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The effects of radiation and cytotoxic agents on te-
lomerase activity in lymphoma cells were analyzed by
a polymerase chain reaction-based telomeric repeat
amplification protocol coupled with an enzyme-
linked immunosorbent assay, reverse transcriptase-
polymerase chain reaction for the expression of the
catalytic subunit of telomerase (hTERT), and by West-
ern blot analysis in three lymphoma cell lines
(Jurkat, Raji , CEM-6). Telomeric repeat amplification
protocol-enzyme-linked immunosorbent assay dem-
onstrated high basal levels of telomerase activity in all
cell lines compared to normal and activated periph-
eral blood lymphocytes. A significant decrease in te-
lomerase activity was observed in all cell lines after
exposure to vincristine for 24 hours. The decrease in
telomerase activity paralleled the decrease in cell vi-
ability in Jurkat and CEM-6 cells but not in Raji cells.
Radiation exposure inhibited the telomerase activity
of Jurkat and CEM-6 cells whereas Raji cells were
unaffected. Cell cycle analysis demonstrated a signif-
icant G2/M arrest by cisplatin, VP-16, and vincristine.
In contrast to the decline in telomerase activity, the
level of hTERT RNA and protein increased. Further-
more, the induction of hTERT was preceded by in-
creased expression of the cyclin-dependent kinase
inhibitor, p27/Kip1 protein, and p53. These results
indicate that telomerase activity is down-regulated by
anti-neoplastic agents in lymphoma cells, however
expression of hTERT may not be correlated with te-
lomerase activity. We also show that p27/Kip1 may be
involved in the G2/M growth arrest induced by anti-
neoplastic agents. (Am J Pathol 2001, 159:711–719)

The activation of telomerase, a ribonucleoprotein with
reverse transcriptase activity results in the synthesis of
telomeric DNA onto chromosomal ends. This leads to
unlimited cell proliferation and is believed to play a criti-
cal role in the neoplastic process. Telomerase uses an
internal RNA template to form the specially structured

ends of chromosomal DNA (telomeres) by directing the
synthesis of new hexameric nucleotide repeats
(TTAGGG) onto the 3� end of chromosomes.1,2 Cells
without telomerase activity display progressive shorten-
ing of telomeric repeats with each cell division because
of the end-replication problem, leading to the stage when
the cell is likely to exit from the cell cycle and become
senescent.3 Currently, it is thought that activation or up-
regulation of telomerase allows tumor cells to escape
cellular senescence and proliferate indefinitely. The ab-
sence of telomerase activity in most nonneoplastic tis-
sues and somatic cells,4 and its presence in almost all
malignant tumors4–11 has raised much interest in its po-
tential diagnostic, prognostic, and therapeutic implica-
tions in the management of human cancer.

The telomerase holoenzyme is composed of the sin-
gle-strand telomere-binding protein telomerase reverse
transcriptase (hTERT),12 telomerase-associated protein
(TEP1),13 and hnRNP A1.14 The de novo transcription of
the hTERT gene is considered the dominant, rate-limiting
step in telomerase activation whereas the expression of
hTEP1 and hTR is constitutive.13,15 HTERT is only ex-
pressed in cells and tissues positive for telomerase ac-
tivity, and is not detected in normal somatic cells that lack
telomerase activity.12,16

Regulation of telomerase activity is complex and in-
volves control at the level of gene transcription, post-
translational protein-protein interactions, and protein
phosphorylation. Proto-oncogenes and tumor suppressor
genes have been implicated in the regulation of telomer-
ase activity, both directly and indirectly including
C-MYC,17 BCL-2,18 p21/Waf1,19 pRB,20 p53,21 protein
kinase C,22 Akt/PKB,23 and protein phosphatase 2A.24 Ev-
idence indicates that telomerase is reversibly regulated.
Sun exposure to normal human skin results in telomerase
activation whereas the process of terminal differentiation
of various cells is associated with its down-regula-
tion.25–27 In vitro studies on human breast cancer cell
lines showed that anti-neoplastic agents such as doxo-
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rubicin, cisplatinum, and tomozolomide decreased te-
lomerase activity in a dose- and time-dependent man-
ner.28 HeLa cervical cancer cells and colorectal cancer
cells also show down-regulated telomerase activity after
exposure to ionizing radiation.29 Cells resistant to these
agents showed no decline in telomerase activity and cell
growth.29 These data suggest that telomerase activity
may be used as a potential marker for assessing the
efficacy of anti-neoplastic agents and test their potential
for modulating telomerase activity.

