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Abstract. The ribonucleoprotein, telomerase, Is responsible for the maintenance of
telomere length In most Immortal and cancer cells. Telomerase appears to be a marker
of human malignancy with at least 85% of human cancers expressing Its activity. In
the present study, we examined a series of tumor-derlved and In vitro ImmortaliZed
cell lines for telomerase activity levels, telomere lengths, and expression levels of the
RNA and catalytic components of telomerase. We found significant variability In both
telomere lengths and telomerase activity In clones from tumor cells. In addition, the
levels of telomerase components or telomerase activity were not predictive of telo-
mere length. Data from clonally derived cells suggest that critically shortened telo-
meres In these tumor-derlved cell lines may signal activation of telomerase activity
through an Increase In the expression of the catalytic subunit of telomerase. Although
clones with low telomerase shorten their telomeres over time, their subclones all have
high levels of telomerase activity with no telomere shortening. In addition, analysis of
early clones for telomerase activity Indicates substantial variability, which suggests
that activity levels fluctuate In Individual cells. Our data Imply that cell populations
exhibit a cyclic expression of telomerase activity, which may be partially regulated by
telomere shortening. [P.S.E.B.M. 2000, Vol 223:379-388]

Telomerase. a cellular reverse transcriptase present in
immortal cells, uses its RNA component as the tem-
plate for the addition of telomeric repeats onto the

G-rich strand of human telomeres (I). Telomeres are the
specialized structures at the end of chromosomes that in
vertebrates consist of tandem hexanucleotide (ITAGGG)n
repeats (2) and specific DNA binding proteins (3). Telo-
meres cap the chromosome ends and play an essential role
in maintaining chromosome stability and integrity (4). In
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normal somatic cells, there is a progressive loss of telomeric
repeats with each round of cell division due to the inability
of standard DNA polymerases to replicate the end of a
linear DNA molecule, a process known as the end replica-
tion problem (5, 6). The progressive shortening of human
telomeres has been observed both in cultured cells and as a
function of donor age (7-10). These correlations support the
hypothesis that telomere length is the counting mechanism
that controls the number of divisions that a cell can undergo
(7, II). The cloning of the catalytic subunit of human telom-
erase (12-15) and its ectopic expression in normal cells (16,
17) prevents cellular senescence by maintaining telomere
lengths, showing that telomere length can be a regulatory
factor in cellular senescence.

Becoming immortal by maintaining telomere length ap-
pears to be a key factor in the progression to cancer. Telom-
erase activity has been detected in 85% of tumor samples
(18) and in almost all tumor-derived human cell lines ana-
lyzed (19, 20). Although there are potentially several means
to maintain telomere stability. telomerase is the major path-
way for maintaining telomere length (19. 21). Telomerase
activity is expressed in normal gennline and somatic cells

VARIABILITY IN TELOMERES AND TELOMERASE 379



during embryogenesis (22). After birth, activity is only de-
tected in adult male germline cells and at reduced levels in
stem cells and in the hematopoietic system (23-27). How-
ever, this reduced activity is not sufficient to maintain telo-
mere length, and telomeres continue to shorten (9, 25, 26,
28). Human cell lines immortalized in culture are generally
telomerase positive and have stable but shorter telomeres.
However, a subset of immortalized human cells may be
telomerase negative with long and heterogeneous telomeres,
suggesting an alternate mechanism (ALT pathway) for
maintenance of telomere length (29, 30).

Better knowledge of the regulation of telomerase in
normal and immortal cells is needed to evaluate the poten-
tial of new therapeutic and diagnostic approaches using
telomerase as a target. Multiple pathways appear to regulate
telomerase activity as a function of cell cycle, growth, and
development. In the present study, we analyzed a panel of
telomerase-positive tumor-derived human cell lines, in vitro
immortalized human cells, and clones of these cell lines for
telomere length and telomerase activity levels. We deter-
mined the expression levels of the RNA component (hTR)
and the catalytic subunit (hTERn of telomerase by semi-
quantitative Reverse Transcriptase-PolymeraseChain Reac-
tion (RT-PCR). Our results showed variability in both
telomerase activity and telomere lengths in clones from in-
dividual cell lines and confirmed that expression of telom-
erase components or activity levels does not predict telo-
mere length. Clonal analysis of tumor-derived cell lines also
suggested that some cell lines may be capable of modulating
the regulation of telomerase, and this regulation may be
partially controlled by telomere shortening.

