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Telomerase activity, the ability to add telomeric repeats
to the ends of chromosomes, has been detected in most
immortal cell lines including tumor cells, but is low or
absent in most diploid, mortal cells such as those of
somatic tissues. Peptide nucleic acids (PNAs), analogs of
DNA or RNA which bind to complementary nucleic
acids with very high anity, were co-electroporated into
immortal human cells along with a selectable plasmid.
Introduction of PNAs inverse-complementary to telomerase RNA eectively inhibited telomerase activity in
intact cells, shortened telomeres, reduced colony size,
and arrested cell proliferation after a lag period of 5 ± 30
cell generations, consistent with suppression of their
`immortality'. Electroporation of selection plasmid alone
had no eect, while PNAs of altered sequence were
markedly less eective in each assay. This constitutes the
®rst demonstration of cell growth arrest through
telomerase inhibition, upon treatment of intact cells with
an exogenous compound which can be eciently
delivered in vivo. The phenotype of telomerase-inhibited
transformed cells diers from senescence of normal
diploid ®broblasts, but rather resembles the crisis state of
incompletely transformed cells.
Keywords: telomere; telomerase; peptide nucleic acid;
cell transformation; immortality; cancer

Introduction
Diploid cells in culture have a limited proliferative
capacity (Hay¯ick, 1977) which is characteristic of each
cell type and donor species. Telomerase activity, the
ability to add telomeric repeats (TTAGGG in
mammals) to the ends of chromosomes, is undetectable in most diploid, `mortal' cell types and strains
(Counter et al., 1992; Kim et al., 1994), but has been
observed in a majority of `immortal' cell lines ±
aneuploid cells, whether tumor-derived or transformed
in vitro, which have unlimited division potential.
Transgenic expression of a telomerase protein gene in
human diploid ®broblasts extends their replicative lifespans (Bodnar et al., 1998), indicating that the ability
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to extend chromosome ends may be the primary factor
limiting cell division in normal somatic cells. Since
telomerase activity is observed in most neoplastic cells
and tissues yet is low or absent in somatic tissues (Kim
et al., 1994; Broccoli et al., 1995; Shay and Bacchetti,
1997), inhibitors of telomerase activity hold promise as
anti-cancer agents which might attenuate the growth of
tumors while having little or no eect on normal
tissues. Telomerase-negative mice, although unimpaired
initially (Blasco et al., 1997), by generation six showed
hypoproliferative defects in gonads, lymphoid and
hematopoietic cells (Lee et al., 1998). At least some
transgenic clones derived from two human cell lines,
expressing RNA complementary to full-length telomerase RNA, showed reduced cell proliferation and
shortened telomeres (Feng et al., 1995; Kondo et al.,
1998b). Here we report that cellular immortality can
also be reversed upon exogenous addition of sequencespeci®c telomerase inhibitors to cultured human cells.
Peptide nucleic acids (PNAs) are analogs of RNA
and DNA in which the pentose-phosphate backbone is
replaced by an oligomer of N-(2-aminoethyl)glycine.
These molecules are resistant to biodegradation
(Demidov et al., 1994) and anneal by Watson:Crick
base-pairing to complementary RNA or DNA
sequences with much higher anity than the corresponding phosphodiester oligomers (Nielsen et al.,
1991; Egholm et al., 1993). Human telomerase is
inhibited in vitro by short PNA oligonucleotides
complementary to the telomere-templating portion of
telomerase RNA (Norton et al., 1996), and in
particular those which maintained base-pairing to
cytidines in this region (Hamilton, 1997). In the
present study we compared the short- and long-term
in vivo eects of 11- or 13-mer PNA molecules, which
either conserved or disrupted complementarity to
cytidines 50 ± 52 and 56 of the telomerase-RNA active
site.
PNAs are potentially quite versatile molecules,
which can be readily modi®ed by additions to their
termini, in particular of charged peptides to facilitate
their uptake by living cells and/or targeting to nuclei.
In order to selectively study just those cells taking up
PNAs, we employed co-electroporation of a selectable
plasmid, along with short PNAs modi®ed by addition
of a 3'-terminal lysine residue, under conditions which
allow transgene expression in 40 ± 70% of target cells
(Shammas et al., 1997). Coordinate uptake of multiple
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nucleic acid species by electroporated cells is a wellestablished procedure, both for stable (Reid et al.,
1991; Chu et al., 1987) and transient (Chu et al., 1987;
Xia et al., 1997) transfections, enabling selection of a
subpopulation of susceptible cells which have internalized exogenous nucleic acids. Lacking such selection, untransfected cells would have a proliferative
advantage over telomerase-inhibited cells and would
soon predominate in the culture. We also attempted to
minimize the number of cell divisions required for the
detection of a telomerase-de®cient `phenotype' by
choosing recipient cell lines with unusually short
telomeres: the SV40-transformed cell lines AT-SV1
(Ataxia telangiectasia, GM05849) and Cys-SV (cystinosis, GM02894), which have telomere terminal
restriction fragments of median length 2.2 kbp (kilobase pairs) and 3.3 kbp, respectively (Xia et al., 1996).
We found that introduction into these immortal human
cells, of peptide nucleic acids complementary to
telomerase RNA, eectively inhibits telomerase activity, shortens telomeres, and after a substantial lag
period arrests cell proliferation, indicating suppression
of cellular `immortality'.
Results
Design of peptide nucleic acid (PNA) inhibitors of
human telomerase
We synthesized PNAs complementary to telomerase
RNA, and control (mismatched) PNAs, and determined
Table 1