Within the hematopoietic system peripheral blood lym-
phocytes have low to undetectable levels of telomerase
activity whereas early progenitor stems cells in the bone
marrow and thymocytes exhibit high activity.30,31 On ac-
tivation through T- or B-cell antigen receptors or phorbol
myristate acetate (PMA) stimulation, a non-cell cycle-
restricted induction of telomerase activity has been ob-
served32–35 High telomerase activity was also noted in
non-Hodgkin’s lymphomas and cell lines compared with
reactive lymph nodes.36

In the current study, we investigated the effect of anti-
neoplastic agents (�-irradiation, cisplatin, VP-16, and vin-
cristine) on telomerase activity using a sensitive bio-
chemical method termed telomeric repeat amplification
protocol (TRAP) modified for enzyme-linked immunosor-
bent assay (ELISA). The results were correlated with cell
viability, cell cycle parameters, and levels of hTERT
mRNA and protein. We show that various chemothera-
peutic agents and radiation result in significant inhibition
of telomerase activity in cell lines derived from T lympho-
blastic lymphoma and Burkitt (B-lineage) lymphoma. Fur-
thermore, an induction of hTERT transcript and protein
was seen in response to these agents. In addition, we
show that p27/Kip1 may be involved in the G2/M growth
arrest induced by the anti-neoplastic agents.

Materials and Methods

Cell Cultures and Treatment

The cell lines used were the human T-cell leukemia Jur-
kat, human T-cell lymphoma CEM-6, and the human Bur-
kitt lymphoma Raji. These cell lines were maintained in
RPMI 1640 (Gibco Life Technologies, Inc.) supplemented
with 10% heat-inactivated fetal calf serum, 2 mmol/L L-
glutamine, and 100 U/ml of penicillin-streptomycin mix-
ture (Gibco Life Technologies, Inc.).

For drugs or irradiation experiments, cells at late ex-
ponential growth phase were collected by centrifuging at
1200 rpm and resuspended in fresh medium with 5 � 105

cells per ml. Cells were incubated at 37°C in 5% CO2 with
anti-tumor drugs or �-ray irradiated. Cells were then col-
lected at different time points for viability assay, prolifer-
ation assay, protein analysis (including Western and te-
lomerase activity assays), and RNA analysis (RT-PCR).
Control cells were not exposed to chemotherapeutic
agents or radiation and otherwise maintained under the
same conditions as the treated cells.

Cell Viability and Proliferation

Viable cell counts were performed using trypan blue
solution (Sigma) as described by the manufacturer. Cells
(Sigma Chemicals, St. Louis, MO) were counted by using
the hemocytometer. Cell proliferation was evaluated by
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide assay] MTT assay as described previously.28

Briefly, 0.1 ml cell cultures (0.5 � 105 cells) per well were
seeded in the 96-well plate. MTT (10 mg/ml, 10 �l/well;
Sigma) was added to each well and incubated at 37°C for
3 hours. Cells were then lysed by adding 0.1 ml per well
of lysis solution (20% sodium dodecyl sulfate, 50% N,N-
dimethyl formamide, pH 4.7). Absorbance was measured
at 540 nm using an ELISA reader after overnight incuba-
tion of the mixture.

