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The human telomerase RNA component (hTR) is present in normal somatic cells at lower levels than in
cancer-derived cell lines. To understand the mechanisms regulating hTR levels in different cell types, we have
compared the steady-state hTR levels in three groups of cells: (i) normal telomerase-negative human diploid
cells; (ii) normal cells transfected with the human telomerase catalytic subunit, hTERT; and (iii) cells im-
mortalized in vitro and cancer cells expressing their own endogenous hTERT. To account for the differences
in steady-state hTR levels observed in these cell types, we compared the transcription rate and half-life of hTR
in a subset of these cells. The half-life of hTR in telomerase-negative cells is about 5 days and is increased 1.6-
fold in the presence of hTERT. The transcription rate of hTR is essentially unchanged in cells expressing exog-
enous hTERT, and the increased steady-state hTR level appears to be due to the increased half-life. However,
the transcription rate of h'TR is greatly increased in cells expressing endogenous hTERT, suggesting some over-
lap in transcriptional regulatory control. We conclude that the higher hTR level in cells expressing an endog-
enous telomerase can be a result of both increased transcription and a longer half-life and that the longer half-
life might be partially a result of protection or stabilization by the telomerase catalytic subunit. The 4-week

half-life of hTR in H1299 tumor cells is the longest half-life yet reported for any RNA.

Telomerase is a ribonucleoprotein in which a catalytic re-
verse transcriptase protein subunit uses the RNA as a template
for the addition of telomeric repeat sequences to the ends of
chromosomes (11, 16, 17, 28, 34, 41). Telomerase is responsi-
ble for the complete replication of the ends of chromosomes
(telomeres) in most eukaryotes (26). In most normal human
somatic cells, telomerase activity is nondetectable and telo-
mere length decreases after each cell division due to the “end
replication problem” (25, 42, 53).

Genes encoding the RNA component of telomerase have
been cloned for many organisms, including Kluyveromyces lac-
tis (32), Tetrahymena (45), Saccharomyces cerevisiae (48), Stylony-
chia mytilis (27), mouse (3), Bos taurus (Genbank accession no.
AF054814), and human (11). The catalytic subunit of telome-
rase has also been cloned for a variety of organisms, including
Euplotes aediculatus (28), Tetrahymena thermophila (8), Oxy-
tricha trifallax (6), yeast (41), mouse (15, 30), and human (5, 24,
34, 41), all of which contain characteristic reverse transcriptase
motifs (19, 28, 41). In humans, progressive telomere loss is
believed to be the basis for cellular senescence and the limited
life span of normal cells. Previously, it was demonstrated that
ectopic expression of telomerase could greatly extend the life
span of (4, 51) and potentially immortalize (22, 37) normal
human cells in culture. Although telomerase is absent in most
human adult somatic cells, telomerase activity is detected in
most cancer cells (25). The upregulation or reactivation of
telomerase in cancer cells or another mechanism to maintain
telomere stability is likely to be necessary for the unlimited
growth potential of cancer cells. However, at present, very little
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is known about the regulation of either the telomerase catalytic
subunit or the telomerase RNA component.

Normal human diploid cells contain the integral RNA com-
ponent of telomerase (hTR) but generally lack the mRNA for
the catalytic subunit (hTERT) (34, 41), although there are
some cases in which alternative splicing forms of hTERT are
present in telomerase-negative cells (24, 50). The catalytic sub-
unit is thought to be the only missing component necessary for
at least a minimally functional enzyme. This is based on two
lines of evidence: transfection of plasmids directing the expres-
sion of hTERT into telomerase-negative cell types results in
the appearance of telomerase activity, and in vitro-transcribed
hTR mixed with in vitro-translated hTERT in a rabbit reticu-
locyte lysate results in detectable telomerase (2, 4, 9, 51, 54). A
3- to 10-fold increase in steady-state levels of hTR has been
observed in a variety of immortal cells (1), indicating that some
regulation of hTR is associated with the acquisition of telome-
rase activity. In situ hybridization of human biopsy specimens
indicates that the relative levels of hTR in tumor cells are
sufficiently different from those in adjacent tissues to be clini-
cally useful in the diagnosis of cancer (36, 38, 57, 58). Evidence
from expression studies have defined a minimal hTR promoter
(59), but studies of the actual rates of transcription in normal
versus telomerase-expressing cells have not been reported.

Two mechanisms determine the steady-state level of hTR in
cells: the rate of synthesis (the transcription rate) and the rate
of degradation (the half-life). Elevated hTR levels in tumor
cells might be due to an increased transcription rate, an in-
creased half-life as a result of the association of hTR with the
catalytic protein subunit or other regulatory modifications, or a
combination of these factors. In the present study, we address
this question by examining the steady-state levels, rates of
transcription, and half-lives of hTR in three groups of human
cells: (i) normal diploid telomerase-negative fibroblasts and
epithelial cells, (ii) telomerase-negative cells converted to telo-
merase positivity by the forced expression of an exogenous
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hTERT cDNA, and (iii) telomerase-positive cells which have
activated their endogenous hTERT gene during the process of
immortalization, driven by the expression of the simian virus
40 (SV40) large T-antigen (T-Ag) or human papillomavirus
E6/E7 proteins in vitro or by tumor formation in vivo. We
report here that the differences in the steady-state levels of
hTR can result from changes in both the rates of transcription
of the template RNA and an increased half-life in the presence
of the catalytic subunit of telomerase. To our knowledge, the
half-life of hTR is the longest human RNA half-life yet de-
scribed.