their abilities to inhibit human telomerase activity in vitro
by a standard `TRAP' assay (Wright et al., 1995) near the
midpoint of its linear range (800 cell-equivalents per
assay; see Holt et al., 1996). Concentrations resulting in
50% inhibition of telomerase activity in HeLa cell
nuclear extract at 378C (IC50 values), interpolated from
dilution series for the PNAs, are shown in Table 1.
The underlined part of each sequence in Table 1
corresponds to telomere repeat units (nearly two
hexanucleotide repeats in the tel-RNA), believed to
be essential to alignment of tel-RNA with existing
telomere termini, and to provide a template for
telomerase synthesis of added DNA repeats (Blackburn, 1992); PNA sequences noncomplementary to
telomerase RNA are shown in bold. The ®rst
complementary `Tel-PNA' 11-mer (i) eectively inhibits telomerase activity in human cell extracts and
permeabilized cells, with IC50 values at 378C of 10 and
70 nM, respectively, and a Tm for binding to a
complementary DNA of 718C (Norton et al., 1996;
Hamilton et al., 1997). Substitution of A for one
(Hamilton et al., 1997) or two G's (oligomer ii, above),
in the 5'-GGG, decreased the Tm for complementary
PNA:DNA duplex by 5308C, and reduced telomerase
inhibition in vitro by at least 100-fold.
Inhibition by PNAs of telomerase activity in human cells
We next asked whether the same PNAs were capable
of inhibiting telomerase activity following transfection
into intact human cells. For this purpose, an SV40immortalized human cell line (AT-SV1), shown

Telomerase-RNA-complementary PNA oligonucleotides and controls

Description of sequence

Sequence

Telomerase-RNA (tel-RNA), sequence of RNA strand:
11-mer PNAs:
i. Inverse-complement of telomerase-RNA sequence:
ii. Double mutant (MM1) of tel-RNA inverse-complement:
iii. Mutant (MM2) of tel-RNA inverse-complement:
13-mer PNAs:
iv. Inverse-complement of telomerase-RNA sequence:
v. Permutation (MM3) of tel-RNA inverse-complement:

3'-CAAUCCCAAUCUGUUU-5'

IC50

5'-GGGTTAGACAA-lys
5'-AAGTTAGACAA-lys
5'-GTTAGAGTTAG-lys

10 nM
1 mM
433 mM

5'-TAGGGTTAGACAA-lys
5'-TAGACTTAGGGAA-lys

1 nM
1 mM

Figure 1 Assay of telomerase activity extracted from electroporated human cells. Replicate TRAPeze assays (Oncor; n=4) are
shown for telomerase activity (Wright et al., 1995) extracted from AT ± SV1 cells immediately upon lysis, 3 days after
electroporation (Shammas et al., 1997; Chu et al., 1987) with a selectable neomycin-resistance plasmid, +PNA at 1 or 10 mM.
Telomerase extension products form a `ladder' of 6-bp increments, re¯ecting stepwise addition of telomeric repeat units (Blackburn,
1992). These products, and a synthetic PCR target added as an internal control, were ampli®ed by polymerase chain reaction
(Wright et al., 1995; Holt et al., 1996) with a 32P end-labeled primer, analysed by acrylamide gel electrophoresis and
autoradiography
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previously to express telomerase activity (Xia et al.,
1996), was electroporated with a selectable marker
plasmid (pSV2neo, 3 nM) either alone or together with
a telomerase-complementary PNA or a mismatchedcontrol PNA, each at 1 or 10 mM. Cells were grown
under selective conditions for 3 days, and then
harvested and frozen in aliquots for telomerase assay.
Assays conducted at 258C (Figure 1), or 378C, indicate
telomerase inhibition by Tel-PNA at 1 or 10 mM
(sequence iv, above), and substantially less inhibition
by a mismatched control PNA (ii, above). The
mismatched PNA was more inhibitory at the lower
temperature (Table 2), suggesting that mismatched
PNAs form stable duplexes with telomerase RNA
under less stringent conditions.