Telomerase Activity Assay

Telomerase activity was determined using the TRAP
ELISA kit (Boehringer Mannheim, Mannheim, Germany).
Briefly, cells were lysed in lysis buffer by incubating the
cell suspensions on ice for 30 minutes. Samples were
microcentrifuged at 15,000 rpm for 15 minutes at 4°C.
Protein concentrations of cell extracts were measured
using the bicinchoninic acid protein assay kit (Pierce,
Rockford, IL). Unless specified otherwise, 0.03 �g of
protein taken from the cell extracts was incubated at
25°C in the presence of biotin-labeled primers. The telo-
meric repeats were added onto the ends of the synthetic
primers by the active telomerase present in the cell ex-
tracts. The synthetic products were further amplified by
PCR. The denatured products were allowed to bind to a
streptavidin-coated 96-well plate and hybridized to a
digoxigenin-labeled, telomeric repeat-specific probe.
The biotin-labeled PCR products were detected using
peroxidase-conjugated antibodies against digoxigenin
and subsequently visualized by adding Tris borate-eth-
ylenediaminetetraacetic acid as the substrates of the
peroxidase. The amount of the colored products repre-
senting the telomerase activity was measured at 450 nm
using an ELISA reader. Telomerase activity was deter-
mined in triplicate. Negative controls were prepared by
inactivating the telomerase activity present in the cell
extracts with high temperature (95°C for 10 minutes)
before the incubation step at 25°C.

Cell Cycle and Apoptosis Analysis

Cell cycle distribution was determined by staining with
propidium iodide (Sigma) as previously described.37

Briefly, 1 � 106 control or treated cells were pelleted and
resuspended in 1.2 ml of propidium iodide solution (50
�g/ml in 0.1% sodium citrate plus 0.1% Triton X-100
(Sigma). All profiles were generated using Becton Dick-
inson FACScan flow cytometer (Becton Dickinson, San
Diego, CA) using Cell Quest software.
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Immunoblot Analysis

Cell extracts were prepared as described in the Telom-
erase Assay section. To each lane, 15 �g proteins were
resolved in a 12% sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis gel using a BioRad minigel sys-
tem. Separated proteins were subsequently transferred
onto a nitrocellulose film using a semidry transfer ap-
paratus (BioRad). The following antibodies were used
for immunoblot analysis: rabbit polyclonal antibody
against hTERT (Santa Cruz Biotechnology, Santa Cruz,
CA), mouse monoclonal antibody against p27/Kip1
(Transduction Laboratories, Lexington, KY), mouse
monoclonal antibody against p53 or p21/Waf1 (Calbio-
chem, La Jolla, CA) and rabbit polyclonal antibody
against BCL-2 (Santa Cruz Biotechnology). Protein
bands were visualized using the ECL kit (Amersham,
Arlington Heights, IL).

RT-PCR

Total RNA was extracted using Trizol Reagent (Gibco Life
Technologies, Inc.) following the manufacturer’s instruc-
tions. First-strand cDNA was synthesized from 2 �g of
RNA in 20 �l of reaction solution using a random primer
and Superscript II reverse transcriptase reagent (Gibco
Life Technologies, Inc.) according to the manufacturer’s
instructions.

The hTERT (human telomerase reverse transcriptase)
cDNA was amplified using oligonucleotide primers LT5
and LT6.12 The p27 cDNA was amplified using the
hp27-7F (AACGTGCGAGTGTCTAACG) and HP27-234R
(CTCTTGCCACTCGTACTTG) primers. The GAPDH
cDNA was amplified using a forward primer (CGGAGT-
CAACGGATTTGGTCG) and a reverse primer (AGCCT-
TCTCCATGGTGGTGAAGAC) and used as a control. The
thermal cycling condition for all PCR was: 94°C for 5
minutes, followed by 30 cycles of 94°C for 50 seconds,
59°C for 50 seconds, and 72°C for 90 seconds. The PCR
products were resolved on a 2% agarose gel, stained
with ethidium bromide (Sigma). Densitometry was per-
formed using the Molecular Dynamics Imaging system
and ImageQuant 3.3 software to quantitate relative
amounts of protein detected on Western blots and
ethidium bromide-stained gels.

Statistical Analyses

Descriptive statistics (fold increases and percentage)
were used to present the distribution of the measured
parameters. The SDs of mean values were used to mea-
sure the variability of the parameters. The significance of
changes in parameters between untreated and treated
samples were determined by the Wilcoxon matched-
pairs test. A two-tailed � level of 0.05 was used as the
criterion for statistical significance.