MATERIALS AND METHODS

Cell culture. Human telomerase-positive non-small-cell lung cancer cell line
H1299 (ATCC CRL-5803), telomerase-negative normal human diploid foreskin
fibroblast BJ cells, BJ hTERT cells expressing a transfected hTERT (4), normal
human diploid embryonic lung fibroblast strain IMR90 (ATCC CCL-186), and
murine packaging cell lines PE501 and PA317 were cultured at 37°C under 5%
CO, in a 4:1 mixture of Dulbecco’s modified Eagle’s medium and medium 199
supplemented with 10% fortified bovine calf serum (HyClone, Logan, Utah)
and 50 pg of gentamicin (Sigma, St. Louis, Mo.) per ml. IDH4 cells (47, 56)
(immortal telomerase-positive cells derived from IMR9O0 fibroblasts stably trans-
fected with SV40 T-Ag under the control of a dexamethasone-inducible pro-
moter) are referred to here as IMR90 T-Ag. They were cultured in the same
medium supplemented with 1 pg of dexamethasone per ml. Normal human
mammary epithelial HME31 cells and all HME31-derived lines were grown in
serum-free medium consisting of modified basal medium MCDB 170 (GIBCO
BRL, Gaithersburg, Md.) supplemented with 0.4% bovine pituitary extract
(Hammond Cell Tech, Alameda, Calif.), 5 pg of insulin (Sigma) per ml, 0.5 pg
of hydrocortisone (Sigma) per ml, 50 pg of gentamicin per ml, 5 pg of transferrin
per ml, and 10 ng of epidermal growth factor (GIBCO BRL) per ml. The
medium used for HME31 cell growth was changed every other day.

Retroviral vector construction and infection. The EcoRI fragment from
pGRN145, containing the hTERT coding sequence (4) with a consensus Kozak
sequence, was subcloned into the retroviral vector pBabe puro (39), in which the
puromycin resistance gene is under the control of the SV40 promoter (Fig. 1A).
Recombinant viruses were generated by first transfecting the ecotropic packaging
cell line PES01 by electroporation and selecting with 4 pg of puromycin per ml.
Viral supernatant derived from these cells was used to infect the amphotrophic
PA317 packaging cell line (35) to generate clones containing unrearranged
proviral copies of pBabe puro and pBabe puro hTERT. Medium containing
released viruses produced from confluent dishes of selected populations of
clones was filtered (pore size, 0.45 wm) and used to infect HME31 and IMR90
cells. IMR90 cells were selected on 750 ng of puromycin per ml, while HME31
cells, which are more sensitive to puromycin, were selected on 150 ng/ml.

Northern blot analysis of hTR expression. Total RNA from these cells was
prepared by a modification of the guanidium isothiocyanate-cesium chloride
technique (7) with TriPure isolation reagent (Boehringer Mannheim Corp./
Roche Molecular Biochemicals, Indianapolis, Ind.). The DNA probe for hTR
was made by random priming with [«->?P]dCTP (GIBCO BRL), using a NorI-
Nisil fragment from pTRC3 [pGEM-5Zf(+) with an hTR insert cloned in its Sacl
site] as the template (11). After stripping, the same blot was reprobed for 18S
rRNA to normalize loading variations between RNA samples. Data were ana-
lyzed with ImageQuant version 3.3 software (Molecular Dynamics, Inc., Sunny-
vale, Calif.).

Nuclear transcription runoff assay. Nuclei from cultured BJ, BJ hTERT,
IMR90, IMR90 T-Ag, and H1299 cells were prepared by the basic method
described by Greenberg and coworkers (13, 14). Nuclei from 10% cells were
resuspended in 500 pl of nucleus storage buffer (50 mM Tris-HCI [pH 8.3], 25%
glycerol, 5 mM magnesium acetate, 0.1 mM EDTA, 5 mM dithiothreitol), quickly
frozen in liquid nitrogen in 200-pl aliquots, and stored at —80°C. Transcription
runoff assays were performed as described previously (31). Briefly, 200 pl of 2X
reaction buffer containing 25% glycerol, 10 mM MgCl,, and 0.2 M KCl with three
unlabeled nucleotides (1.2 mM ATP, 0.6 mM CTP, and 0.6 mM GTP) was added
to 2 X 107 to 5 X 107 nuclei in 200 pul of nucleus storage buffer in an RNase-free
1.5-ml tube. After addition of 5 pl of 20-mCi/ml [«-**P]JUTP (800 Ci/mmol;
Amersham Co., Arlington Heights, Ill.) and incubation at room temperature for
45 min with occasional shaking, 50 U of RNase-free DNase I and 40 pl of 10 mM
CaCl, were added, and the mixture was incubated for 15 min at 37°C. Nuclear
RNA was extracted, precipitated twice with ethanol and 5 M ammonium acetate,
and resuspended in 500 pl of hybridization buffer containing 50% formamide, 0.5
M NaCl, 50 mM HEPES (pH 7.0), 0.4% sodium dodecyl sulfate (SDS), and 2
mM EDTA.