The PNA utilized had sequence (i), above, with
tetramethyl rhodamine attached through a 5'-glycine.
Rhodamine-PNA at 10 mM was co-electroporated
with a selectable plasmid (pCEP4) and the recipient
cells were selected continuously in 50 mg/ml hygromycin. One day after electroporation, before substantial antibiotic selection had occurred, 560% of
attached cells displayed rhodamine ¯uorescence (not
shown). By 3 days post-electroporation, almost all

Table 2 Telomerase inhibition by PNAs electroporated into intact
human cells

Condition

Fate of PNA oligonucleotides transfected into human
cells in culture
We assessed the time-course of PNA retention
following electroporation into the AT-SV1 cell line.

No PNA
1 mM MM-1 (ii)
10 mM MM-1 (ii)
1 mM Tel ± PNA (iv)
10 mM Tel ± PNA (iv)

Activity in TRAP assay
(% of positive control+s.e.)
258C
378C
100+2
100+2
79+3
70+3
37+2

100+2
100+2
100+2
78+2
38+3

Figure 2 Rhodamine-PNA ¯uorescence following electroporation into human cells. (A) AT ± SV1 cells were ®xed 72 h after
electroporation with 10 mM rhodamine-PNA, and counterstained with phalloidin ± which binds to actin ®laments ± labeled with
¯uorescein isothiocyanate (FITC; Sigma). A representative ®eld is shown, viewed by rhodamine ¯uorescence (panel i: excitation
peak 550 nm, emission 570 nm), or FITC ¯uorescence (panel ii: excitation peak 490 nm, emission 520 nm). Nuclear phalloidin
¯uorescence, seen in a few cells, may be crossover from exceptionally bright rhodamine ¯uorescence. (B) Distribution of rhodamine
¯uorescence per cell, shown on a logarithmic scale, were assessed by cell ¯ow analysis at days 1, 3 and 5 after electroporation of
10 mM rhodamine-PNA into AT-SV1 cells. Fluorescence of unelectroporated cells is shown as `Control'. (Inset) Log-linear decline,
with time after electroporation, of median rhodamine ¯uorescence per cell
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Figure 3 Reduction in telomere length following cell electroporation with PNA complementary to telomerase RNA. (A) Telomere
terminal restriction fragments (left) and mitochondrial DNA fragments (right), revealed by successive probings of a single Southernblot ®lter with g[32P]-(TTAGGG)4 telomeric probe, or mitochondrial 32P-DNA labeled by octanucleotide-primed synthesis from
cloned, full-length human mtDNA. Each lane contains 5 mg human genomic DNA digested in two successive 1 h incubations, each
with 30 units HinfI endonuclease, prior to agarose gel electrophoresis. DNA was isolated from untransfected AT-SV1 cells (lanes a,
e, f, j), or from cells receiving selection plasmid only (lanes b, g), plasmid plus Mismatch-2 PNA (iii) (lanes c, h), or plasmid plus
Match Tel-PNA (ii) (lanes d, i). (B) Tenth and 50th percentile lengths, calculated from fragment size distributions in scanned lanes
(Molecular Dynamics Beta-Imager 2000). Error bars indicate s.e. for quadruplicate lanes. (c) Median length reductions, relative to
untransfected controls; histogram heights and error bars indicate mean+s.e. of median telomere lengths determined from three
separate gels and dual hybridizations

surviving cells showed rhodamine ¯uorescence (Figure
2A, i: compare panels i and ii), which was
predominantly nuclear with subnuclear foci apparent
in some cells. Somewhat weaker ¯uorescence,
similarly localized to nuclei, was also observed after
5 days (not shown). Extracts prepared from
electroporated cells at day 3 were analysed by high
pressure liquid chromatography (HPLC). Recovered
material containing rhodamine (based on absorbance
monitored at 546 nm) ran as a single sharp peak at
the same position as the initial rhodamine-PNA (data
not shown), indicating that little or no degradation
had occurred.
The amount of rhodamine ¯uor retained per cell was
measured using a ¯uorescence-activated cell ¯ow
analyzer (FACScan, Becton-Dickinson, San JoseÂ, CA,
USA), on days 1, 3 and 5 following electroporation
(Figure 2B). The half-life of intracellular rhodamine
label, estimated from median ¯uorescence per cell
(Figure 2B inset), is 2.0 days.