Results

Determination of Telomerase Activity in
Lymphoma Cells Using TRAP-PCR ELISA

To determine conditions under which the TRAP-PCR
ELISA assay would yield quantitative data, we used total
protein lysates of peripheral blood lymphocytes and
three malignant lymphoma cell lines and determined the
range over which the telomerase assay products were
proportional to the protein concentration. Jurkat and
CEM-6 are T-lineage lymphoblastic lymphomas, whereas
Raji is a B-lineage malignancy derived from a Burkitt
lymphoma. For all cell lines, cell extracts at 0 to 0.05 �g
protein per assay yielded a linear increase in telomerase
activity. Telomerase activity plateaued at protein levels
exceeding 0.05 �g per reaction (Figure 1). All subse-
quent assays therefore used 0.03 �g of protein to ensure
quantitative measurement of telomerase activity. Jurkat
cells exhibited the highest level of telomerase activity at
0.03 �g [absolute value of 1.22 � 0.024 optical density
(OD) 450 nm] that was the protein concentration that
yielded 75% of maximal telomerase activity. Raji cells
expressed the lowest telomerase activity with absolute
OD 450 nm reading of 0.43 � 0.013 whereas CEM-6 cells
demonstrated an intermediate level of telomerase activity
(absolute OD 450 of 0.75 � 0.015). Control peripheral

Figure 1. Telomerase activity at different protein concentration of cell ex-
tracts. Values represent the mean � SEM of triplicate. Cell extracts were from
untreated cells in the mid-exponential growth phase. Telomerase activity of
lymphoma cells plateaued at and above 0.05 �g of protein per assay. For
subsequent assays, 0.03 �g of protein was used per assay.
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blood lymphocytes demonstrated a negligible level of
telomerase activity (absolute OD 450 of �0.1).

Anti-Neoplastic Agents and Radiation Treatment
Results in Inhibition of Telomerase Activity

To determine whether the level of telomerase activity
would be modulated by radiation and chemotherapy and
potentially useful in monitoring residual cancer cell sur-
vival, we studied the effect of 137Cesium �-rays and a
variety of hematopoietic anti-neoplastic agents on telom-
erase activity. Preliminary experiments were performed to
determine dosage and concentration of anti-neoplastic
agents that were effective cytotoxic agents based on
previously published studies.38 Cells growing at late-
exponential phase were exposed to 30 Gy of ionizing
radiation and incubated at 37°C for up to 72 hours. Cells
collected at different time points after irradiation were
examined for cell viability and telomerase activity.

Analysis of telomerase activity by TRAP-PCR ELISA
after exposure to anti-neoplastic agents showed variable
responses in different cell lines. Raji cells demonstrated
significant reduction of telomerase activity after cisplatin,
VP-16, and vincristine treatment. As early as 24 hours
after treatment there was a 51% reduction in telomerase
activity after exposure to cisplatin compared to untreated
cells (P � 0.0001), a 44% reduction by VP-16 (P �
0.0001), and a 32% reduction by vincristine (�0.001)
(Figure 2). There was sustained reduction of telomerase
activity after vincristine treatment in the Raji cells with
maximal inhibition of 80% at 48 hours (�0.0001) whereas
other treatments showed transient inhibition with subse-
quent increases seen at 48 hours. Jurkat and CEM-6 cells
showed significant and sustained reduction of telomer-
ase activity after vincristine (82%, P � 0.0001; 93%, P �
0.0001, respectively) and �-irradiation (82%, P � 0.0001;
93%, P � 0.0001, respectively) at 48 hours. Telomerase
activity decreased only minimally by cisplatin and VP-16
in the T lymphoblastic cells. No treatments resulted in an
increase in telomerase activity.

Chemotherapeutic agents and irradiation also had
variable effects on cell viability (Figure 2). The relation-
ship between viability and decrease in telomerase activ-
ity was also variable between cells and specific anti-
neoplastic agents. Jurkat and CEM-6 cells that are high-
grade T-precursor lymphoblastic lymphoma cells were
most sensitive to the effects of vincristine and �-irradia-
tion. Growth impairments induced by these agents par-
alleled their effect on suppression of telomerase activity
except for CEM-6 cells treated with radiation. Cisplatin
and VP-16 had minimal effects on the viability of both
Jurkat and CEM-6 cells and had parallel effects on te-
lomerase activity. In contrast, Raji, a B-lineage Burkitt
lymphoma cell line was resistant to all agents with no
impairment of cell growth at 48 hours (Figure 2C; a, b, c,
and d) and had no effects even at 96 hours after treat-
ment (data not shown). In contrast to the responses of the
Jurkat and CEM-6 cells, there was a dramatic decrease
in the telomerase activity by all treatments that was not
paralleled with growth impairment.