Materials and Methods
Cell Culture. The mortal cell strain used was a hu-

man fetal lung fibroblast strain (IMR-90) (ATCC number:
CCL-186). The immortal human cell lines analyzed were: a
dexamethasone (Dex)-inducible T-antigen expressing IMR-
90 (IDH4 31), two T-antigens expressing IMR-90 (one with
telomerase, SW39, and one without telomerase activity,
SW13), a human mammary epithelial cell line (HME) im-
mortalized in vitro by introduction of mutant p53 (R-273-H)
(HME32(273)-l) (32), a spontaneously immortalized Li-
Fraumeni HME cell line (HME50-5) (33), a non-small cell
lung carcinoma line (H1299) (ATCC number: CRL-5803),
a human fibrosarcoma line (HTl 080) (ATCC number:
CCL-12l), a renal cell carcinoma line (RCC23), and a pro-
myelocytic leukemia cell line (HL60).

All cells except HME50-5 and HME32(273)-1 were
grown at 37°C in 5% CO2 in a 4:1 mixture of Dulbecco's
modified Eagle medium and medium 199 (Gibco BRL, Gai-
thersburg, MD) supplemented with 10% cosmic calf serum
(Hyclone, Logan, UT) and 50 J.Lg/ml of gentamicin. IDH4
cells were immortalized by expression of simian virus 40
(SV40) large T antigen under the control of the mouse
mammary tumor virus (MMTV) promoter. The MMTV
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promoter is inducible upon the addition of Dex; therefore,
IDH4 cells were maintained in I J.LM Dex (31).

HME50-5 and HME32(273)-1 cell lines were grown in
serum-free medium consisting of a modified basal medium
MCDB 170 (Gibco BRL) supplemented with 0.4% bovine
pituitary extract (Hammond Cell Tech, Alameda, CA), 5
ug/ml insulin (Sigma, St Louis, MO), 0.5 u.g/ml hydrocor-
tisone (Sigma), 50 ,...g/ml gentamicin (Sigma), 5 ,...g/ml
transferrin, and 10 ng/ml epidermal growth factor (Gibco
BRL). Medium was changed every 2-3 days.

Control clones of the HI299 cell line (HI299 A, B, and
C) were isolated following infection (34) with a parental
retroviral vector, pBABE (35) carrying a puromycin resis-
tance gene (pBABE-puro).

Terminal Restriction Fragment (TRF) Length·
Measurement. For determining telomere lengths, cells

were lyzed, and protein was digested. Samples were incu-
bated in 10 mM Tris HCI, pH 8.0, 100 mM NaCI, 100 roM
EDTA, pH 8.0, 0.5% SDS, and 0.25 mg/ml proteinase K
overnight at 55°C. DNA was extracted with phenol!
chloroform, ethanol precipitated and resuspended in 10 roM
Tris HCI, pH 7.5, 1 mM EDTA. DNA (5-10 J.Lg) was di-
gested overnight to completion at 37°C with Hinfl (10 unitsl
J.Lg of DNA) or with a mix of six different restriction en-
donucleases, AluI, C/oI, HaeIII, HinfI, MspI, and RsaI (4
units/ug for each enzyme). The digested DNA was sepa-
rated on a 0.8% agarose gel run for 16 hr at 74 V in IX TAE
buffer. The gel was dried under vacuum for 45 min at 50°C,
then denatured for 30 min in 0.5 M NaOH, 1.5 M NaCI, and
neutralized for 30 min in 1.5 M NaCI, 0.5 M Tris HCl, pH
7.5.

The gel was hybridized overnight at 42°C in 5X SSC,
5X Denhardt's, 10 mM Na2HP04, 1 mM Na2P207/1O H20
with a [oy - 32p] ATP-Iabeled (TTAGGG)4 probe. The gel
was washed at room temperature for 10 min in 2X SSC,
0.1% SDS, then three times for 10 min each in 0.1X SSC,
0.1% SDS, exposed to a PhosphorImager screen and ana-
lyzed using ImageQuant version 3.3 software (Molecular
Dynamics, Sunnyvale, CA). The range of TRF lengths was
estimated and in some cases, the median TRF length was
estimated at the peak position of the hybridization signal
based on electrophoresis of 1 kb and high-molecular weight
ladders (Gibco).

Telomerase Assays. Detection of telomerase activ-
ity in cultured cells involves the extension of an oligo-
nucleotide, which serves as the substrate for the telomerase
enzyme, and PeR amplification of the resultant products
with the forward (TS) and reverse (CX) primers. The details
for this telomeric repeat amplification protocol (TRAP as-
say) are discussed elsewhere (19, 20, 36). The TRAP-eze
telomerase detection kit was used to detect telomerase ac-
tivity as recommended by the manufacturer with minor
modifications (Intergen, Gaithersburg, MD).