Eect of PNAs on telomere length
AT-SV1 cells were electroporated for three cycles (11 ±
16 cell generations) with a selection plasmid plus TelPNA or mismatch PNA, or plasmid alone (see
Materials and methods for details). We then measured
the lengths of terminal restriction fragments (Harley et
al., 1990), generated by digesting genomic DNA with
telomere-sparing restriction endonucleases, and detected by Southern-blot hybridization to end-labeled
telomeric-repeat oligonucleotides as described previously (Xia et al., 1996). To control for lane-to-lane
variation in fragment migration, each ®lter was
rehybridized to mitochondrial DNA probes. Median
lengths of telomere-sequence fragments were then
calculated for each lane, with respect to the largest
Hinf1 mitochondrial DNA fragments. Figure 3A,B,
shows data from one experiment, and Figure 3C
summarizes median telomere lengths from three
assays. Note in Figure 3A a reduction in both
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intensity and length of diusely-migrating telomeric
fragments, in lane d (Tel-PNA) relative to the other
lanes. Telomeres shortened by 327+15 bp (base pairs;
mean+s.e. for three measurements) following three
electroporation cycles with Tel-PNA, vs 104 ± 127 bp
after electroporation with mismatched PNA or
selection plasmid alone. Thus, a small reduction in
telomere length arose from recurrent electroporation,
which can produce nicks in DNA and is optimally
ecient under conditions of substantial cell lethality
(Chu et al., 1987), whereas a threefold greater eect
was speci®c to Tel-PNA.
Growth inhibition after electroporation of telomerasePNAs into immortal human cells
The eect of telomerase-complementary PNAs on cell
growth potential was examined in the AT-SV1 cell line,
for which the median length of telomeric fragments was
2.2 kbp (Xia et al., 1996). Cells were co-electroporated
with PNAs and a selection plasmid, either pCEP4(hyg)
or pSV2neo, and then grown for 7 days in medium
supplemented with the corresponding selective agent
(hygromycin or G418) to eliminate cells which failed to

take up the foreign molecules. Surviving cells were then
harvested, counted, and a portion was replated after
electroporation with the same PNA and the other
selection plasmid, alternating the two selection modalities to impede accumulation of stable transformants.
Cell numbers, assessed at the end of each electroporation
cycle, remained quite stable for the ®rst three cycles (11 ±
16 cell generations), and then declined precipitously over
the next two cycles to *2% of the previous cell number
(Figure 4A). Mismatched PNAs were considerably less
eective in growth inhibition than the Tel-PNA sequence
complementary to telomerase RNA (Figure 4A and
additional data not shown).
Nuclear labeling indices for AT-SV1 cells were
determined as described previously (Shammas et al.,
1997), by in situ reaction of cells with antibody to
BUdR-containing DNA (Amersham), following 18 h
incorporation of this thymidine analog. The results
(Figure 4B) indicate that neither PNA had any eect
on DNA replication in surviving (substrate-attached)
cells. The fraction of labeled nuclei ranged from 83 ±
96%, quite far from levels of 5 ± 15% expected for
diploid ®broblasts undergoing replicative senescence
(Cristofalo and Sharf, 1973) but consistent with the