Target DNA (2 pg per slot) was linearized, denatured in 0.1 M NaOH at 37°C
for 10 min, incubated on ice for 5 min, diluted in 10 volumes of ice-cold 6X SSC
(1Xx SSCis 0.15 M NaCl plus 0.015 M sodium citrate) and bound in triplicate to
Hybond-N" (Amersham Co.) with a slot-blot manifold (Schleicher & Schuell,
Keene, N.H.). The target DNA plasmids included (i) pTRC3 [pGEM-5Zf(+)
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FIG. 1. (A) Diagram of the construction of pBabe puro hTERT. An EcoRI
fragment from pGRNI145, containing the consensus Kozak sequence and the
full-length human telomerase catalytic subunit cDNA, was cloned in the EcoRI
site of the pBabe puro retroviral construct to form pBabe puro hTERT. (B)
Diagram of plasmid construction for the generation of competitor RNA for
quantitative RT-PCR (pTRC3+). The original plasmid pTRC3 is pPGEM-5zf(+)
with hTR ¢cDNA cloned in its Sacl site, and the orientation is such that the T7
transcript of this construct is the sense strand. The Narl and Stul sites shown are
unique sites in this plasmid. The location of the PCR primers used for RT-PCR
assays in this study (F3B and R3C [Table 1]) are shown. A 20-bp fragment was
inserted into pTRC3 by ligating the annealed oligonucleotides with pTRC3 lin-
earized with Narl. The oligonucleotides contained an equal number of G - C and
A - T base pairs, so that the insertion did not change the G+C content of the
PCR product compared to the RT-PCR product of hTR. The resulting plasmid,
pTRC3+, was linearized with Stul, and competitor RNA was generated with the
T7 MAXIscript in vitro transcription kit.

with the hTR insert cloned in its Sacl site] (11) and its vector-only control
[PGEM-5Zf(+); Promega, Madison, Wis.] and (ii) LK221 [human B-actin cDNA
cloned in pBluescript SK(+)] (43) and its vector-only control [pBluescript
SK(+); Stratagene, La Jolla, Calif.]. Each membrane was hybridized with an
equal number of counts per minute (cpm). After prehybridization of membranes
with 100 pg of yeast tRNA per ml for at least 4 h at 47°C, nuclear runoff
transcripts were denatured (95°C for 5 min) and added to each membrane at a
final concentration of at least 10° cpm/ml for 48 h at 47°C. The hybridization
membranes were washed with 2X SSC at room temperature for 30 min followed
by 2X SSC with 10 ug of RNase A per ml at 37°C for 30 min and then with 0.1X
SSC-0.1% SDS at 50°C for 30 min. The hybridization membranes were exposed
to PhosphorImager storage screens overnight. Hybridization bands were quan-
tified with ImageQuant version 3.3 software (Molecular Dynamics, Inc.). The
intensities of all hybridization bands were analyzed with a manually set local
background. The signals obtained from the pGEM-5zf(+) and pBluescript
SK(+) vectors were subtracted from the corresponding signals obtained from
pTRC3 and LK221, respectively, and the data obtained from triplicate determi-
nations were averaged. Human telomerase RNA component transcription rates
were then normalized as a percentage of the human B-actin transcription rate in
each cell line or strain (21).

Isolation of thiouridine-containing RNA by phenylmercury affinity chroma-
tography for half-life determinations. Mercurated agarose (equivalent to Bio-
Rad Affi-Gel 501) was prepared from Affi-Gel 10 (Bio-Rad Laboratories, Her-
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cules, Calif.) by a procedure specified by Bio-Rad Laboratories, Inc. In brief,
Affi-Gel 10 was incubated with p-aminophenylmercuric acetate (Sigma) in di-
methylformamide for 4 h, and then the unreacted succinimide groups on Affi-Gel
10 were blocked with ethanolamine. After a final solvent wash, Affi-Gel 501 was
resuspended in anhydrous isopropanol and kept at —20°C in a dark bottle.

To keep the cells in log-phase growth during the time course of the pulse-chase
experiments, cultured cells were passaged at 1:8 split ratios. After 24 h, the cells
were pulse-labeled with 4-thiouridine (Sigma) at a final concentration of 100 .M
for 5 h. To monitor the efficiency of the procedure, 5 uCi of [5,6-*H]uridine
(Amersham Co.) per ml was included. At the end of the 5-h period, the cells were
rinsed once in phosphate-buffered saline and fresh medium was added. The cells
were collected in cold phosphate-buffered saline (pH 7.4) at each chase time
point by being treated in trypsin-EDTA (GIBCO BRL) for 5 min at 37°C.

Total RNA from these cells was prepared with TriPure isolation reagent as
described above. 4-Thiouridine-labeled RNA was separated with mercurated
agarose (equivalent to Affi-Gel 501) as described previously (55). In brief, total
RNA was dissolved in buffer A (50 mM sodium acetate [pH 5.5], 0.1% SDS, 0.15
M NaCl, 4 mM EDTA), heated to 95°C for 3 min, cooled rapidly in an ice-water
bath, and batch-absorbed at 300 ug of RNA per ml (packed volume) of mercu-
rated agarose resin in the dark for 2 h at 4°C with shaking. The resin was then
packed into a PolyPrep column (Bio-Rad Laboratories) and washed with 2.5
column volumes of buffer A. Nonspecifically bound RNA was washed off with
buffer B (buffer A containing 0.5 M NaCl instead of 0.15 M NaCl). Thiouridine-
labeled RNA was eluted with buffer C (buffer A containing 10 mM B-mercap-
toethanol). The recovery of thiouridine-labeled RNA was determined by count-
ing *H in aliquots of each fraction. Fractions eluted with buffer C were
isopropanol precipitated, redissolved in 0.5 M ammonium acetate, pooled, and
reprecipitated with ethanol.