The lysis buffer consisted of 10 roM Tris-HCl, pH 8.0,
I roM MgCI2, I mM EGTA, 1% NP-40, 0.25 roM sodium
deoxycholate, 10% glycerol, 150 roM NaCl, 5 mM ~-mer-



captoethanol, and 0.1 mM 4-(2-aminoethyl)-benzenesul-
fonyl fluoride hydrochloride (AEBSF) (37). Cells were
lyzed, incubated on ice for 30 min, and centrifuged at
14,000g for 20 min. The supernatant was flash-frozen and
stored at - 80°C. For the PCR reaction, an appropriate
amount of extract (2 u.l, the amount of extract correspond-
ing to 100 or 1000 cell equivalents) was combined with the
48-1.L1 reaction mixture including two units of Taq DNA
polymerase (Gibeo).

Detection of telomerase activity on a small number of
cells was done by selecting clones in the 100-1000 cell
stage and scraping the cells using a l-rnm sterile disposable
loop directly into 10-15 ~l of lysis buffer. The samples
were incubated on ice for 30 min and subjected to a brief
spin at 4°C for 10 s. A 5-JJ.l aliquot was used in the TRAP
assay as described above; whereas protein concentration
(BCA assay, Pierce, Rockville, IL) was tested using the
remaining volume (5-10 ul) to determine if clonal isolation
was successful.

Semi-Quantitative Reverse Transcriptase Poly-
merase Chain Reaction (RT-PCR) Analysis of hTR
and hTERT Expression. Total RNA was isolated by
guanidinium thiocyanate and phenol-chloroform extraction
as described by Chomczynski and Sacchi (38). After treat-
ment with DNase I (Boehringer Mannheim Corporation!
Roche Molecular Biochemicals, Indianapolis, IN) to re-
move any genomic DNA contamination, 2.5 ug of total
RNA was annealed with short random oligonucleotides
(decamers) and retro-transcribed in eDNA using the first-
strand synthesis kit RETROscript (Ambion Inc., Austin,
TX). PCR reactions were performed using a fraction of the
cDNA reaction.

The primers used to amplify hTERT and hTR have
been previously reported (12). hTERT was amplified using
primers LT5 (5'-CGGAAGAGTGTCTGGAGCAA-3') and
LT6 (5' -GGATGAAGCGGAGTCTGGA-3') with an initial
heating at 94°C for 5 min followed by a total of 34 cycles
of 94°C for 45 sec, 62°C for 40 sec and noc for 45 sec.

hTR (39) was amplified using primers F3b (5'-TCTAAC-
CCTAACTGAGAAGGGCGTAG-3') and R3c (5'-GTIT-
GCTCTAGAATGAACGGTGGAAG-3') with an initial
heating at 94°C for 5 min followed by 25 cycles of 94°C for
45 sec, 55°C for 40 sec and noc for 45 sec. The control
amplification of 18S ribosomal RNA was performed using
a 3:7 mixture of 18S rRNA primer pairs and 18S rRNA
Competimers (primers modified at their 3' ends to block
extension by DNA polymerase) (Ambion Inc.). By mixing
primers with increasing amounts of Competimers, the over-
all amplification efficiency of PCR is reduced without the
primers becoming limiting and without loss of relative
quantitation. The PCR conditions for 18S were the same as
hTERT amplification for 23-25 cycles. All samples were
assayed at the same time for a particular pair of primers to
minimize experimental variation. Amplified products were
resolved on a 6% polyacrylamide gel for hTERT and hTR
and on a 2% agarose gel for 18S RNA and visualized by
staining with ethidium bromide.

Results

We examined several human cell lines for terminal re-
striction fragment (TRF) length, levels of telomerase activ-
ity, and expression levels of the telomerase template RNA
component, hTR, and the mRNA encoding the catalytic
protein subunit, hTERT. The cells used were tumor-derived
(HTl080, HL60, H1299, and RCC23) and in vitro immor-
talized (IDH4, HME32(273)-I, SW39) lines. As controls,
we also included an in vitro immortalized cell line (SW13)
and a normal human cell strain (IMR-90), both telomerase-
negative.