Figure 4 Limited replication potential in immortalized human cell lines electroporated with telomerase-inhibitory PNAs. (A) Cell
numbers are shown on a logarithmic scale, relative to untransfected cultures, at successive passages of AT-SV1 cells. At the start of
each 7-day electroporation cycle, 76106 cells were electroporated (Shammas et al., 1997; Chu et al., 1987) with 1 mM Tel-PNA or a
control PNA (Mismatch 1), together with a selection plasmid (20 mg, pSV2neo or pCEP4[hygR] in alternate cycles), or with
selection plasmid alone. Following electroporation, cells were plated in multiple ¯asks at 0.56106 cells each, and grown in medium
containing G418 or hygromycin for 7 days (*5 MPD for control cultures, which by then had achieved 76106 cells/¯ask). Cells
were detached with trypsin/EDTA and counted. (B) Cells at the completion of each cycle, as above, were tested for 18 h BUdR
incorporation, monitored with anti-BUdR and ¯uorescent second antibody (17). (C) As A, except that the Cys-SV cell line was used
in place of AT-SV1. (D) Growth rates were calculated for AT-SV1 cells, from 4-point determinations of cell numbers on days 1, 3, 5
and 7 of each electroporation cycle; this experiment was independent of that in A above. Doubling times are calculated as slopes of
regression lines for log2 (cell number) vs. time, for which linear correlation coecients, r, were 50.96 at cycle 1, 50.99 at cycle 3,
50.93 at cycle 4, and 50.97 at cycle 5. (E) Survival and plating eciency were determined for each culture, as the fraction of
electroporated cells which attached within 24 h. The ordinate thus re¯ects combined eects of cell survival of eletroporation, and
cell attachment upon plating. Symbols: ^, selection plasmid only; ~, Mismatch 1 control PNA; &, Mismatch 2 PNA; *, TelPNA (each PNA, 1 mM)
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onset of crisis in SV40-transformed cells (Ozer et al.,
1996; Rubelj et al., 1997).
A very similar decline in cell proliferation was
observed for the Cys-SV cell line (median telomere
length 3.3 kbp; Xia et al., 1996), except that the lag phase
prior to a pronounced growth decrease was substantially
longer ± six transfection cycles or 22 ± 32 cell generations
(Figure 4C). As with AT-SV1, mismatched PNA elicited
a diminished or later-onset eect. Overall, we observed a
marked arrest of `immortal' cell proliferation by PNAs in
seven or nine experiments. In the two exceptions, an
initial decline in cell number was followed by unabated
cell growth which we tentatively attribute to expansion
of cells failing to take up PNA, but stably transfected
with both selection plasmids (and thus not susceptible to
antibiotic killing).
Growth kinetics for AT-SV1 cells, assessed by
measuring cell numbers at four points in each
transfection cycle, con®rmed the results of single-point
assays. Cell doubling time remained nearly constant
(1.3 ± 1.9 days) for three cycles or 11 ± 16 cell doublings,
and then increased to 9.2 days over the next two cycles
(Figure 4D) in cells receiving PNA complementary to the
telomerase RNA sequence (Tel-PNA). These results, and
an attenuated eect of two Mismatch PNAs, closely
parallel the decline in cell number observed in separate
experiments (Figure 4A). SV40-transformed human cells
normally have doubling times of 0.9 ± 2.0 days (shaded
rectangle in Figure 4D), under a range of growth
conditions. The impairment in growth rate and in cell
numbers, for cells receiving telomere-sequence PNAs,
cannot be a consequence of dierential mortality or
plating eciency following electroporation, since plating
eciency/survival for the three PNAs over ®ve transfection cycles (Tel-PNA, 55.6+2.7[s.e.]%; Mismatch-1,
54.6+2.2%; Mismatch-2, 52.4+1.5%) did not dier
signi®cantly from one another or from electroporations
with selection plasmid alone (54.8+2.7%, not shown),
although each declined slightly with cycle number
(Figure 4E).
Colony size reduction in immortal but not mortal cells
exposed to Tel-PNA
We next measured the distribution of colony sizes, a
sensitive and robust measure of cell replicative potential
(Smith et al., 1978; Harley and Goldstein, 1978), for
immortal AT-SV1 and mortal HSC172 human cells
electroporated a single time with 10 mM PNAs
(accompanied by pSV2neo as a selection marker), just
prior to low-density plating in G418-containing
medium. Although repeated electroporation is not
feasible in this protocol, essentially all G418-resistant
colonies (stably transfected with plasmid pSV2neo)
would be expected to have taken up PNA due to the
*3400-fold molar excess of PNA over selection
plasmid. For the immortal AT ± SV1 recipient cell line,
colony sizes were not signi®cantly dierent between cells
receiving Match Tel ± PNA (iv), Mismatch (v), or
plasmid alone (no PNA) at 1 week post-electroporation
(Figure 5A). By 2 weeks, colonies arising from cells
exposed to the matching Tel ± PNA were reduced
slightly (17%) in mean size below those treated with
plasmid alone (P50.005; Figure 5B).
Three weeks after electroporation with matching Tel ±
PNA, colony sizes (mean+s.e. in mm) in two experi-

0

Figure 5 Colony size distributions of immortal or mortal cells
electroporated with PNA. AT ± SV1 (A ± C) and HSC172 (D) cells
were electroporated with either the Match 13-mer (iv in Table 1)
or the corresponding Mismatch PNA (v), each at 10 mM,
accompanied by pSV2-neo (*3 nM) as a selection plasmid, or
with pSV2neo alone (`No PNA'). Cells were immediately plated at
low-density in regular growth medium, and were ®xed, stained
and photographed after 7 (A), 14 (B), or 21 (C, D) days of growth
in G418-containing medium. Colony diameters were measured
`blind' by naõÈ ve scorers, on enlarged laser prints of entire ¯asks or
dishes, measuring only colonies which were circular or clearly
composed of intersecting circular colonies

ments were 1.55+0.04 and 1.41+0.09, but reached
2.40+0.11 and 2.00+0.14 for cells receiving mismatched
PNA, vs 2.05+0.10 and 2.53+0.18 for cells receiving
only the selection plasmid. In each experiment,
introduction of Match Tel-PNA resulted in smaller
colonies than either control (each P51076, by Fisher's ttest). Most strikingly, cells receiving the Match PNA
formed very few colonies of 41.5 mm diameter by 2
weeks (Figure 5B), or exceeding 2.5 mm at 3 weeks ±
close to the mean size for no-PNA colonies (Figure 5C) ±
indicating a marked impairment in maximal replicative
potential (Smith et al., 1978; Harley and Goldstein,
1978). In contrast, ®broblasts of the untransformed
(mortal) HSC172 strain formed colonies with essentially
the same size distribution (Figure 5D), whether
electroporated with Match Tel-PNA (mean+s.e.
3.3+0.1 cm) or plasmid alone (3.4+0.2 cm). Similar
results were seen for HSC172 cells at earlier times after
plating (not shown). HSC172 forms larger colonies than
AT-SV1, re¯ecting the much greater substrate-attachment surface of diploid ®broblasts, especially as they
senesce, relative to immortal cells.