The reliability of thiouridine labeling for analyzing the half-life was confirmed
by determining the half-life of 18S rRNA in H1299 cells. Thiouridine-labeled
RNA recovered on mercurated columns after increasing periods of growth in the
absence of thiouridine was analyzed on Northern blots. The half-life (determined
as described below) of 3.8 days is consistent with the half-life of 3 to 7 days
previously reported for 18S rRNA in mammalian cells (12, 18).

After 10 to 12 days of continuous log-phase growth, 4-thiouridine-labeled
RNA was a very small fraction of the total RNA. Control experiments with
nonthiolated [*H]uridine-labeled RNA showed that two cycles of phenylmercury
affinity chromatography were sufficient to eliminate background binding (10).

RNase protection assay. RNase protection assays to quantify hTR were per-
formed with the HybSpeed RPA kit (Ambion, Austin, Tex.) as described by the
manufacturer. The antisense riboprobe was generated with the MAXIscript SP6
in vitro transcription kit (Ambion), using pTRC3 (Fig. 1B) linearized with Stul
as a template. For each RNase protection assay, 2 X 10° cpm of DNase I-treated
probe was annealed to target RNA at 68°C for 18 h. The RNase-protected
fragment (~100 bp) was analyzed on a nondenaturing 6% polyacrylamide gel in
0.5X Tris-borate-EDTA (TBE). To compensate for experimental variations in
individual RNase protection assays, relative quantitation of hTR levels in H1299,
BJ hTERT, and BJ total RNA was performed simultaneously with the same
antisense riboprobe. Three assays were performed with each RNA sample, and
the average intensity of the protected band per microgram of total RNA of each
sample was determined by plotting the intensity against input RNA amount.
Quantitation was performed with ImageQuant version 3.3 software.

Quantitative RT-PCR. Quantitative reverse transcription-PCR (RT-PCR) was
based on the method originally described by Wang et al. (52) and modified by
Nagano and Kelly (40). The plasmid used to synthesize the internal control RNA
(competitor RNA) was constructed by inserting a 20-bp fragment into the unique
Narl site in pTRC3 (Fig. 1B). The RT-PCR product derived from the internal
control is thus 20 bp longer (146 bp) than that of the RT-PCR fragment derived
from the human telomerase RNA component (126 bp). The new plasmid
(pPTRC3+) was linearized with Stul and transcribed with a MAXIscript T7 in
vitro transcription kit (Ambion). The RNA was treated with DNase I to digest
template plasmid DNA and ethanol precipitated. The concentration of this
competitor RNA was calculated based on measurements of the optical density at
260 nm, and serial dilutions were made for the RT reactions. Control experi-
ments established that the efficiency of the RT step for the competitor RNA is
the same as the efficiency for hTR.

The quantitative analysis of human telomerase RNA component was accom-
plished in two steps. (i) An initial titration assay was performed to estimate the
number of human telomerase RNA molecules (hTR) in each sample. 4-Thio-
uridine-labeled RNA purified from the progeny of two 150-mm culture plates of
cells labeled at # = 0 was treated with 10 U of DNase I in a final volume of 20
wl. After heat inactivation of DNase I (5 min at 75°C), 2-pl aliquots of this RNA
and 1-pl aliquots of competitor RNA at various dilutions were mixed and then
reverse transcribed in 20 pl by using decamers and 10X alternate buffer supplied
in the RETROscript kit (500 mM Tris-HCI [pH 8.3], 750 mM KCl, 30 mM
MgCl,, 50 mM dithiothreitol) as specified by the manufacturer (Ambion). Then
2 ul of each RT mixture was PCR amplified with primers F3B and R3C (41)
(Table 1) (25 cycles of 94°C for 20 s, 55°C for 30 s, and 72°C for 40 s) with 2 U
of Tag DNA polymerase (GIBCO BRL) and the RT-PCR buffer included in the
RETROscript kit. Under these experimental conditions, the PCR efficiency for
both the competitor RNA and hTR was 88% in the linear amplification range
(up to 25 cycles). The number of hTR molecules per microliter of RNA was
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TABLE 1. Sequences of the oligonucleotides used in this study

Name Purpose Sequence

5'TCTAACCCTAACTGAGAAGG
GCGTAG

5S'GTTTGCTCTAGAATGAACGG
TGGAAG

5'CGCCATTTATTCAGGCCGGG

F3B Forward primer for hTR
R3C  Reverse primer for hTR

RT1  Top strand to construct
competitor for hTR

RT2  Bottom strand to construct
competitor for hTR

5'CGCCCGGCCTGAATAAATGG

estimated from this initial titration assay. (ii) In the quantitative step, equal
numbers of competitor RNA molecules, calculated from the above titration,
were mixed with 2 pl of thiouridine-labeled RNA to ensure consistent and
accurate quantitative RT-PCR (49). The RT and PCR amplification were per-
formed as described above.