Telomerase Activity Levels, TRF Length, and
Expression of hTR and hTERT. We initially analyzed
the levels of telomerase activity in each cell line and ob-
served some variability in expression of telomerase activity
between the different cell lines (Fig. lA). Preliminary ex-
periments were performed using the conventional CHAPS
lysis buffer, which extracts about 20% of the total telomer-

Figure 1. Expression of telornerase activity does not
correlate with telomere length in cell lines from differ-
ent origins. (A) Telomerase activity was analyZed In
each cell line (tumor-derived or in vitroimmortaliZed)
using the TRAP assay. The original CHAPS and the
modified NP40 lysis buffers were used. Extracts cor-
responding to 100-eell equivalents were SUbjected to
PCR, and the products were electrophoresed on 10"10
polyacrylamide gels. The processlvity of the 6-base
pair (bp) ladder and the presence of the 36-bp Internal
control band indicate the specificity of the reaction.
NP-40 lysis buffer without cell extract was used as a
negative control. (B) Terminal restriction fragment
length (TRF) was performed on each cell line to de-
termine telomere length. Total DNA was extracted
from each cell line and digested with six different re-
striction endonucleases (AluI, Gfol, Haelll, HintI,
Mspl. and Rsal). In-gel hybridization with a
(TTAGGG)4 radiolabeled probe was used to detect
telomeric DNA. The molecular size marker used was
Lambda DNA digested with Sty!.
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ase. This extraction showed significant variability in telom-
erase activity levels between the different cell lines. By
using the modified NP-40 lysis buffer, which extracts about
85% of total telomerase activity (37), we observed an in-
crease in overall extraction of telomerase activity and a
decrease in variability (Fig. lA). HL60 cells with weak
telomerase activity using the CHAPS buffer appeared to
have a very strong extractable telomerase activity using the
NP-40 lysis buffer, with levels similar to H1299. The
H1299 and the HL60 cell lines had high levels of telomerase
activity such that linearity of the assay was only observed
when the amount of extract corresponding to 100 cell
equivalents or fewer was analyzed (Fig. lA, and unpub-
lished data). RCC23 cells had consistently low but detect-
able telomerase activity. The in vitro immortalized cell lines
(IDH4, HME32(273)-1 and SW39) exhibit a 4- to 5-fold
increase in the level of telomerase activity after extraction
with the NP-40 lysis buffer (Fig. lA). Because we were able
to detect significantly higher amounts of telomerase activity
using optimized lysis conditions, the in vitro immortalized
cell line with undetectable telomerase activity, SW13, was
tested to determine if telomerase may be expressed in these
cells but not efficiently extracted using the conventional
CHAPS lysis buffer. However, no telomerase activity was
detected for the telomerase-negative, ALT pathway cell line
SW13 or for the normal diploid fibroblasts IMR-90 (unpub-
lished data).

Analysis of TRF lengths was also variable for the dif-
ferent cell lines (Fig. IB). HTl080, HL60, and H1299 that
exhibited similarly high telomerase levels had very different
telomere lengths, with HTl080 and HL60 having » 3-7-
kilobase (kb) telomeres, whereas H1299 had 6-25-kb telo-
meres. The RCC23 cell line with the lowest telomerase
activity had telomeres of similar length (4-7 kb) to HL60
(3-7 kb). The in vitro immortalized cells IDH4 and
HME32(273)-1 had telomere lengths ranging from 2-3 kb,
whereas their telomerase activity was significantly higher
than the RCC23 cells. SW39 had similar telomerase activity
levels as IDH4 and HME32(273)-1, yet longer telomeres
(7-9 kb). The telomerase-negative cell line SWI3, originat-
ing from the same SV40 T-antigen transfection of IMR-90
fibroblasts as SW39, presented much longer and heteroge-
neous telomere lengths (15-25 kb) despite undetectable
telomerase activity. These data suggest that because telom-
erase activity and telomere size do not correlate, the levels
of telomerase are not predictive of telomere lengths.

Semi-quantitative RT-PCR using specific primers for
the RNA component (hTR) and the mRNA for the catalytic
subunit (hTERT) of telomerase was carried out on total
RNA extracted from the different telomerase-positive and
-negative cell lines (Fig. 2). PCR reactions were also per-
formed with 18S ribosomal RNA primers as an internal
control for quantitation. The linearity of the RT-PCR am-
plification was determined, and RT-PCR was performed on
purified RNA samples without reverse transcription to con-
finn the absence of any DNA contamination (unpublished
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Figure 2. Representative results of semiquantitative RT-PCR analy-
sis for the expression of the RNA template and the catalytic protein
subunit of telomerase in telomerase-positive (HT1080, HL60, IDH4,
H1299, HME32(273)-1. RCC23, SW39) and telamerase-negative
(SW13, IMR-90) cell lines. hTR (human telomerase RNA compo-
nent) expression was measured by RT-PCR with primers F3b and
R3c that amplify a 126-bp fragment of the hTR RNA. Specific primers
LT5 and LT6 amplify a 145-bp fragment of hTERT (human telomer-
ase catalytic component). The 18S ribosomal RNA intemal control
(to normalize for RNA amount) was measured with a 3:7 mix of 18S
rRNA primer pairs and 18S rRNA competimer (Ambion), and the
RNA intemal control amplified a 488-bp fragment. Products were
analyzed by electrophoresis on 6% polyacrylamide gels for hTR and
hTERT and on 2% agarose gel for 18S rRNA.