Discussion
Immediate in vivo eects of PNAs targeted to
telomerase-RNA
Rhodamine-tagged PNA, complementary to telomerase RNA, was localized in the nuclei of recipient cells
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within 24 h of electroporation, and remained visible
there through day 5 (Figure 2A and data not shown).
Based on the exponential decline of rhodamine-PNA
signal in these cells (Figure 2B), *9% of the PNA
initially taken up would remain after 7 days, the
interval between repeated electroporations with PNA.
The half-life observed for rhodamine-PNA after
electroporation into AT-SV1 cells (2.0 days; see
Figure 2B inset) does not dier signi®cantly from
the doubling time, 1.9+0.1 days, measured for these
recipient cells under identical electroporation and
culture conditions (Figure 4D, 7-day time point).
Since HPLC analyses indicate that the internalized
rhodamine-PNA remained intact, our data are
consistent with its loss solely by dilution, due to cell
proliferation. This supports and extends a previous
report that PNAs are not degraded by human serum
or cell extracts (Demidov et al., 1994), presumably
because they are not recognized as substrates by
proteases or nucleases.
Inhibition of telomerase activity was observed in
extracts obtained from cells 3 days following
electroporation, dependent on both PNA length
and complementarity to telomerase RNA (Table 2).
This strongly implies that telomerase inhibition
involves base-pairing of the PNA with the target
RNA. Whereas our previous demonstration that
PNAs complementary to telomerase RNA can
inhibit telomerase activity in vitro when added
directly to telomerase extracts (Norton et al., 1996;
Hamilton et al., 1997), the present observations
(Table 1 and Figure 1) indicate that PNAs can
inhibit telomerase in intact cells. Although PNA
binding to telomerase RNA could in principle occur
after cell lysis, this seems unlikely given that cells
had been washed at least six times since PNA
addition, and any residual free PNA within nuclei
would have been diluted by at least a further 2000fold in the assay.
Telomere attrition in PNA-inhibited cells
The observed net telomere length reduction attributable to treatment with matching Tel-PNA ± 210 bp
over 11 ± 16 cell generations, or *15 bp/generation ±
was determined with high precision and reproducibility, using mitochondrial DNA restriction fragments as internal size standards. This rate of loss is
close to that expected from incomplete replication of
chromosome ends, in the absence of exonuclease
trimming (Zakian, 1997). It represents the rate of
telomere shortening in telomerase-inhibited immortal
cells, and is clearly less than the telomere attrition
rate (50 ± 100 bp per division) estimated for mortal
human ®broblasts lacking detectable telomerase
activity (Harley et al., 1990). The dierence may
be attributable to diering exonuclease levels in these
two cell types (see Zakian, 1997), or may indicate
that AT-SV1 telomeres, at 2.1 ± 2.2 kbp, can tolerate
only a very limited further reduction in length
before limiting cell viability, consistent with earlier
estimates that the minimum telomere terminalfragment length for human cells is *2 kbp (Harley
et al., 1990). It is also possible that there is residual
telomerase activity in these cells, not inhibited by
Tel-PNA.
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PNA-induced growth arrest is distinct from cell toxicity
Growth arrest of cells taking up Tel ± PNA does not
appear to be a consequence of nonspeci®c PNA
toxicity, for the following reasons: (a) Sequences with
reduced complementarity to telomerase RNA were 2to 10-fold less inhibitory (Figure 4), whereas PNA
toxicity would not be expected to be sequence
dependent. (b) No eect on cell growth or morphology was observed during a lag phase of 5 ± 16 cell
generations for AT ± SV1 cells, or 22 ± 32 generations
for Cys-SV cells which have longer telomeres (Xia et
al., 1996), again inconsistent with toxicity (see Figure
4). The appearance of an extended lag phase prior to
cell growth impairment contrasts with the rapid
inhibition of cell division seen after addition of an
oligonucleotide designed to target telomerase for
destruction by RNase L (Kondo et al., 1998a). This
dierence may re¯ect a cell-type-speci®c response, or
the two distinct inhibitory mechanisms utilized:
irreversible inactivation of telomerase vs competitive
inhibition of the intact enzyme. (c) Even during the
period of growth inhibition, plating eciency was only
slightly attenuated (Figure 4E), and DNA synthesis
was unimpaired (Figure 4B), features quite atypical of
response to cellular toxins. (d) Colony size was
reduced only for immortal cells receiving PNA
complementary to telomerase RNA, but not for
mortal cells under the same conditions (Figure 5).
The last control is particularly noteworthy, since
diploid human cells are generally more susceptible to
suboptimal culture conditions than are transformed
cells, and this vulnerability is especially evident during
low-density plating for colony formation. The colony
size assay, since it produced results concordant with
much more labor-intensive studies of cell growth
potential and kinetics, appears quite promising as a
screening procedure for exogenous inhibitors of
telomerase.
The nature of cell mortality associated with telomerase
inhibition
SV40-transformed cells, repeatedly transfected with
telomerase-targeted PNAs, appeared in most respects
indistinguishable from untransfected cells during the
initial electroporation cycles. In seven of nine
experiments, however, cell growth then declined
sharply, suggesting a reversal of `immortalization'.
Rather than undergo cell senescence, these cells
appeared to enter crisis (see below), much as reported
for HeLa cell clones stably transfected with a plasmid
expressing antisense telomerase RNA (Feng et al.,
1995), and for a human glioblastoma line stably
transfected with the same anti-telomerase plasmid,
although a subset of dierentiated cells emerged from
crisis (Kondo et al., 1998b). Crisis, the eventual fate of
all cells expressing SV40 T-antigen but not immortalized (Ozer et al., 1996; Rubelj et al., 1997), is a period
of active cell replication, oset by a comparable rate of
cell death and/or detachment ± with characteristics
similar or identical to apoptosis. Immortal cells may
emerge following crisis, or occasionally appear even
before crisis, as very rare clonal events re¯ecting
further mutations in one of at least four complementation groups (Pereira-Smith and Smith, 1988). In