In both the titration and quantitation steps, one of the PCR primers was
labeled at the 5 end with [y->*P]ATP, using T4 polynucleotide kinase (Pro-
mega). A 10-pl aliquot of each PCR mixture (50 pl) was electrophoresed in a 6%
nondenaturing polyacrylamide gel in 0.5X TBE buffer, along with a 5'-end-
labeled 10-bp ladder (GIBCO BRL) as a molecular size marker. The gel was
dried and exposed to a PhosphorImager storage screen. The number of hTR
molecules in each sample was calculated based on the relative amounts of PCR
product corresponding to hTR and competitor RNA.

Determination of the half-life of hTR. Newly synthesized RNA was pulse-
labeled with 4-thiouridine, chased for 0 to 10 days (experiment 1) or 0 to 12 days
(experiment 2), and purified with mercurated agarose. The number of hTR
molecules at each time point was analyzed by quantitative RT-PCR. Data from
two independent experiments were combined for four of the five cell types
analyzed. Based on first-order kinetics, In(hTR) has a linear relationship with the
chase time, and the half-life of hTR (¢,,,) is inversely related to the slope of this
line (k). The relationship between ¢,,, and k is t,,, = (In 2)/—k. Linear regression
was performed for each plot to estimate the slope of each line.

RESULTS

Comparison of steady-state hTR levels. The relative hTR
levels were quantitated by three different methods: Northern
hybridization (Fig. 2A), RNase protection assay (Fig. 2B), and
quantitative RT-PCR (Fig. 2C). The results of these analyses
are summarized in Table 2. The Northern hybridization
results showed that cells expressing an exogenous hTERT
(BJ hTERT, IMR90 hTERT, HME31 hTERT, and HME31
E6 hTERT) contained approximately twice as much hTR as
did their corresponding telomerase-negative cells (BJ, IMR90,
HME31, and HME31 E6 precrisis). However, tumor and onco-
gene-immortalized lines expressing their endogenous hTERT
(H1299, IMR90 T-Ag, and HME31 E6 immortal) had the
largest amounts of hTR, ranging from 6- to 16-fold over those
for the telomerase-negative cells. Quantitative RT-PCR and
RNase protection assays confirmed these results from North-
ern hybridization (Table 2 and Fig. 2). These results also
showed that the quantitative RT-PCR method we used was
consistent with other methods.

Transcription rates of hTR. We measured the transcription
rate of hTR to determine the fraction of the steady-state levels
that were due to differences in the rates of synthesis. Tran-
scription of h'TR was determined by transcription runoff assays
and normalized to human B-actin. Figure 3 shows an example
of one set of slot blots, each of which was run in triplicate
during the transcription runoff assays. The relative intensities
of hybridization bands were quantitated as described in Mate-
rials and Methods. The averaged hTR transcription rates of
three independent sets of transcription runoff assays are shown
in Table 3. The transcription rate of h'TR in H1299 cells was
increased sixfold compared to that in BJ cells, and the tran-
scription rate of hTR in IMR90 T-Ag cells was increased
sevenfold compared to that in its parental IMR90 cells, while
BJ hTERT showed a statistically insignificant increase in hTR
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FIG. 2. Relative quantitation of steady-state hTR levels by Northern hybridization, RNase protection assay, and quantitative RT-PCR. (A) Northern hybridization
of hTR and 18S rRNA. The intensities of the hTR and 18S hybridization bands were quantitated, and the intensities of the 18S bands were used as a loading control
to normalize the hTR hybridization bands. (B) Comparison of steady-state hTR levels in H1299, BJ, and BJ hTERT cells by the RNase protection assay. The intensity
of the protected band in each assay was plotted against the amount of input total RNA for each cell type, and the average intensity per 10 pg of input total RNA was
calculated by linear regression based on individual graphs. (C) Comparison of steady-state hTR levels in H1299, BJ, and BJ hTERT cells by quantitative RT-PCR. The
number of hTR molecules in 2 pg of total RNA from H1299, BJ, or BJ hTERT cells was calculated by measuring the amount of added competitor RNA and the ratio

of intensities of the bands corresponding to competitor RNA and hTR.

transcription rate compared to its parental BJ cells. In all cases,
the differences in the transcription rates of hTR in these cell
types did not fully account for the differences in the steady-
state hTR levels.

Determination of the half-lives of hTR. One method to mea-
sure the RNA half-life is to monitor the time course of the loss
of the RNA while treating the cells with transcriptional inhib-
itors such as actinomycin D (20, 29). This technique works well
for most mRNAs, since their half-lives are less than 17 h (46).
Initial attempts to estimate the half-life of human telomerase
RNA with actinomycin D were not successful. After 48 h of
actinomycin D treatment (10 pg/ml), roughly half of the cells
in culture had died due to the toxic effects of actinomycin D
(44) but the hTR levels remained almost unchanged (data not
shown). The half-life of the human telomerase RNA compo-
nent is therefore too long to be measured by this method.
Instead, an alternative approach involving 4-thiouridine to la-
bel newly synthesized RNA was used. The half-life of the
labeled RNA was measured by purifying thiolated RNA on
mercurated agarose (10, 23, 33, 55). Although other thiol-

containing nucleotides or nucleosides can be used, we chose
4-thiouridine for its lack of toxicity (33), since the cells were
pulse-labeled with 4-thiouridine and then cultured for up to
12 days for an accurate determination of the long half-life of
hTR.

