these cells were examined as shown in Figure
3B. The EcR, wild-type, and mutant cell lines had com-
parable growth rate when uninduced (Fig. 3A). In con-
trast, growth curves from cells expressing the dominant-
negative mutants showed little-to-no increase in cell
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Figure 2. Effects of dominant-negative TERT mu-
tants on A431 cells. (A) Telomere restriction fragment
length of A431 and 293 stable clones (see Material and
Methods). The sizes (kb) of molecular mass markers
are labeled. The three sets of samples were run on
different percentages of agarose gel, thus showing the
different running patterns; A clones, TERT 3-1 mu-
tant; B clones, TERT 5-1 mutants; C clones, TERT
5-1,2 mutants; D clones, wild-type TERT, and E
clones, TERT 5-2 mutants. (B) Muristerone induces
the expression of dominant-negative TERT mutants.
Cell extracts (15 pg/lane) from A431 stable clones
with or without the induction of muristerone were
detected by Western blotting. The hTERTS are labeled.
The same antibody as in Fig. 1 was used. (C) Expres-
sion of dominant-negative TERT mutants inhibits

telomerase activity in A431 cells. TRAP assay of the same lysate (1 pg) as in B was performed. (Lanes 17-20) The activity of serial
dilution of parental A431 cell lysate. The internal control for PCR reaction is shown as labeled. (D) Morphology of A431 cell lines
expressing control vector (EcR), wild-type TERT (D2), and mutant TERTs (A10, B10, B11).

number in comparison with EcR and wild-type cells (Fig.
3B), suggesting that telomerase inhibition exerted a spe-
cific effect on tumor cell viability. We also observed a
telomerase-independent effect of muristerone on EcR-
expressing parental cells, which resulted in a reduction
in the growth rate of the EcR and wild-type cells in the
presence of muristerone (Fig. 3B). The effect appeared to
be caused by a decrease in the percentage of S-phase
cells; no increase in the apoptotic rate was observed (see
below).

Cytological observation of the telomerase-inhibited
cells at later time points suggested an appearance con-

sistent with programmed cell death. To determine
whether the cells were undergoing apoptosis, and to ex-
amine the time course of cell death, we performed flow
cytometry analysis of living cells double labeled with
annexin V and propidium iodide (PI) over the 8-day in-
duction period (Fig. 3C). An early feature of apoptotic
cells is the loss of plasma membrane asymmetry re-
flected by the exposure of phophatidylserine (PS) from
the inner leaflet to the outer leaflet (Fadok et al. 1992).
Thus the high-affinity PS-binding protein Annexin V has
been used widely to detect early stage apoptotic cells
(Vermes et al. 1995). When combined with PI, which
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Figure 3. Kinetics of apoptosis in-
duced by mutant TERT in A431 cells.

Each A431 cell line (EcR, wild-type
clone D2, and mutant clone B11) was

plated into multiple sets of 60-mm tis-
sue culture dishes at a density of
3 x 10° cells/dish and allowed to attach

overnight and recover from trypsiniza-
tion. Cells were then induced by
changing to medium containing 1 pm

A431 wt TERT
Propidium iodide

muristerone. Sets of cells from each

line were used for Western blotting,
apoptosis analysis, and cell cycle analy-
sis at indicated days. (A) Kinetics of ex-
ogenous TERT expression. One set of

cells per indicated day was lysed, and
the total cell lysate (5 ng/lane) was run
on SDS-PAGE and Western blotted