Inhibition of telomerase in transformed human cells
MA Shammas et al

6198

contrast, senescence is the normal state of late-passage
diploid cells in culture (Hay¯ick, 1977; Martin et al.,
1970), and is characterized by pronounced increases in
nuclear and cell volume, cell attachment area, and
interdivision time (Hay¯ick, 1977), with a corresponding drop in the fraction of cells engaging in replicative
DNA synthesis (Cristofalo and Sharf, 1973).
The cells growth-arrested after prolonged exposure
to telomerase PNAs displayed several characteristics
indicative of crisis rather than cellular senescence:
pervasive cell detachment and death, despite normal
labeling indices for cells remaining attached (83 ± 96%;
Figure 4B), and `rounding' or retraction of substrateanchoring cell membrane, accompanied by the appearance in many cells of nuclear fragmentation (not
shown), as is commonly seen in apoptosis. These
observations are consistent with a dual-barrier model
of cellular senescence, in which T antigen overcomes
the ®rst barrier by reducing or obviating the normal
cell's requirement for mitogenic stimuli (autocrine and
paracrine growth factors, ligand binding by ®bronectin
receptor, etc.), allowing cells to proliferate until cell
death or crisis ensues (Wright et al., 1989). Mutations
overcoming the second obstacle are rare (Shay and
Wright, 1989; Cheng et al., 1997), and may involve
reactivation of telomerase expression, or other
mechanisms of overcoming the telomere-extension
problem such as activation of inter-telomere recombination (Wang and Zakian, 1990). The observation that
SV40-immortalized cells, when telomerase-inhibited,
appear to enter crisis in a manner indistinguishable
from pre-immortal cells expressing SV40 T-antigen,
argues that telomerase activation is the sole or
principal `second phase' mechanism for completion of
immortal transformation in these cells. This may
involve, directly or indirectly, inactivation of the
SEN6 locus (Banga et al., 1997) ± reintroduction of
which suppresses growth of cells immortalized by Tantigen (Sandu et al, 1994).
Conclusions and future prospects
Our results demonstrate that exogenous addition of
inhibitors of human telomerase can reverse cell
immortality. The PNA inhibitors used in these studies
are both potent and selective. Methods have recently
been described that allow spontaneous uptake of PNAs
into mammalian cells (Simmons et al., 1997; Pooga et
al., 1998), and permit targeting to intracellular mRNA
species (Pooga et al., 1998), suggesting that PNAs may
themselves be useful lead compounds for therapy. In
addition, 2'-O-meRNA oligonucleotides, a type of
oligomer already being used in clinical trials, have
also been shown to be eective in vitro inhibitors of
strand elongation by telomerase (Pitts and Corey,
1998). Several other compounds have also been
demonstrated to inhibit telomerase in vitro (Fletcher
et al., 1996; Pai et al., 1998; Federo et al., 1998;
Wheelhouse et al., 1998), but their ecacies in vivo,
and in particular their abilities to reduce telomere
length and cell proliferation, have not been reported
(Sharma et al., 1997). Our observations of markedly
decreased cell proliferation following telomerasespeci®c PNA introduction, in two immortal cell lines
and by three assay systems, support proceeding to
long-term experiments applying this pharmacologically

well-characterized class of compounds to resolve the
question of whether telomerase is a useful target for
chemotherapy of human cancer.