data). When each cell line was analyzed for expression of
the RNA component of telomerase, hTR was present in all
cell lines, even those lacking detectable telomerase activity
(Fig. 2) (39). HL60, IDH4, H1299, and RCC23 had com-
parably high hTR levels, yet RCC23 had the lowest telom-
erase activity, suggesting that absolute levels of hTR are not
indicative of telomerase activity levels. The mRNA encod-
ing the catalytic subunit of telomerase, hTERT, was ex-
pressed at a similar level in all the telomerase-positive cell
lines except for RCC23, which had much lower hTERT
mRNA levels consistent with its low telomerase activity
(Fig. 2). The telomerase-negative cells, IMR-90 and SW13,
expressed lower levels of hTR and no detectable hTERT
message (Fig. 2). Thus, expression of the hTERT mRNA
parallels telomerase activity more closely than the RNA
component of telomerase, hTR.

The mechanism responsible for the regulation of telom-
erase activity levels in these immortal cell lines is unclear as
some cell types (RCC23) presented with low telomerase
activity, whereas others (HI299, for example) expressed
very high levels of activity. One formal possibility is that
telomerase activity in each cell is just inherently lower for
the RCC23 than for the Hl299 cell populations. Another
plausible explanation is that RCC23 and Hl299 express
similar levels of telomerase activity on a per-cell basis, but
the RCC23 population is more heterogeneous with fewer
telomerase-positive cells than the Hl299 population. This



would suggest that the level of telomerase activity detected
is proportional to the percentage of cells expressing telom-
erase. With those things in mind, we selected clones from
both RCC23 with lower telomerase activity and H1299 with
higher activity.

RCC23 Cells Exhibited Variable Expression of
Telomerase Activity. RCC23 is a nontumorigenic hu-
man renal carcinoma cell line established from a stage ill
nonpapillary carcinoma (40). When we analyzed this cell
line on a clonal basis, we found that some clones, harvested
in log phase growth == 25 doublings after cloning, varied in
their telomerase activity levels (Fig. 3A). Unfortunately,
clone D, which had the lowest telomerase activity, was un-
able to proliferate beyond the initial harvest and was not
chosen for further analysis. Clones B and E (higher telom-
erase activity relative to the others) and clones Hand J (low
telomerase activity) were selected for analysis of activity,
telomere length, and expression levels of hTRlhTERT
RNAs. These clones were followed in culture for about 100
population doublings (PDs). Telomerase activity in each of
the clones remained at a constant level over 100 PDs in
culture (unpublished data), suggesting possible regulation
of telomerase activity within each of the clones as well.
Detection of constant levels of activity also suggested that if
individual cells within the RCC23 population express vary-
ing amounts oftelomerase (as measured in the clones), there
appears to be no growth advantage for higher (or lower)
activity over 100 PDs. Figure 3B shows that initially, there
was minimal variability in the telomere length between each
of the clones (4-5 kb), which did not differ significantly
from the population. However, although clones B, E, and H
showed stability of their telomere lengths with increasing
PD, clone J with very low telomerase activity progressively
shortened its telomeres over time in culture (Fig. 3B). In-
terestingly, we also found that the growth rates for these
clones were not substantially different from each other (un-
published data).

To see if this clonal heterogeneity persisted after the

initial cloning, RCC23 clone J was subcloned. Cells from
RCC23 J clone at PD 95 were replated at clonal density, and
several subclones were isolated and tested for telomerase
activity. Figure 4 shows representative results obtained
from 3 of the 12 clones isolated. These subclones (J2, J5,
and 17) showed dramatically increased levels of telomerase
activity when compared with either the RCC23 population
or the parental J clone, and these levels did not fluctuate
significantly over the next 70 POs (Fig. 4A). When TRF
lengths were measured, subclones RCC23 J2 and J5 initially
had short telomere lengths similar to those seen in RCC23
J at PO 95, but after 70 POs, the telomere lengths appeared
to elongate (Fig. 4B). The RCC23 17 subclone, which ini-
tially had a longer TRF length, maintained its telomere
lengths over 70 POs (Fig. 4B). Taken together, these data
and the data from Figure 3B, where clone J has shorter
telomeres at the time of cloning, suggest two possible
mechanisms: (i) only those cells with adequate telomerase
can escape a telomere-induced senescence/death phenom-
enon; or (ii) telomerase is upregulated in clone J in response
to telomere shortening. Given that the cloning efficiency is
high, and no cellular senescence or death is observed (un-
published data), the latter seems a plausible mechanism.