A431 dn TERT

3.3% L

T T T B =
with the anti-TERT peptide antibody 10° 0! 10? 10f et T

as in Fig. 1. (Arrow) The position of

hTERT. (B) Growth curve of A431 cells. Equal number of cells (1.2 x 10°)
from each cell line were plated into six-well plates in triplicate in the
presence or absence of muristerone (1 um) and allowed to grow for 7 days
with medium being changed on day 4. Cell numbers were counted each day
with a hemocytometer. Data shown are mean of the triplicate from one of
three experiments all showing similar results. (O) EcR (Left) Uninduced;
(0) w.t. TERT; (@) B11. (Right) Induced; () ECR; (A] w.t. TERT; (@] B11.
(C) Flow cytometry analysis of cells double labeled with annexin V and PI.
One set of cells from each cell line was harvested at indicated days. Cells
were then stained and analyzed as described in Materials and Methods. (D)
Anaphase chromosome bridges induced by mutant TERT. EcR, wild-type,
and mutant A431 cells were seeded in two-well chamber slides. Cells were
induced for 3 days and then fixed and stained by propidium iodide. Shown
are four typical anaphase cells with bridging chromosomes in mutant A431
cells.
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stains DNA of cells with permeable membranes, this
approach allows a further distinction of early apoptotic
(annexin V*/PI") and late apoptotic/necrotic (annexin
V*/PI*) cells. EcR and wild-type A431 cells showed an
average of 3.4% of annexin V*/PI" cells and 4.3% of an-
nexin V*/PI” cells. No increase of apoptotic cell death in
these two cell lines could be detected by annexin V and
PI. Nor was an increase in apoptosis observed in the mu-
tant A431 following 2 days of induction. However, by
day 4, a significant increase of both early (9%) and late
apoptotic cells (8.2%) were detected in mutant A431
cells (Fig. 3C). By day 8, mutant A431 had undergone
massive apoptosis. Annexin V and PI staining detected
21% annexin V*/PI" cells and 12% annexin V*/PI" cells
and these cells exhibited the same morphology as shown
in Figure 2D. The increased apoptosis of A431 cells in-
duced by mutant TERT expression were also detected by
a different approach, TUNEL (TDT-mediated dUTP nick
end labeling) analysis of the DNA stand breaks (data not
shown). Parallel cell cycle analysis of the same set of
cells by 5-bromo-2’-deoxyuridine (BrdU) incorporation
and PI staining showed that EcR, wild-type, and mutant
A431 cells all continued DNA synthesis and cell divi-
sions throughout the induction period (data not shown).
The three cell lines also showed similar cell cycle pro-
files (data not shown). In addition, the apoptosis assays
and the cell cycle analysis revealed the nature of the
muristerone-induced cell growth inhibition observed in
all three cell lines. The percentage of cells in S phase was
reduced in all three cell lines following the induction of
muristerone, whereas the apoptotic rate appeared to be
unaltered (Fig. 3C; data not shown), suggesting that the
nonspecific muristerone growth inhibition was due to an
increase in cell doubling time.

Toward the elucidation of a mechanism for the cell
death observed in the telomerase-inhibited cells, mitoses
from EcR, wild-type, and mutant A431 cells were exam-
ined for evidence of chromosomal alterations. A signifi-
cant increase in the occurrence of anaphase chromosom-
al bridges, the result of chromosome end fusion, was
observed in mutant A431 cells after induction by muris-
terone (Fig. 3D; Table 1), whereas no change in the fre-
quency of abnormal mitoses was observed in the paren-
tal cell line or cells expressing wild-type TERT (Table 1).
Previous experiments have also drawn a correlation be-
tween loss of telomerase activity, telomere shortening,
and an increase in chromosome fusion events (Blasco et
al. 1997). Taken together, it appears that expression of
dominant-negative TERT protein in A431 cells inhibits
telomerase activity while permitting continued cell di-
vision. This presumably results in further telomere
shortening, which leads to chromosome damage and the
subsequent activation of cellular apoptotic pathways.

Apoptosis is telomere-length dependent

We then asked whether the induction of apoptosis in
A431 cells by inhibition of telomerase activity is depen-
dent on the telomere length. We were unable to observe
a change in telomere length in the A431 cells because of

Telomerase inhibition in human tumor cell lines

Table 1. Induction of aberrant anaphase mitoses events
by mutant TERT proteins

Fraction with

No. of cells  aberrant events?®
Cell line Induction examined (%)
A431-EcR - 50 16
A431-EcR + 50 16
A431-wt TERT - 50 15
A431-wt TERT + 50 16
A431-dn TERT - 50 14
A431-dn TERT + 60 58

2Fraction of aberrant anaphase mitoses were determined by cal-
culating the ratio of mitosis events showing either chromosome
bridges or lagging chromosomes to the total mitosis events ob-
served.