Materials and methods
Cell culture
Cell lines AT-SV1 (Ataxia telangiectasia, GM05849) and CysSV (cystinosis, GM02894) were obtained from the Genetic
Mutant Cell Repository (National Institute for General
Medical Sciences), maintained by the Coriell Institute for
Medical Research, Camden, NJ, USA. Cell culture procedures were carried out as described by Moerman and
Goldstein (1986), growing cells in 60- or 100-mm dishes
(Corning) or T175 ¯asks (Sarstedt), in Eagle's minimal
essential medium (MEM) plus 10% fetal bovine serum
(HyClone). Cultures are maintained at 5% CO2 and 90 ±
95% relative humidity, 378C, in a Stericult 200 incubator
(Forma), and cells are counted after EDTA/trypsin harvest
by resistive pulse detection (Coulter, models ZF and Z2).
PNA synthesis
Peptide nucleic acids (PNAs) were synthesized manually as
described previously (Norton et al., 1995) using monomers
obtained from PerSeptive Biosystems (Framingham, MA,
USA).
Electroporation and growth of cells
Because cells which escaped transfection might have a
proliferative advantage over telomerase-inhibited cells, human cells were co-electroporated with PNA and a selectable
marker plasmid (pCEP4 [InVitrogen] or pSV2neo). Untransfected cells were then eliminated by selection with either
hygromycin, or the neomycin analog G418, respectively.
Although pCEP4 contains the Epstein-Barr virus oriP and
EBNA-1 genes, which allow episomal maintenance of plasmid
at 10 ± 20 copies per cell (Cachianes et al., 1993), pCEP4 and
pSV2neo were used in alternate cycles in order to impede the
accumulation of stable integrants for either plasmid, which
would be indierent to selection for the integrated marker in
subsequent cycles. AT-SV1 or Cys-SV cells were grown to
70 ± 80% con¯uence as above, washed three times with PBS
(phosphate-buered saline), and detached with EDTA/
trypsin. Cells (76106 per electroporation) were rinsed in
low-salt electroporation buer (Chu et al., 1987), resuspended
in 0.8 ml buer at 08C, and electroporated (Gene-Pulser, BioRad, Richmond, CA, USA) at 180 V, 960 mF, in a pre-cooled
electroporation cuvette (Bio-Rad) with 20 mg of plasmid
pSV2neo or pCEP4 (InVitrogen) and 1 or 10 mM PNA
oligonucleotides ± pretreated to 658C for 5 min to dissociate
aggregates. Cells were then restored to isotonicity and mixed
with growth medium for plating in 60-mm dishes and T-175
¯asks. Following 24 h recovery, either G418 (200 mg/ml, to
select pSV2neo) or hygromycin (50 mg/ml, to select pCEP4)
was added to cells in regular growth medium. The level of
each antibiotic was sucient to reduce the numbers of
susceptible (untransfected) AT-SV1 cells by at least 98% on
day 5, and by 499.5% on day 7 after electroporation. Cells
in one set of 60-mm dishes were harvested at days 1, 3, 5 or 7
after electroporation, and counted to determine growth
kinetics. Cells in a second set of 60-mm dishes were
harvested similarly at days 1, 3, 5 or 7 after electroporation, counted, washed three times with PBS, and stored at
7808C as cell pellets for telomerase activity assays. Cells in
¯asks were harvested at day 7 for counting, DNA
preparation, and the next cycle of electroporation and
selection.
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Assay of telomerase activity

Estimation of telomere length

Telomerase activity was assayed essentially as described (Holt
et al., 1996) using the TRAPezeTM telomerase detection kit
(Oncor, Gaithersburg, MD, USA). AT ± SV1 cells electroporated with a selection plasmid alone or with plasmid and
PNA were lysed as recommended by Oncor, and 800 cellequivalents of lysate per assay were assessed for telomerase
activity. The linear range for this assay extends from 10 to
4000 cell-equivalents per reaction (Holt et al., 1996).
TRAPeze reaction mixture (20 mM Tris-HCl, pH 8.3,
1.5 mM MgCl2, 63 mM KCl, 0.05% Tween 20, 1 mM
EGTA, and 0.01% g BSA, 50 mM of each dNTP, and
primer mix supplied in the kit) was added directly to the
mixture of PNA and cell extract. This reaction was incubated
30 min at 258C to allow telomerase elongation of `TS' primer.
After elongation and ampli®cation of telomerase products,
reactions were run on 10% nondenaturing polyacrylamide
gels. Telomerase activity was quantitated by phosphorimager
analysis (Molecular Dynamics Beta-Imager 2000, Sunnyvale,
CA, USA), comparing the ratio of telomerase products to an
internal standard for each lysate as described (Hamilton et
al., 1997). Telomerase activity from cells electroporated with
plasmid only was assigned a value of 100%.

Genomic DNA was isolated from cells (Shmookler Reis and
Goldstein, 1983) and telomere length was estimated as
described (Xia et al., 1996). DNA (6 mg) was digested twice
in succession, each time with a sixfold excess of restriction
enzyme HinfI (New England Biolabs), then electrophoresed
on a 0.8% agarose gel and transferred to a nitrocellulose
membrane (Xia et al., 1996). Telomeric DNA was detected by
hybridization of the membrane with g-32P-labeled
(TTAGGG)4 probe. Autoradiographic signal was quantitated using a scanning phosphorimager (Molecular Dynamics). The (TTAGGG)4 probe was then stripped o
(Sambrook et al., 1989) and the membrane was rehybridized
with a cloned mitochondrial DNA probe, labeled with a-32PdCTP (Megaprime Labeling Kit, Amersham).
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