RCC23 J2 and RCC23 17 clones were replated for an-
other round of clonal selection at approximately PD 185,
and the isolated clones were subjected to the TRAP assay
and TRF analysis (Figs. SA & 5B). Although clones from
RCC23 J2 had similar levels of telomerase activity and
similar telomere lengths, clones isolated from RCC23 17
had a more variable expression of telomerase activity and
telomere lengths. Therefore, even within a clonal population
of cells, there can be significant heterogeneity in the ex-
pression of telomerase activity and maintenance of telomere
lengths, suggesting that the regulation of telomerase activity
differs in individual cells.

Expression levels of the hTR and hTERT RNAs were
examined for RCC23 clones B, E, H, J, and subclones J2
and 17 over a period of about 70-100 PDs. RT-PCR analysis

FIgure 3. Clones from the RCC23 cell line pre-
sented with variable levels of telomerase activity,
and one clone exhibited telomere shortening. (A)
The RCC23 population was plated at low density
with individual clones (A·L) selected, maintained,
and collected for use In the TRAP assay. Each
clone was tested using 1000 cell equivalents per
reaction. (B) TRF analysis was done on genomic
DNA digested with Hintl restriction endonuclease.
Telomere lengths were estimated based on migra-
tion of 1 kb and high-molecular·weight DNA lad·
ders. The white bars indicate peak value of telo-
mere length for visual comparison.
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showed that the expression level of hTR between clones
with weak or strong telomerase activity did not vary sig-
nificantly (unpublished data). The expression levels of
hTERT mRNA appeared to fluctuate only modestly over
7(}-90 POs (unpublished data), even though telomerase ac-
tivity remained constant (unpublished data). Yet there ap-
peared to be a modest but consistent increase in hTERT
mRNA in the subclones of clone J (J2, J5, 17) (unpublished
data). Thus, regulated transcriptional expression of the hTR
or hTERT message does not appear to be the entire expla-
nation for the variability in the expression of telomerase
activity in the RCC23 cell line, suggesting post-
transcriptional regulation perhaps via association with pro-
teins that modulate telomerase activity (41).

H1299 cells Show Clonal Variability In Telom-
erase Activity and Telomere Lengths. Another part
of the study consisted of infection of the non-small cell lung
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Figure 4. Late passage cloning of RCC23 J yields
increased telomerase activity and increasing telo-
mere length. RCC23 J cells at PDs 95 were plated at
clonal density, and individual clones were selected
for both (A) telomerase activity, using 1000 cell
equivalents per reaction, and (8) telomere length.
Clones J2, J5, and J7 were chosen for analysis of
activity and length over 70 PDs. TRF analysis was
done on genomic DNA digested with Hintl restriction
endonuclease.

Figure 5. Continued variability in telomerase activ-
ity and telomere length in third generation clones of
RCC23. RCC23 J2 and RCC23 J7 clones were
plated for a second round of clonal selection. SUb-
clones were isolated for (A) telomerase activity using
1000 cell equivalents and (8) TRF analysis using
Hintl-digested DNA.

carcinoma line, H1299, with the parental retroviral vector,
pBABE-puro, followed by clonal isolation. Fourteen HI299
pBABE-puro clones and six clones of uninfected H1299
cells were selected. All of the clones from uninfected cells
demonstrated similar levels of telomerase activity, yet of the
14 HI299 clones from pBABE-puro infected cells, two
clones, H1299 Band H1299 C, exhibited variability in ex-
pression of telornerase activity. Therefore, heterogeneity at
the cellular level also existed in the high telomerase cell
line, H1299.

Telornerase activity and telomere length were analyzed
for these two clones, in parallel with one Hl299 pBABE-
puro clone, H]299 A, that consistently expressed high
telomerase activity without variability over 120POs. Hl299
Band H1299 C expressed very low levels of telomerase
activity at early PO, but this low activity was not maintained
(Fig. 6A). Telomerase activity analyzed over a period of



Figure 6. Reactivation of telomerase activity in H1299 clones correlates with shortening of telomeres. H1299 cells infected with the parental
retroviral vector pBABE-puro were plated at clonal density and selected with puromycin, and 14 individual clones were collected. Analysis of
these clones for telomerase activity showed two clones, H1299 Band H1299 C, with very low telomerase activity. These two clones in parallel
with one clone, H1299 A, with telomerase activity similar to the population, were maintained and cultured over 130 PD. (A) Telomerase activity
using 1000 cell equivalents was determined over 120--140 PD. (B) TRF lengths were analyzed using genomic DNA digested with six different
enzymes over a period of 133, 128, and 117 PDs in culture, respectively, for clones H1299 A, B, and C. Lambda DNA digested with Sty! served
as a molecular size marker.

