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Abstract
Objective: The aim of this study was to test the
efficacy of telomerase inhibitor (TMPyP4 [tetra(N -
methyl-4-pyridyl)-porphyrin chloride]; a G-quadruplex-
intercalating porphyrin) as a potential therapeutic agent
for multiple myeloma. Materials and Methods: We
studied telomere length, telomerase activity, and effect
of telomerase inhibition in multiple myeloma cells.
Several myeloma cell lines were analyzed for telomerase
activity, telomere length, and gene expression. Three
myeloma cell lines (U266, ARH77, and ARD) were
treated with TMPyP4 for 3–4 weeks. Viable cell
number was assessed by trypan blue exclusion, and
nature of cell death was determined by annexin labeling
and/or DNA fragmentation. In situ oligo ligation tech-
nique was used to identify specific DNase I-type DNA
cleavage. Results: We report high telomerase activity
and shortened telomeres in myeloma cells compared to
normal B cells. We have also observed inhibition of
telomerase activity, reduction in telomere length, and
decline of myeloma cell growth, as measured by trypan
blue dye exclusion, following exposure to TMPyP4.
Exposure to porphyrin reduced telomerase activity of
U266, ARH77, and ARD myeloma cells by 98%, 92%,
and 99%, respectively. Exposure to porphyrin had no
effect on viability for the first 14 days, followed by
death of 75–90% of cells over the next 2 weeks. The

nature of cell death was apoptotic, as determined by
annexin and DNA nick labeling. Majority of cells showed
DNA fragmentation specific to caspase-3-activated
DNase I. Conclusions: These results demonstrate anti-
proliferative activity of G-quadruplex-intercalating
agents, and suggest telomerase as an important thera-
peutic target for myeloma therapy. (Mol Cancer Ther.
2003;2:825–833)

Introduction
In vertebrates, including humans, telomeric DNA is
comprised of 500–3000 repeats of a conserved TTAGGG
sequence (1–3). It is estimated that human telomeres lose
50–100 bp from their telomeric DNA at each mitosis (4).
Telomere length therefore shortens progressively with each
cell division, until the cell reaches an early crisis. Cells in
early crisis have short (dysfunctional) telomeres, recog-
nized as DNA damage and undergo p53-dependent
apoptosis (5). In the absence of p53, continuous cell division
results in severe telomere shortening and massive genetic
instability (late crisis) (6).

Telomerase, a ribonucleoprotein with reverse transcrip-
tase activity, adds G-rich repeats (TTAGGG) to the 3V end
of telomeric DNA (7) and thereby overcomes an inherent
limitation to proliferative capacity of a cell (8). Although
germ-line cells and primitive hematopoietic cells express
telomerase, it is below detectable limits in other somatic
tissues (9). Transgenic expression of the telomerase
protein in human diploid fibroblasts produces immortal
clones (10), demonstrating that telomerase activity is
required, although not necessarily sufficient, to extend
replicative life span in vitro . Active telomerase, SV40 T
antigen, and H-ras are jointly sufficient for sustained
proliferation of human tumor cells in culture (11).
Telomerase is reactivated in most cancers (12) and
immortalized cell lines (12–14), due to somatic mutations
or epigenetic changes (e.g. , demethylations).

On the other hand, telomerase-negative mice, although
unimpaired initially (15), show hypoproliferative defects in
susceptible organs by the sixth generation (16). Additional
proliferation-related deficiencies appear during adult ag-
ing, including increased incidence of skin lesions, alopecia,
graying hair, reduced body weight, atrophy of small
intestinal cells, delayed healing, and diminished hemato-
poietic reserves (17).

Because telomerase activity is observed in most neoplas-
tic cells and tissues, but is low or absent in noncancerous
somatic cells (9, 12, 18), inhibitors of telomerase activity
hold promise as anti-proliferative agents with specificity
for tumor cells. Proliferative potential can be restricted in
transformed cells by nucleic acids targeted to the telomer-
ase RNA component. Transgenic expression of RNA
complementary to telomerase RNA leads to shortened
telomeres and reduced cell proliferation after an extended
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lag phase (19, 20). Moreover, we have shown that treatment
of immortal human cell lines with peptide nucleic acids
complementary to telomerase RNA results in the loss of
telomerase activity, telomere shortening, and reversal
of immortality (21). Here we show that repeated treatment
of myeloma cell lines with a G-quadruplex-intercalating
telomerase inhibitor results in loss of telomerase activity,
telomere shortening, and eventual apoptotic cell death.
These results both extend our earlier observations and
support the efficacy of telomerase inhibitors as potential
anti-cancer agents.

Materials and Methods

Porphyrins

Tetramethyl (cationic) porphyrins have already been
shown to inhibit telomerase activity in HeLa cell-free
extracts and in intact MCF7 human breast carcinoma cells
(22). TMPyP4 [tetra(N-methyl-4-pyridyl)-porphyrin chlo-
ride] is a porphyrin derivative able to intercalate in
G-tetrad structures characteristic of telomeric DNA (22).

Cell Lines

Myeloma cell lines ARH77, 8226, U266, and HeLa were
obtained from the American Type Culture Collection
(Rockville, MD). Myeloma cell lines ARD, ARK, and ARP
were kindly provided by Dr. J. Epstein, Myeloma and
Transplantation Research Center at the Arkansas Cancer
Research Center (ACRC). Primary cells were obtained as
part of our approved clinical research protocol. Normal
human diploid fibroblasts (GM01662) and ATSV1 cell line
(Ataxia telangiectasia, GM05849) were obtained from the
Genetic Mutant Cell Repository (National Institute for
General Medical Sciences), maintained by the Coriell
Institute for Medical Research, Camden, NJ. Myeloma cell
lines were grown in RPMI 1640 supplemented with 10%
fetal bovine serum, whereas diploid fibroblasts were
cultured in DMEM with 10% fetal bovine serum, as
described previously (21, 23).