the rapid loss of the population. Nor were we able to
isolate any A431 clones with long telomeres. Therefore,
we examined the growth effect of dominant-negative
hTERT mutants on 293 clones with long telomeres. Fig-
ure 4A shows the level and extent of TERT protein ex-
pression and inducibility for two mutant (Al, A2) and
one wild-type TERT (D1)-expressing cell lines. Although
the expression of TERT proteins was induced to a higher
level in A2 and wild-type lines, all three lines exhibited
a constitutive expression of TERT transgenes. The con-
stitutive expression of dominant-negative TERT in A2
was sufficient to reduce endogenous telomerase activity
in the uninduced cells (Fig. 4B). It is important to point
out that endogenous TERT protein is present at very low
levels (undetectable by Western blotting; data not
shown) such that even modest amounts of expressed mu-
tant protein may act as a dominant negative. Each 293
cell line was divided into two populations, and one was
grown in the presence of muristerone. Telomere main-
tenance in these cell lines was determined by measuring
the TRF length (Fig. 4C). Initial TRFs for Al and A2 and
wild-type lines were relatively long at 10 and 12 kb, re-
spectively (Fig. 4C, lanes 1,5). Induced and uninduced
populations from Al and A2 that expressed the domi-
nant-negative protein and exhibited reduced telomerase
activity demonstrated pronounced telomere shortening.
The rate of shortening was determined to be [160 nucleo-
tides per population doubling, similar to the rate re-
ported in telomerase negative fibroblasts (Counter et al.
1992). In contrast, the wild-type TERT-expressing cell
line exhibited no changes in telomere length (Fig. 4C).
No difference in growth rate between induced, unin-
duced, or wild-type TERT-expressing cell populations
was observed (Fig. 4D). Telomere shortening, inhibition
of telomerase activity, and presence of the dominant-
negative protein persisted for >109 population doublings,
until the average TRF length approached 4 kb. Subse-
quent passages in Al and A2 revealed the loss of the
dominant-negative protein, with the subsequent reacti-
vation of telomerase activity and a stabilization of telo-
mere length (data not shown). In contrast, the wild-type
TERT-expressing cell line maintained expression of the
hTERT protein over the same number of population dou-
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Figure 4. Effects of dominant-negative TERT mutants on 293 cells with long telomeres. (A) Western analysis of 293 wild-type clones
(D1) and mutant clones Al and A2 by the same method as described in Fig. 2. The expression of TERTs are indicated by arrowhead.
(B) TRAP assay of the wild-type, A1, and A2 clones. (Lanes 7-10) The serial dilution of nontransfected 293 lysate. One microgram of
each lysate was assayed. (C) TRF of wild-type, A1, and A2 clones over a period of 109 population doublings of growth in the presence
of 2 um muristerone. The same method as described in Fig. 2 was used. (D) Comparison of long-term growth of wild-type and mutant
293 clones . Cells were grown in the presence or absence of muristerone and passed every 3 days as described in Materials and Methods
and counted per passage. Data represent population doublings of these clones in each passage over a 40-passage period. ((J) 293WT; ( ¢ );

top, 293 Al; bottom, 293A2.

blings (data not shown). This suggested that the domi-
nant-negative transgene was subject to telomere length-
dependent negative selection, perhaps due to reduced vi-
ability of cells with critically short telomeres.

Telomerase inhibition in short TRF 293 cells leads
to loss of viability followed by telomerase reactivation