Control experiments established the following. (i) When
cells were simultaneously labeled with 4-thiouridine and [*H]
uridine (see Materials and Methods), 70% of the *H label was
consistently bound to the mercurated column and could be
specifically eluted with B-mercaptoethanol. This indicates a
high and reproducible efficiency of recovery of labeled RNA.
(ii) Almost none (less than 0.01%) of the control [*H]uridine
labeled RNAs that did not contain 4-thiouridine bound to the
mercurated column material, demonstrating a low level of
background binding. (iii) [*’H]RNA did not bind to the column
when [*H]uridine was added to the medium for 1 h immedi-
ately after 4-thiouridine was removed. This shows that the
4-thiouridine label was incorporated into newly synthesized
RNA only during the pulse-labeling period and was not reuti-
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TABLE 2. Comparison of relative steady-state hTR levels

Cell line Description

Relative hTR level” quantitated by:

Northern RNase Quantitative
hybridization® protection assay RT-PCR
Telomerase-negative cells
BJ Normal foreskin fibroblasts 1 1 1
IMR90 Normal lung fibroblasts 1.0 = 0.6
HME31 Normal mammary epithelial cells 0.91 = 0.06
HME231 E6 precrisis Precrisis HME31 cells expressing E6 1.6 = 0.2
Cells expressing exogenous hTERT
BJ hTERT Derived from BJ 2.6*+03 23 13
IMRO90 hTERT Derived from IMR90 1404
HME31 hTERT Derived from HME31 27+02
HME31 E6 hTERT Derived from HME31 E6 precrisis 34 x0.7
Cells expressing endogenous hTERT
HME231 E6 immortal Postcrisis HME31 cells expressing E6 6.0 £0.3
IMR90 T-Ag SV40 T-Ag-immortalized IMR90 cells 50x09
H1299 Non-small-lung carcinoma cells 14 +1.0 19 16

“The hTR levels for all assays are expressed relative to those in BJ cells, which were set as 1.

b Values are means from three experiments *+ 1 standard deviation.

lized. This established the basis for estimating the half-life of
hTR by this pulse-chase method.

Equal fractions of the cells originally labeled with 4-thiouri-
dine were used for each chase time point. Since the cells were
kept in continuous growth, long chase periods generated large
numbers of cells in which the thiouridine-labeled RNA was a
progressively smaller fraction of the total RNA. For example,
after 10 days, two dishes of labeled cells generated at least 16
near-confluent dishes for normal cells such as BJ and IMR90
fibroblasts and 32 or 64 dishes for immortal cells such as BJ
hTERT, IMR90 T-Ag, and H1299. We found that it was nec-
essary to perform two cycles of mercurated affinity chromatog-
raphy to reduce the background binding to satisfactory levels
(see Materials and Methods) (10). When total RNA from 32
dishes of cells that were not labeled with 4-thiouridine (the
equivalent number of H1299 cells to that in the 7-day time
point of the chase experiment) was twice purified on the mer-
curated column, the hTR content was less than 10% of that
found in the 7-day thiouridine-labeled sample, indicating a
very low level of contamination of unlabeled RNA after two
rounds of mercurated-column purification.

The amount of hTR remaining in the purified thiouridine-
labeled RNA samples was determined by a two-step quantita-
tive RT-PCR with a competitor for hTR that contained a
20-nucleotide insert. Because of plateau effects in PCRs, ac-
curate quantitation was obtained only if the amount of com-
petitor was equal to the amount of target RNA, so that RT-
PCR products of target RNA and competitor RNA could be
quantitated while they were both in the log range (49). An
initial titration step of quantitative RT-PCR assays was per-
formed with three threefold serial dilutions of competitor
RNA to get a rough estimate of the amount of hTR present in
the sample. In the quantitation step, the adjusted concentra-
tion of competitor RNA molecules was added to each thiouri-
dine-labeled RNA sample for the RT reaction. The number of
hTR molecules was calculated based on the number of mol-
ecules of competitor RNA divided by the ratio of the intensi-
ties of the 146-bp band (corresponding to the competitor
RNA) and the 126-bp band (corresponding to hTR). Figure
4 shows a representative example of the second step of
quantitative RT-PCR for BJ hTERT cells. Two independent

determinations were performed for BJ, BJ hTERT, IMR90,
and H1299, and one determination was performed for IMR90
T-Ag. The results for these five different cell types are shown
in Fig. 5. The slopes of these plots were used to calculate the
half-life of hTR, which ranged from 4.4 to 32 days. The results
are also summarized in Table 3.