Figure 2. Telomerase activity and cell viability after anti-neoplastic drug
treatments. Jurkat (A), CEM-6 (B), and Raji cell viability (MTT) and telom-
erase activity (TRAP ELISA) (C) after anti-neoplastic drug treatments [0.8
�g/ml cisplatin (a); 0.2 �g/ml VP-16 (b), and 0.1 �g/ml vincristine (c)] and
�-ray irradiation [30 GY (d)]. Each telomerase activity value represents the
mean � SEM of triplicate determinations.
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Effect of Chemotherapeutic Agents and
Radiation Treatment on Cell-Cycle Distribution
and Apoptosis

The decrease in telomerase activity paralleled cell growth
impairment evaluated by trypan blue dye exclusion or by
measurement of cell ability to convert tetrazolium salt to
colored formazan [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl-tetrazolium bromide assay] (MTT) in the T-lympho-
blastic lymphoma cells Jurkat and CEM-6. To determine
the relationship between the reduction in telomerase ac-
tivity and cell cycle distribution we performed cell cycle
analysis on CEM-6 cells that had been exposed to 30 Gy
of irradiation and to cisplatin, vincristine, and VP-16. Fig-
ure 3 and Figure 4 show the cell cycle distribution at 0
hours, 24 hours, and 72 hours after exposure to anti-
neoplastic agents. Cells undergoing apoptosis are iden-
tified by the subdiploid peak on staining with propidium
iodide. This is attributed to the loss of oligonucleotide size
DNA fragments by DNase digestion in the early stages of
programmed cell death. Flow cytometric analysis of pro-
pidium iodide-stained cells is a well-accepted method for
quantitative assessment of apoptosis.39 As shown in Fig-
ure 3A untreated control cells were composed of 50.6%
cells in G0/G1, 16.5% cells in S, and 28% cells in G2/M,
whereas only 2.5% of cells are in the subdiploid apoptotic
population. Treatment of CEM-6 cells with cisplatin, VP-
16, and vincristine resulted in a G2/M arrest followed by
apoptosis (Figure 3; B, C, and D). Irradiation however
resulted in rapid increase of apoptotic cells with �50%
cells in the subdiploid peak at 24 hours (Figure 3E).
CEM-6 cells were most susceptible to vincristine and
radiation-mediated apoptosis (Figure 3, D and E)
whereas VP-16 and cisplatin did not significantly in-
crease the number of apoptotic cells even at 72 hours
(1.5- and 3.1-fold, respectively).

Effect of Radiation and Chemotherapy on
Expression of Telomerase hTERT mRNA and
Protein

Reverse transcriptase (RT)-PCR and Western blot analy-
ses were used to determine whether the decrease in
telomerase activity correlated with the expression of the
hTERT mRNA and its protein product. Surprisingly, all
anti-neoplastic agents consistently induced the expres-
sion of hTERT protein in all cell lines despite inhibition of
telomerase activity. Figure 5 shows that the level of
hTERT protein induction is both cell-type-dependent and
time-dependent. All treatments resulted in significant in-
duction of hTERT protein expression in Jurkat cells. The
relative density of hTERT protein compared to control
untreated cells was induced 4.3-fold by cisplatin, 4.1-fold
by VP-16, 5.6-fold by vincristine, and 5.8-fold by radiation
at 72 hours. Significant induction of hTERT protein ex-
pression was seen in CEM-6 cells by vincristine (5.1-fold)
and radiation (3.6-fold) at 72 hours whereas cisplatin and
VP-16 failed to induce its expression (1.6-fold and 1.2-
fold, respectively). Vincristine and radiation also induced

hTERT protein expression by 4.8- and 3.7-fold in Raji
cells at 72 hours whereas cisplatin and VP-16 had mini-
mal effects (1.7- and 2.3-fold respectively). Furthermore,
RT-PCR analysis of hTERT transcript demonstrated that
the induction of hTERT protein observed for the CEM-6
cells correlated with the induction of hTERT mRNA ex-
pression by threefold to fourfold by cisplatin and VP16
(Figure 6, A and B). By contrast, RT-PCR analysis of
p27/Kip1 mRNA expression showed absence of induc-
tion in response to these agents. Thus, the inhibition of
telomerase activity was seen concurrent with the induc-
tion of hTERT mRNA and protein expression.