several PDs increased in clones Band C in conjunction with
increased cell division compared with clone HI299 A (Fig.
6A). Both HI299 Band HI299 C clones at high PD had
telomerase activity at levels similar to clone H1299 A or the
H1299 population, but clone B reactivated telomerase much
earlier (around 50 PDs) than clone C (around 120 PDs). For
both clone B and C, activity was re-expressed at high levels
and appeared to remain stable when analyzed over 80 more
PDs (a total of > 200 PDs).

When the telomere dynamics were examined by TRF
analysis, clones B and C showed much shorter (6-8 kb) and
broad telomere lengths at early PD, compared with clone A
or the population (Fig. 6B). Several telomere-specific peak
values were observed, representing longer telomeres for
clones B and C and demonstrating several populations of
distinct telomere length. Clone H1299 A showed stable
telomere length over 133 PDs. However, when clones Band
C acquired higher telomerase activity, their telomere
lengths increased by several kilobases, reaching a length
similar to clone A. The timing of telomere elongation for
clones Band C corresponded closely to the time course of
telomerase upregulation (Fig. 6), and telomere size re-
mained stable after continuous culture to over 200 PDs (un-
published data).

Analysis of expression levels of hTR and hTERT
RNAs over a period of 121-138 PDs was done by semi-
quantitative RT-PCR for the three clones and for the popu-
lation (Fig. 7). hTR levels appeared to be stable and at a
similar level in all three clones over passages in culture.
However, variation in the hTERT mRNA expression levels
was observed. Although this level appeared stable and high
in clone A over 133 PDs. clones Band C with low telom-
erase activity had a correspondingly low level of hTERT
mRNA. The subsequent upregulation in telomerase activity

Figure 7. Upregulation of the hTERT mRNA parallels the increase
in telomerase actiVity in H1299 clones Band C. hTR, hTERT, and
185 control RNA levels were determined by semiquantitative RT-
PCR from total RNA extracted from the H1299 population and clones
H1299 A, B, and C.

coincided with an increase in hTERT mRNA. The level of
hTERT mRNA in Hl299 Bat 133 PD appeared to be simi-
lar to that of clone H1299 A and the population. Although
elevated at PO 122. clone HI299 C did not reach the same
level of hTERT mRNA as the HI299 population, clone
H1299 A, or clone H1299 B at PD 133. In both clones B and
C, the increase in telomerase activity paralleled the increase
in hTERT mRNA. indicating a strong correlation between
hTERT mRNA levels and telomerase activity.

Variable Expression of Telomerase ActiVity in
Early Clones. Clones are typically isolated after 20-25
POs, where a single cell becomes a colony of at least one
million cells. Because so many cell divisions have taken
place. telomerase may be turned on and off, and shortening
of telomeres may be accomplished without a distinguishable
change in detectable activity or telomere length in the rna-
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ture clone. To overcome this problem, early clones were
selected by visually choosing smaIl clones with 100-1000
cells per colony (7-10 PDs). Chosen clones were scraped
into lysis buffer and analyzed for protein concentration and
telomerase activity. Figure 8 shows the results from 17 early
clones from HMESQ-S, with considerable variability in de-
tectable telomerase activity between clones isolated using
this method. Essentially equivalent amounts of protein were
used for each sample (within a factor of three). Similar
results were obtained for HT1080, IDH4, H1299, RCC23,
and SW39. Although we do not detect telomerase hetero-
geneity in fully grown, mature clones for HT1080, HMESO-
5, or IDH4 ceIl lines, variability is often observed in early
clonal analysis, suggesting regulated expression of telom-
erase activity in a subset of cells within a given immortal
population.

Discussion

In the present study, we analyzed a panel of tumor-
derived and in vitro immortalized ceIl lines for telomerase
activity, telomere dynamics, and the expression of the RNA
component and the catalytic subunit of telomerase. Whereas
all of the immortal ceIl lines exhibited consistent telomere
lengths over many PD in culture, the lengths varied between
cell lines and appeared independent of the amount of de-
tectable telomerase activity. Moreover, our results showed
that the levels of extracted telomerase activity are not pre-
dictive of absolute telomere length. Others have suggested
that the differences observed in TRF measurements between
cell lines from differing sources may be due to variable
lengths of an undefined X-region (3, 22). However, the
IMR-90-derived ceIl lines immortalized using SV40 large T
antigen (telomerase-positive SW39 and IDH4 ceIl lines with
TRFs of 7-9 kb and 2-3 kb, respectively) suggest controls
on telomere length independent of the X-region factor.