To determine whether telomerase inhibition affected the
viability of 293 cells with relatively shorter telomeres,
293 mutant TERT lines with short TRF length were
identified. Dominant-negative lines B12 and C4 were
both highly inducible (Fig. 5A) and exhibited TRF
lengths of (4 and 3 kb, respectively (Fig. 2A). A wild-type
TERT-expressing cell line (D11) had similar TRF length
(Fig. 2A) and was used as a control. Each cell line was
divided into two populations grown in the presence or
absence of muristerone and passed every 3 days. On in-
duction, both B12 and C4 exhibited a significant change
in growth properties (Fig. 5C). The induced cells exhib-
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ited variable altered morphology and failed to reach con-
fluence in the first few passages (Fig. 5C). Colony forma-
tion assays of the cells from passage 1 were also per-
formed, demonstrating a decrease in the number of
viable cells (Fig. 5D; Table 2). Uninduced B12 and C4,
and both induced and uninduced wild-type populations
appeared normal and did not show any decrease in popu-
lation doublings per passage (Fig. 5C; data not shown). At
passage 4, the inhibited cell growth rates in B12 and C4
began to recover and by passage 8, both grew at control
rates (Fig. 5C). Examination of telomerase activity at
each passage revealed a reactivation of telomerase activ-
ity at passage 4 despite the continued presence of epit-
ope-tagged dominant-negative protein (Fig. 5A,B). We
were unable to observe any significant change in the size
of the TRF over this relatively short duration of telom-
erase inhibition (data not shown). TEPI protein levels
and telomerase RNA levels remained the same in all
passages. No change in endogenous hTERT mRNA was
observed as assayed by quantitative RT-PCR with prim-
ers in the 3’ untranslated region (data not shown).
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Figure 5. Effects of dominant-negative TERT mutants on 293 cells with
short telomeres. (A) Western analysis of 293 mutant clones B12 and C4.
Cells were grown in the presence or absence of muristerone and passed
every 3 days for a total of nine passages. (arrowhead) Expression of mutant
TERTs. Mouse Anti-FLAG monoclonal antibody was used. (B) TRAP assay
of B12 and C4 at each passage as in A. (Lanes 1-5) The serial dilution of 293
lysate. One microgram from each lysate was assayed. (C) Comparison of
growth of B12 and C4 in the presence and absence of muristerone. Cells
were grown, passed, and counted as in A. Data represent population dou-
blings in each passage. (Left) (O) 293B12 (-); () 293B12 (+). (Right) (OJ)
293C4 (-); (#)293C4 (+). (D) Colony formation assay of EcR-293, clone B12,
and clone C4 as described in Materials and Methods. (-) Uninduced; (+)
induced.
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Table 2. Colony formation of 293 clones

Colonies =1 mm

experiment 1

experiment 2

Cell type -muristerone +muristerone -muristerone +muristerone
293-EcR N.D. N.D. 72 25
293-D1 49 41 N.D. N.D.
293-B12 25 3 37 0
293-C4 15 0 45 1

(N.D.) Not determined.

Discussion

We have generated and expressed dominant-negative
telomerase catalytic subunits to determine the outcome
of telomerase inhibition of human tumor and immortal-
ized cells. Surprisingly, we observed rapid loss of viabil-
ity in telomerase-inhibited cells carrying short TRFs.
The effect appears to be telomere-length dependent as
clones with long telomeres are unaffected by telomerase
inhibition. Rather, telomerase inhibition shortened the
telomere length of these cells at a rate of 60 nucleotides
per population doubling, the same rate of telomere short-
ening as that of telomere-negative cells. The effect ap-
pears to be specific to telomerase inhibition because
overexpression of the wild-type TERT subunit, which
differs from the mutants by a single amino acid, does not
negatively affect viability or telomere shortening. Be-
cause the exogenously expressed proteins are present at
levels many fold higher than the endogenous TERT pro-
tein, it is formally possible that the dominant-negative
subunit is acting nonspecifically to activate apoptotic
pathways, perhaps by titration of some factor. Such a
mechanism is unlikely, as expression of the wild-type
TERT would be expected to act in a similar manner.
Furthermore, the time course and kinetics of the apop-
totic response suggest that further cell divisions are re-
quired prior to activation of apoptosis. Dominant-nega-
tive protein accumulates within 24 hr, whereas in-
creased rates of apoptosis are not observed until 4 days
after induction.

Telomerase activity is a dominant mechanism
for telomere maintenance in telomerase-positive cells

These results suggest that telomerase activity is the
dominant mechanism providing telomere maintenance
and long-term viability to human immortalized cells.
The ability of cells with long telomeres to proliferate in
the absence of telomerase demonstrates that telomerase
activity is not required for basic replicative functions of
these cells. Instead, telomerase activity appears to be re-
quired to maintain a minimum telomere length. Alter-
nate pathways for telomere maintenance in human im-
mortalized cells have been suggested by the identifica-
tion of telomerase-negative human cells that exhibit
long telomeres (Bryan and Reddel 1997). This alternate
lengthening of telomeres (ALT) has been postulated to
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function via recombination on the basis of the discovery
of such a mechanism in yeast (Lundblad 1997). It might
be expected that this mechanism may function effec-
tively in telomerase-inhibited tumor populations; how-
ever, it was not observed in these experiments. Instead,
cells exhibited three fates following telomerase inhibi-
tion, cell death, loss of the inhibitory transgene, or reac-
tivation of telomerase activity despite the presence of
the dominant-negative TERT.