Figure 3. Cell-cycle analysis of CEM-6 cells after various treatments. CEM-6
cells were exposed to various agents as shown in Figure 2 [untreated controls
(A), cisplatin (B), VP-16 (C), vincristine (D), and irradiation (E)]. Cells were
collected for analysis at 0 (a), 24 (b), and 72 (c) hours after treatment.

Figure 4. Time course of cell-cycle distribution changes induced by anti-
neoplastic agents and �-irradiation of CEM-6 cells. CEM-6 cells were exposed
to various agents as shown in Figure 2 [untreated controls (A), cisplatin (B),
VP-16 (C), vincristine (D), and irradiation (E)]. Cells were collected for
analysis at 0 (a), 24 (b), and 72 (c) hours after treatment.
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Expression of p53, p27/Kip1, and p21/Waf1 in
Lymphoma Cells Treated with Chemotherapy
and Radiation

Expression of cell cycle-associated proteins was per-
formed by Western blot analysis of cell lysates after treat-
ment with radiation and chemotherapy. Significant induc-
tion of p27/Kip1 protein was seen in cells treated with
chemotherapeutic and radiation (Figure 5) that was de-
tectable as early as 24 hours. Even in Jurkat cells with
high basal levels of p27/Kip1 protein there was a 2.8-fold
to 4-fold induction by vincristine and cisplatin (Figure 5).
In contrast to hTERT, RT-PCR analysis of the p27/Kip1
transcript revealed no significant differences in expres-
sion in treated cell lines (Figure 6, A and B). This is
consistent with the notion that p27/Kip1 is regulated at
the posttranslational levels by phosphorylation and ubiq-
uitination.40–42 Induction of p21/Waf 1 was inconsistent
except for Raji cells exposed to vincristine (3.9-fold at 24
hours). In all cell lines p53 protein levels were induced
most significantly by radiation treatment. As the expres-
sion of p53 is regulated predominantly at the posttrans-
lational level,43,44 levels of mRNA were not determined.
Western blotting for BCL-2 demonstrated up-regulation
by cisplatin in Jurkat cells and by vincristine in CEM-6
cells (data not shown).

Figure 6. A: Duplex RT-PCR analyses of hTERT and p27/Kip1 mRNA ex-
pression in CEM-6 cells after cisplatin and VP-16. Expression of hTERT and
p27/Kip1 mRNA were compared to GAPDH in CEM-6 cells treated with
cisplatin (0.8 �g/ml) and VP-16 (0.2 �g/ml) as determined by duplex RT-
PCR. B: Relative expression of hTERT/GAPDH and p27/Kip1/GAPDH by
densitometric analysis of RT-PCR products.

Figure 5. Western blot analysis of hTERT, p53, p27/Kip1, and p21/Waf1 in
Jurkat, CEM-6, and Raji lymphoma cells after anti-neoplastic drug treatments
and �-irradiation. Jurkat, CEM-6, and Raji lymphoma cells were exposed to
the following anti-neoplastic drug treatments (0.8 �g/ml cisplatin, 0.2 �g/ml
VP-16, and 0.1 �g/ml vincristine) and �-irradiation (30 GY) for 0, 24, 48, and
72 hours. Western blot analysis was performed using equal amount of
protein obtained from total cell lysates. Cell lysates were the same as those
used in the telomerase activity assays.
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Discussion

Regulation of telomerase activity is a highly controlled
process as evidenced by its selective expression in ma-
lignant cells and in limited types of somatic cells. Eluci-
dating the mechanism of telomerase activation or repres-
sion in vivo is an important step in developing diagnostic
and therapeutic applications.