Figure 8. Variability in telomerase activity in early clones. HMESO·5
cells were plated at clonal density for detection of telomerase activity
early in the clonal selection process (e.g.• the 100-200 cell stage).
Results from 17 early clones from HME50-S are presented here.
Telomerase activity was measured with the TRAP assay using
roughly equal amounts of protein for each sample (within a factor of
three).
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IDH4 (2-3-kb telomeres) would be expected to have the
same X-region as SW39 (7-9 Kb), as these are two immor-
tal cell lines derived from the same parental cell. If X-region
were the only thing controlling telomere length, the telo-
meres would probably be much closer in length. Yet, SW39
has two to three times longer telomeres than IDH4, a dif-
ference that cannot be attributed solely to X-region.

When we further analyzed the RCC23 ceIl line for
clonal variability, we observed that initially all the clones
tested had similar telomere lengths but differed in their lev-
els of telomerase activity. Late passage cloning yielded sub-
clones with much higher telomere activity and stable telo-
mere lengths. In the Hl299 ceIls, telomere lengthening cor-
related with telomerase activation. Some cells within these
populations may have ceased expression, or at least down-
regulated telomerase, leading to gradual telomere shorten-
ing. In both RCC23 and H1299, the gradual decline to criti-
cally short telomeres may signal an upregulation in telom-
erase activity, preventing senescence and permitting
stabilization of telomere lengths. The reappearance of
telomerase and telomere lengthening activities in clones
with critically shortened telomeres suggests that either short
telomeres can produce a signal that reactivates telomerase in
tumor cells, or variants within the population in which
telomerase is reactivated are able to overgrow the cultures.
However, there is no current evidence, either here or else-
where, indicating that long telomeres provide cells with a
selective growth advantage. Thus, it is more likely that for
some cells in a population, there is a cyclic event of telom-
erase repression and activation, and our results suggest that
this event is not stochastic but might be controlled or regu-
lated by telomere size. We suggest that the cyclic behavior
of telomerase is due to the results obtained in the early clone
experiment shown in Figure 8, where choosing clones early
(PD 7-10), as near to the single cell stage as possible,
showed significant variability in telomerase activity. Mature
clones (PD 20-25) expressed relatively uniform levels of
telomerase activity, suggesting that by picking clones early,
we were able to sample telomerase levels at stages more
closely resembling single cells.

Others have also observed a large range of mean telo-
mere sizes and some variability in telomerase activity in
three telomerase-positive cell lines: a cervical carcinoma
line, HeLa; an adenovirus-immortalized embryonic kidney
cell line, 293; and a human thyroid cancer cell line, KI (42,
43). Our results indicating variable regulation of telomerase
activity in cells suggest that there are probably additional
controls on telomere length other than telomerase, similar to
the Rapt mechanism for yeast telomeres (44) or the TRFll
TRF2 proteins in mammalian cells (45,46).

Our telomerase-negative cell line, SWt3 (ALT path-
way), with 15-25 kb telomeres is consistent with the results
of others. Several in vitro immortalized cell lines present no
detectable telomerase activity but still have very long and
heterogeneous telomeres (29, 30). Our data and those of
others indicate that in immortal cells, telomere lengths can



be maintained or elongated by telomerase or by another
alternative mechanism (ALT pathway). Interestingly, all of
the subclones from RCC23 J (low telomerase activity and
continually shortening telomeres) activated high levels of
telomerase rather than an ALT pathway. We also found that
in the H1299 clonal analysis, elongation of telomere lengths
required activation of wild-type levels of telomerase activity
rather than an immediate lengthening using an ALT path-
way. Taken together, our results suggest that immortal and
tumor-derived cells that have initially used a telomerase
pathway for continual proliferation (to overcome crisis) pre-
dominantly reactivate telomerase in response to telomere
shortening. The telomerase-positive cell line Hl299 has
very long and relatively homogeneous telomeres. It is tan-
talizing to hypothesize that this cell line may use both of
these mechanisms to elongate its telomeres, an ALT path-
way to yield long telomeres, and a telomerase mechanism to
maintain telomeres at a homogeneous length. However, our
results do not favor this hypothesis. Our data with the
Hl299 clones showed that the absence of telomerase leads
to shortening of telomeres over time and that stabilization of
telomere lengths required upregulation of telomerase activ-
ity rather than the ALT pathway.
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