DISCUSSION

The rather modest (3- to 10-fold) increase in hTR levels that
has been found in cultured normal versus tumor cells is con-
sistent with the hypothesis that stabilization of the integral
RNA by its association with the hTERT protein might be
sufficient to account for this increase. Our present study clearly
indicates that this is not the case. Although some stabilization

Cell types
& T
Target DNA Q st&@ &'\?ﬁ \@Qf ‘S\Qs%
hTRcDNA
pGEM-5zf(+)
B-actin cDNA 9 r— [P— e Ee—
pBluescript SK(+) 9
Telomerase: - + + - +

FIG. 3. Transcription runoff analysis of hTR. Transcription runoff assays
were performed with nuclei isolated from BJ, BJ hTERT, H1299, IMR90, and
IMR90 T-Ag cells. Runoff transcripts were hybridized to a nylon membrane
bearing the target DNA plasmids indicated. Shown is one set of slot blots that
were done in triplicate for each cell type, from one of the nuclear runoff assays.
Because BJ hTERT and IMR90 T-Ag contain stably integrated plasmid DNA,
nuclear runoff transcripts from these cells also hybridized to pGEM-5zf(+) and
pBluescript SK(+) on the membrane. After correction for the background hy-
bridization of vector-only plasmids, the transcription rates of hTR were normal-
ized to the human B-actin signal (see Materials and Methods) and expressed
relative to the rate obtained in BJ fibroblasts (Table 3).
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TABLE 3. hTR transcription rate, half-life, and steady-state level”

Cell type Telomerase Relat.ive Rfela_tive ) Expected relative steady- Actual relative steady-
present half-life” transcription rate® state hTR level” state hTR level®
BJ - 1.0 1.0x0 1.0 1.0
BJ hTERT + 1.6 1.3+03 2.1 2.1
IMR90 - 1.5 0.60 = 0.2 0.9 1.0
IMRO0 T-Ag + 1.1 42 +0.5 4.6 5.0
H1299 + 7.2 57*+04 41 16

“ For all these categories, the levels in BJ cells are taken as 1.

b Results from Fig. 5.

¢ Results from three independent transcription runoff experiments.
@ Estimated based on half-life and transcription rate determinations.

¢ Results from Northern hybridization, RNase protection assay, and quantitative RT-PCR results in Table 2.

can occur, the major factor determining the increased steady-
state hTR levels is the upregulation of hTR transcription.
Furthermore, we show that this increased transcription is not a
result of feedback regulation due to the presence of hTERT
protein, since the increased transcription is not present in cells
expressing an exogenous hTERT but occurs only in cells in
which the endogenous gene has been activated by the process
of in vitro immortalization by viral oncogenes or in vivo tumor
formation. This result provides the first evidence that at some
level there is a coordinated program for the derepression of
telomerase during tumor formation (involving the regulation
of both hTR and hTERT) rather than just a focal activation of
hTERT (for example, by deletion of repressive sequences in
the hTERT gene, activation of hTERT expression by translo-
cation next to strong promoters, or any other mechanism that
would activate only hTERT).

The steady-state hTR level is increased in telomerase-posi-
tive cells by both transcriptional and posttranscriptional mech-
anisms. The steady-state hTR levels are higher in telomerase-
positive cells than in telomerase-negative cells (Fig. 2 and
Table 2). Mathematically, the steady-state RNA level is di-
rectly related to the transcription rate and half-life of the
RNA, so that the steady-state level equals the product of the
transcription rate and the half-life (Table 3). The present study
reveals that both the half-life and the transcription rate of hTR
can contribute to steady-state levels of hTR in the telomerase-
positive cells.

The cell types rendered telomerase positive by expression of
hTERT cDNA (exogenous hTERT) have slightly (two- to three-
fold) increased hTR levels compared to their telomerase-nega-
tive counterparts (HME31 hTERT versus HME31, BJ hTERT
versus BJ, IMR90 hTERT versus IMR90, and HME31 E6

hTERT versus HME31 EG6 precrisis). For the one pair in which
both the transcription and half-life of hTR were measured (BJ
hTERT and BJ), the very small increase in the transcription
rate in BJ hTERT cells (1.3- = 0.3-fold) is not significantly
different from that in BJ parental cells, while the 1.6-fold in-
crease in half-life is sufficient to explain the 2.1-fold increase
in its steady-state hTR level. The observation that the ex-
pression of exogenous hTERT in BJ cells has little effect on
the transcription rate of hTR suggests that the expression of
hTERT alone is not sufficient to upregulate hTR transcrip-
tion significantly.

The cell types that became telomerase positive by activating
their endogenous hTERT, such as the non-small-lung carci-
noma line H1299, IMR90 T-Ag (IMR90 immortalized by SV40
T-Ag), and HME31 E6 immortal (immortalized by E6 of hu-
man papillomavirus type 16) have 5- to 15-fold-higher hTR
levels than do normal diploid cell types. The transcription rates
of hTR in both IMR90 T-Ag and H1299 cells are increased
approximately fivefold compared to those in normal IMR90
and BJ fibroblasts. In BJ hTERT cells, although expression of
hTERT is sufficient to restore telomerase activity and maintain
the telomere length in BJ fibroblasts (4), it did not result in an
increased rate of hTR transcription. The increased transcrip-
tion rate of hTR, seen only in immortal cell types expressing
their endogenous hTERT, suggests that the changes or muta-
tions that permit the reactivation of the endogenous hTERT
during the immortalization process affect a coordinated telo-
merase reactivation program that may also upregulate hTR
expression. In H1299 cells, increased hTR levels are partially
accounted for by a sevenfold increase in the hTR half-life.
Steady-state hTR levels in these immortal cell types can thus