Rapid apoptosis in telomerase-inhibited cells

Others have speculated that telomerase inhibition may
lead to a phenotypic lag in which cells would continue to
divide until the point at which the telomeres became
critically short. We observe here that cells with short
telomeres appear to require telomerase activity even for
short-term viability. Therefore, we postulate that these
cells are replicating with critically short telomeres, and
as such may require telomerase activity at nearly every
cell division. Inhibition of telomerase activity in these
cells does not cause senescence, but loss of viability
through activation of apoptotic pathways. Evidence of
chromosomal end joining was observed in these telom-
erase-inhibited cells, suggesting that telomerase nor-
mally functions to protect the chromosome ends from
fusion events. The signal to activate apoptosis is not
known, although the presence of chromosome breakage
events suggests that the signal may involve sensors of
DNA damage. It is important to note that one such sen-
sor of DNA damage, p53, is functionally absent from
both A431 and 293 cell lines (these 293 cells harbor the
SV40 T Antigen). Chromosome bridges were also ob-
served in human immortal cells that expressed domi-
nant-negative TRF2 (Karlseder et al. 1999). However, un-
like our studies, the anaphase bridges were induced in
TRF2 dominant-negative lines despite the presence of
long telomeres. In addition, the apoptosis observed in
TRF2-inhibited cells is p53 dependent (Karlseder et al.
1999), whereas in our experiments, p53 is apparently not
required for the apoptotic response to telomerase inhibi-
tion. This system defines another apoptotic signal, inde-
pendent of p53, which is activated between day 2 and day
4 following induction of the dominant-negative TERT
protein. The ability to pinpoint the induction of apopto-
sis in these cells may provide a powerful tool to inves-



tigate the molecular nature of the apoptotic response to
telomerase inhibition.

Telomerase reactivation in 293 cells

Following telomerase inhibition, a population of cells
from the inhibited lines regained viability and returned
to normal growth. This return correlated with a reacti-
vation of telomerase activity despite the continued pres-
ence of the dominant-negative protein. This suggests
that there exists a strong selection for telomerase activ-
ity in maintaining viability in these cells. The molecular
mechanism for this reactivation could be attributed to at
least two possible responses. First, it is possible that an-
other telomerase activity is being activated that does not
rely on the catalytic subunit. Although formally pos-
sible, there is no biochemical evidence to support this
mechanism. It is more likely that the reactivation of
telomerase activity in this line is due to abrogation of the
ability of the dominant-negative protein to function
through alteration or upregulation of other telomerase-
associated components. Although no changes in expres-
sion were observed among the known components, al-
teration of unknown components may contribute to the
acquisition of resistance to the dominant-negative pro-
tein. Because such alterations would be expected to
evade the effects of the dominant negative, these
changes should not affect agents that directly inhibit the
catalytic activity of the endogenous protein.

Inhibition of telomerase activity has been proposed as
a potential approach for the treatment of human malig-
nancy. This work suggests that telomerase inhibition
may serve as an effective tool for eliminating tumor cells
that have short telomeres. Such tumors may provide rea-
sonable targets for agents that inhibit telomerase. These
experiments await the development of specific inhibi-
tors of the components of the telomerase complex.

Materials and methods

Generation of stable clones expressing inducible hTERT
and its dominant-negative mutants

The human TERT cDNAs containing point mutations on the
reverse transcriptase motifs were constructed as described (Har-
rington et al. 1997b). Four resulting mutant cDNAs are TERT
3-1 (D712/A712), TERT 5-1(D868/A868), TERT 52 (D869/
A869), and TERT 5-1,2 (D868, D869/A868, A869). In addition,
the 3’ end of TERT 5-1, TERT 5-2, and TERT-5-1,2 was tagged by
Flag epitope (DYKDDDDK), whereas the TERT 3-1 was not
tagged.

For transient transfection and FACS sorting, the wild-type
and mutant TERT ORFs were subcloned into pIRES-EGFP ex-
pression vector (CLONTECH), which contains a CMV pro-
moter, a multiple cloning site, and an internal ribosome entry
site, (IRES) element followed by the gene for the reporter protein
green fluorescent protein. The 293 cells were transfected with
these plasmids, trypsinized 48 hr post transfection, and sorted
into nontransfected, low-GFP expressors, and high-GFP expres-
sors with a FACS Vantage sorter (Becton Dickinson). Each group
of cells was pelleted, resuspended in lysis buffer, and extracted
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as described (Harrington et al. 1997b). Cell extracts were then
assayed for protein expression by Western analysis with a anti-
hTERT peptide antibody (Harrington et al. 1997b) and for telom-
erase activity.