To test whether DNA damaging agents that block cells
at specific checkpoints of the cell cycle would have an
effect on modulating telomerase activity we studied the
effect of these agents and �-irradiation in three aggres-
sive lymphoma cell lines of both B-cell (Raji) and T-cell
(Jurkat and CEM-6) lineage. We found that there was
significant reduction of telomerase activity in lymphoma
cells exposed to chemotherapeutic agents and radiation.
The reduction was demonstrable as early as 24 hours
after treatment and was sustained to beyond 72 hours.
The down-regulation of telomerase activity in T-lympho-
blastic lymphoma cells was specific to vincristine and
radiation with no effect with cisplatin and VP-16. In addi-
tion, the decrease in telomerase activity was not attrib-
uted to decreased numbers of cells as the percentage of
viable cells did not decrease with time for most treatment
except for CEM-6 cells treated with vincristine and radi-
ation in which the decrease in telomerase activity was
directly proportional to effect on cell viability. The cell-
type-specific reduction suggests that regulation of telom-
erase activity in T-lymphoblastic lymphomas may be dif-
ferent from that of Burkitt lymphomas. This may be
attributed to additional genetic alterations such as c-myc
overexpression secondary to the t(8;14) translocation
and/or the oncogenic properties of Epstein-Barr virus that
may render these cells more resistant to cytotoxic agents.
These results are similar to those reported in HeLa cells,
colorectal carcinoma cells, and ataxia-telangiectasia
cells29 where a dose-dependent decrease in telomerase
activity was observed in proportion to cell kill and tumor
regression after ionizing radiation treatment. Specific cel-
lular context may be important in regulating the telomer-
ase activity in response to irradiation as contradictory
data were reported in which low doses of radiation (2 to
10 Gy) resulted in an increase in telomerase activity in
certain lymphoma and myeloma cell lines.45 This there-
fore may highlight the lymphoma-specific regulation of
telomerase activity. Alternatively, lower doses of radiation
may induce a different cellular response.

Telomerase activity may also be an indicator of re-
sponsiveness to cytotoxic agents. Inhibition of telomer-
ase activity with an anti-sense telomerase expression
vector has been shown to not only decrease telomerase
activity but also increase susceptibility to cisplatin-in-
duced apoptotic cell death in cisplatin-sensitive malig-
nant glioblastoma cells. Others have shown that cells with
higher telomerase activity tended to be more sensitive to
5-FU and cisplatin in human esophageal cancer cells.46

Our data supports this notion because Jurkat and CEM-6
exhibited a higher basal level of telomerase activity com-
pared to Raji cells. These two cells were more sensitive to
vincristine and radiation than Raji cells. These findings
suggest a correlation between basal level of telomerase

activity and response to anti-neoplastic agents in lym-
phoma cells. A close link between telomerase activity
and factors that regulate cell apoptosis and survival may
yet exist.

Telomerase holoenzyme is composed of hTERT, the
catalytic subunit of telomerase that is concomitantly ex-
pressed with the activation of telomerase during cellular
immortalization and tumor progression,47 and is the rate-
limiting enzyme in telomerase activity. In vitro reconstitu-
tion of telomerase also shows that hTERT and the telom-
erase RNA subunit constitute a minimum core structure of
telomerase.48 A positive correlation between telomerase
activity and telomere length and a negative relationship
between telomerase activity and hTERT expression has
been reported.49 Our data show that telomerase activity
is negatively correlated with the hTERT mRNA and pro-
tein expression. This is consistent with observations
made in human esophageal cancer cells46 as well as
human lymphocytes.49 Possible explanations for this in-
clude presence of hTERT splice variants and inhibitors of
telomerase activity that were excluded by Liu and col-
leagues.49 We can further speculate that the transcrip-
tional regulation of hTERT may not be sufficient to ac-
count for telomerase activity and may include other
posttranscriptional factors in the control of the holoen-
zyme. Time-course analysis of telomerase activity and
hTERT protein expression after exposure to chemother-
apeutic agents and radiation indicate that whereas sig-
nificant inhibition of telomerase activity was evident by 24
hours, the induction in hTERT protein expression was not
seen until 48 hours. This suggests the possible existence
of a feedback mechanism whereby a decrease in telom-
erase activity results in the induction of telomerase pro-
tein. RT-PCR analysis shows that increased hTERT tran-
script is detectable at 24 hours consistent with the notion
that there is transcriptional up-regulation of hTERT in
response to chemotherapeutics and radiation treatment.
It is accepted that de novo activation of hTERT gene
expression is a first rate-limiting step in telomerase acti-
vation in cancer. The induction of hTERT mRNA and
protein expression seen in our data also suggests the
possibility of residual viable cells that are resistant to the
cytotoxic agents. Moreover these results suggest that
up-regulation of hTERT expression may be a marker of
resistance.