Chase (days)

M B 0 2 5 7 10

150 bp —=
L . <4— competitor
' T T T OEE
110 bp — l - = =
134 117 124 107 77

competitor RNA (pg)

FIG. 4. Half-life of hTR as determined by 4-thiouridine labeling and quantitative RT-PCR. The cells were labeled with 4-thiouridine for 5 h (experiment 1) or 12 h
(experiment 2). After 0, 2, 5, 7, and 10 days of chase (experiment 1) and 0, 4, 8, and 12 days of chase (experiment 2), cells derived from the same original numbers
of labeled cells were collected. RNA was extracted, thiouridine-labeled RNA was purified, and two-step quantitative RT-PCR was performed to quantitate the number
of hTR molecules in 1/10 of each purified RNA sample. An example of the final quantitation step of 4-thiouridine-labeled RNA from BJ hTERT cells is shown. Lane
M contains the 5'-*?P-end-labeled 10-bp marker (GIBCO BRL), and lane B is the blank (no template in the PCR step). The amount of competitor RNA (in picograms)
in each lane is also indicated.
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FIG. 5. Half-life of hTR. Plots of In (% 4-thiouridine-labeled hTR remain-
ing) versus chase time for each cell type. The numbers of hTR molecules deter-
mined by quantitative RT-PCR for BJ, BJ hTERT, IMR90, IMR90 T-Ag, and
H1299 at each chase time point were expressed as percentages of their
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be higher because of the combined effects on both half-life and
transcription rate.

In summary, expression of the telomerase catalytic subunit
alone may cause a moderate increase in the steady-state level
of hTR by increasing its half-life without affecting its transcrip-
tion rate. Much higher steady-state hTR levels were ob-
served in immortal cell types that expressed their endoge-
nous hTERT, in which hTR transcription was also increased.
In fact, in both cases examined, increases in h'TR transcription
made a major contribution to the elevated steady-state hTR
levels in cells expressing their endogenous hTERT.

hTR RNA component has a very long half-life. hTR was
detected in all the cell types used in this study, including telo-
merase-negative cells such as BJ foreskin fibroblasts, IMR90
lung fibroblasts, and HME31 mammary epithelial cells. The
half-life of hTR ranged from 4.4 to 32 days for the cell types
examined. Even the shortest half-life of hTR measured (4.4
days in BJ cells and 5 days in IDH4 cells) is very long with
respect to the half-lives of other RNAs that have been studied
(46). The half-lives of a few structural RNAs have been de-
scribed. The half-life of rRNA in cultured rat fibroblast cells is
7.5 £ 1.5 days (18), and the half-life of rRNA in human
fibroblasts is roughly estimated to be less than 3 days (12). The
half-life of 18S rRNA in H1299 cells, as determined by thio-
uridine labeling, is 3.8 days (data not shown), which is consis-
tent with these previous reports. To our knowledge, hTR in
H1299 cells has the longest half-life reported for any eukary-
otic RNA.

An increased half-life for hTR was observed in some telo-
merase-positive cells. The half-life of h'TR in BJ hTERT cells
(7.1 days) was increased compared to that in the parental BJ
cells (4.4 days). The longest hTR half-life was observed in
H1299 cells (32 days), which have the highest telomerase ac-
tivity of all the cell types examined in this study. However, the
half-life of h'TR was increased in the presence of hTERT in
only two of the three cases studied. The exception is IMR90
T-Ag (telomerase positive), in which hTR had a half-life of 5.0
days, which is essentially the same as that of its parental
IMROO0 cells (6.7 days). Stabilization of hTR by hTERT does
not seem to play a significant role in the increased hTR level in
IMR90 T-Ag cells. Although some protection or stabilization
of hTR may be provided by the presence of hTERT in BJ
hTERT and H1299 cells, the unchanged hTR half-life in the
telomerase-positive IMR90 T-Ag cells suggests that other fac-
tors affecting hTR turnover are likely to be involved as well and
that they could counteract the stabilizing effect of hTERT
protein and shorten the half-life of hTR.

In situ hybridization experiments have shown dramatically
elevated hTR levels in a wide variety of human tumors (36,
38, 57, 58). In the present study, we have determined that the
association of telomerase RNA with the telomerase catalytic
subunit hTERT may contribute to an increase in the half-life
and steady-state level of hTR, but other factors clearly affect
the hTR half-life as well. Transcriptional upregulation of hTR
is observed in immortalized cell types that express their en-
dogenous hTERT. Understanding the transcriptional regula-

initial values, and these percentages were used to prepare the logarithmic plots.
The slopes (—k = standard error) of these lines were estimated by linear re-
gression and used to calculate the half-life of hTR in each cell strain or cell line,
using the formula #,, = (In 2)/—k. The half-lives of hTR in BJ, BJ hTERT,
IMR90, IMR90 T-Ag, and H1299 cells were determined to be 4.4, 7.1, 6.7, 5.0,
and 32 days, respectively (Table 3). The different symbols represent data from
two independent experiments (@, experiment 1; ¥, experiment 2) performed for
all cell types other than IMR90 T-Ag.
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tion of hTR that contributes to these higher levels may provide
additional diagnostic and therapeutic opportunities for the
treatment of cancer.
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