For stably expressing wild type and mutant in an inducible
way, these plasmids were subcloned into pIND ecdysone-induc-
ible expression vector by the provided protocol (Invitrogen).
A431 and 293 cells stably expressing ecdysone receptor (EcR)
were first isolated with Zeocin (Invitrogen) as selective marker.
The EcR cells were then used to generate clones that incorpo-
rated ecdysone response elements followed by wild-type and
mutant TERTs with G418 (GIBCO-BRL) as selective marker.
Each clone was screened for expression of TERT by inducing
with muristerone for 24 hr followed by Western analysis. The
resulting clones were designated as A clones for TERT 3-1 mu-
tants, B clones for TERT 5-1 mutants, C clones for TERT 5-1,2
mutants, D clones for wild-type TERT transfectants, and E
clones for TERT 5-2 mutants.

Cell growth and apoptosis assays

A431 and 293 cells were maintained in DMEM supplemented
with 10% fetal calf serum, 100 U/ml of penicillin, 100 pg/ml of
streptomycin, 400 png/ml of Zeocin, and 700 pg/ml of G418. For
induction of wild-type and mutant TERTS, cells were seeded at
a density of 1.25 x 10* cells/cm?, allowed to attach and grow
overnight, and changed to the medium containing muristerone
(1 uM for A431 cells, and 2 um for 293 cells). The cells were then
allowed to grow in this medium for a length of time, depending
on each individual experiment.

For long-term growth of 293 stable clones, each cell line was
plated at 10° cells per 100-mm dish either in the presence of
absence of muristerone. Cells were trypsinized every 3 days and
counted with a hemocytometer. Each time 10° cells were re-
plated onto a new 100-mm dish. The rest of the cells in each
passage were pelleted and used to prepare cell extract, genomic
DNA, and total RNA by standard protocol.

On induction, apoptotic cells were detected by the TUNEL
method with an In Situ Cell Death Detection Kit (Boehringer
Mannheim). For quantitative analysis of apoptosis, living A431
cells were trypsinized, washed once in ice-cold PBS, and incu-
bated with annexin-V-fluoroescein/PI (Boehringer Mannheim)
in calcium-containing HEPES buffer; the cells were then imme-
diately analyzed with a FACScan machine (Becton Dickinson).

For cell cycle analysis, cells were fixed and stained by prop-
idium iodide. The DNA content of each cell population was
then analyzed by flow cytometry. DNA synthesis was measured
by BrdU incorporation. Briefly, cells were pulse labeled in me-
dium containing BrdU (Becton Dickinson) for 2 hr, then fixed in
70% ethanol, followed by staining with fluoroescein-conjugated
anti-BrdU antibody (Becton Dickinson) and subsequent micro-
scopic and flow cytometry analysis.

Colony formation of 293 cells was performed by plating
2 x 102 cells into six 60-mm dishes in the presence or absence of
muristerone. The cells were allowed to grow for 2 weeks with
medium changed at day 7, then stained with Giemsa to visual-
ize colonies. The number of colonies was calculated and the
representative plates were photographed.

Telomerase assay and measurement of TRF

Cell lysates were prepared as described previously (Harrington
et al. 1997). Protein concentration of the lysates was measured
by Bradford assay (Bio-Rad). Telomerase activity was assayed
by telomere repeat amplification protocol (TRAP) using the
TRAP.; telomerase detection kit (Oncor, Gaithersburg, MD)
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following provided procedures. To measure TRF, genomic DNA
was digested with restriction enzymes Hinfl and Rsal (New
England BioLabs), fractionized on 0.6%-0.7% agarose gel and
transferred onto a nylon membrane. The membrane was then
hybridized with an oligonucleotide (TTAGGGTTAGGGT-
TAGGG]) end labeled with [y->P]JATP (Amersham, Arlington
Heights, IL) by standard protocol and exposed to a PhosphorIm-
ager screen (Molecular Dynamcs, Sunnyvale, CA) for 4-12 hr.
The screen was scanned with a Strom820 phosphor screen scan-
ner (Molecular Dynamics).
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