We hypothesized that the down-regulation of telomer-
ase activity by DNA-damaging agents may be mediated
by cyclin-dependent kinase inhibitors (CDKI) that are
induced during cell cycle arrest in G2/M. Our current
study shows that the G2/M arrest observed in CEM-6 cells
in response to cisplatin, VP-16, and vincristine correlated
with the induction of p27/Kip1 protein expression but not
p21/Waf1. These data suggest that p21/Waf1 and p27/
Kip1 CDK inhibitors are discoordinately regulated in
these cells. Although p21/Waf1 and p27/Kip1 share a
similar domain involved in cyclin binding and mediate
growth arrest when overexpressed,50 others have shown
that there is lack of coordination in the expression and
function of CDKIs. There was differential induction of
p27/Kip1 protein in a cell type-dependent and in a time-
dependent manner. The constitutive expression of p27/
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Kip1 mRNA as determined by RT-PCR is consistent with
the previously established posttranscriptional mode of
regulation of this gene.51 These results suggest that het-
erogeneity in chemotherapy and radiation-mediated
growth effects may be attributed to differential induction
of p27/Kip1 expression. Although p21/Waf1 has been
implicated in regulation of telomerase activity19 a similar
role for p27/Kip1 has not been reported. Although the
up-regulation of p27/Kip1 may reflect an indirect effect of
radiation and chemotherapeutic agents on telomerase
activity, the role of p27/Kip1 as a modulator of telomerase
expression remains to be determined.

p27/Kip1 has been shown to be induced by a number
of agents that induce G1 growth arrest including lovastat-
in,52 transforming growth factor-�1,53 after cell-to-cell
contact inhibition, rapamycin, and by agents that induce
cAMP-mediated growth arrest.54,55 This is the first report
of p27/Kip1 up-regulation in response to �-irradiation and
chemotherapeutic agents. These findings provide sup-
port for the central role of p27/Kip1 in mediating growth
arrest and apoptosis in lymphoma cells.

Some investigators have reported an inverse relation-
ship between p53 expression and telomerase activity.
Induced expression of wild-type p53 in immortalized fi-
broblasts resulted in the down-regulation of telomerase
activity.56 Adenovirus-mediated p53 gene transduction
has also been shown to result in down-regulation of te-
lomerase activity in human pancreatic cancer cells57 with
concomitant G1 cell cycle arrest and apoptosis. In vitro
studies have provided evidence for direct molecular in-
teractions between telomerase associated protein 1
(TEP1) and p53.21 All of the three cell lines in our study
express mutant p53 protein.58–61 Although the induction
of p53 protein in response to chemotherapeutic and ra-
diation exposure is correlated with down-regulation of
telomerase activity consistent with previously reported
observations,62 there is no conclusive evidence that mu-
tant p53 can regulate telomerase activity.

These data suggest that telomerase activity not only
varies among different telomerase-positive cell lines, but
also responses to chemotherapeutic agents and radia-
tion exposure vary. The reduction in telomerase activity
observed in our in vitro experiments paralleled cell kill by
some agents whereas in others it was independent of
cytotoxic effect. Determination of telomerase activity dur-
ing or after treatment with anti-neoplastic agents might be
a useful indicator of tumor regression. Our data also
suggests the potential relationship between p27/Kip1
and telomerase activity. Whether telomerase activity is
regulated by p27/Kip1 as has been suggested for p21/
Waf119 remains to be determined.
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