Treatment and Growth of Cells

Constant numbers of cells were plated in multiple
100-mm dishes and treated with porphyrins at 1, 5, or
10 AM, in a relatively dark room to reduce exposure of
porphyrins to light. On day 7, the cells were harvested,
counted, and replated at the same cell number per dish,
with addition of the inhibitor at the same concentration. A
portion of these cells (1–2 � 106) was washed with PBS and
stored at �70jC each week for assessment of telomerase
activity and telomere length (see below).

Assay of Telomerase Activity

Telomerase activity was assayed using the TRAPeze
Telomerase Detection Kit (Intergen, Purchase, NY) with
products either visualized after gel electrophoresis or
detected fluorometrically (TRAPeze XL kit). In the gel-
electrophoresis protocol, porphyrin-treated cells were lysed
and 1000 cell-equivalents of lysate were mixed with primer
and TRAPeze reaction mixture. This reaction was incubat-
ed for 30 min at 30jC to allow telomerase-dependent
elongation of ‘‘TS’’ primer. Elongated and amplified

telomerase products were resolved on 10% nondenaturing
polyacrylamide gels. Intensities of internal standard and
telomerase product bands were quantitated by Phosphor-
Imager (Molecular Dynamics, Sunnyvale, CA), and telo-
merase activity (in TPG [total product generated] units)
was calculated by comparing the ratio of telomerase
products to an internal standard for each lysate, as
described by Intergen. TPG is defined as the number of
TS primers extended by at least four telomeric repeats
through telomerase activity in an extract, during a 10-min
incubation at 30jC. For fluorometric detection, lysates (1000
cell-equivalents) were mixed with TRAPeze XL reaction
mix containing Amplifuor primers, and incubated for 30
min at 30jC. Elongated and amplified telomerase products
were quantitated with a fluorescence plate reader (Spectra
Max Gemini XS, Molecular Devices, Sunnyvale, CA).

Estimation of Telomere Length

Genomic DNA was isolated from cells using ‘‘Puregene’’
DNA isolation reagents (Gentra Systems, Minneapolis,
MN) and telomere length was estimated as described
previously (21). In brief, 6 Ag of genomic DNA was
digested with a 6-fold excess of restriction enzyme HinfI
(New England Biolabs, Beverly, MA), twice in succession.
HinfI-digested DNA, along with a size standard (1 kb DNA
ladder, Life Technologies, Inc., Gaithersburg, MD), was
electrophoresed on 0.8% agarose gel and transferred to a
nitrocellulose membrane as described previously (21).
Membranes were then hybridized to 32P-labeled
(TTAGGG)4 probe, and autoradiographic signal was
scanned on a phosphorimager (Molecular Dynamics) with
a 105-fold linear response range. For each lane, the
migration distance was determined for the median of the
telomere restriction fragment distribution (‘‘ImageQuant’’
software, Molecular Dynamics). Median (50th) and 90th
percentile telomere length, in kbp, was then calculated by
‘‘Seqaid II’’ software (D. D. Rhoads and D. J. Roufa,
Molecular Genetics Laboratory, Center for Basic Cancer
Research, Kansas State University, Manhattan, KS 66506)
using bands in the 1-kbp size marker as standards.

Apoptosis

Following 2–3 weeks of exposure to TMPyP4, apoptotic
myeloma cells were detected by DNA fragmentation assay
or by annexin V labeling. DNA fragmentation is based on
nuclear labeling of recessed 3V-OH termini (Klenow
FragEL, Oncogene Research Products, Boston, MA). The
incorporation of peroxidase-labeled nucleotides is effected
by Klenow DNA polymerase bound at free 3V ends of
DNA cleaved by an endonuclease activated in apoptotic
cells. Briefly, cells were plated and grown on Lab-Tek
slides, and then fixed, rehydrated, permeabilized, and
incubated with Klenow labeling mixture (containing
Klenow enzyme, buffer, and biotinylated nucleotides).
Nuclear labeling with biotinylated nucleotides was
detected by subsequent incubation with streptavidin-
horseradish peroxidase conjugate. Two hundred cells,
representing at least five distinct microscopic fields, were
counted to assess the fraction of labeled nuclei for each
cell line.
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For annexin V labeling, Annexin V-BIOTIN Apoptosis
Detection Kit (Oncogene Research Products) was utilized.
Briefly, 0.5 ml of cells (1 � 106 cells/ml) was mixed with
annexin V-BIOTIN and incubated for 15 min at room
temperature (RT). Cells were washed, resuspended in
‘‘Binding Buffer,’’ and treated with streptavidin conjugated
to FITC. Apoptotic cells were analyzed by a fluorescence
microscope.

In Situ Oligo Ligation for Detection of Specific DNase

I-Type Cleavage

Myeloma cells were treated with TMPyP4 for 3–4 weeks
and apoptotic cells with specific DNase I-type cleavage
were detected by ApopTag Peroxidase In Situ Oligo
Ligation Kit (Intergen), as described by the manufacturer.
Briefly, cells were fixed in methanol-free formaldehyde (1%
in PBS; pH 7.4), dried, and postfixed in ethanol/acetic acid
2:1 (v/v). Fixed slides were incubated with a mixture of
DNA ligase and a unique synthetic biotinylated oligo for 18
h at 16jC. After washing, the slides were sequentially
treated with streptavidin-peroxidase, peroxidase substrate,
mounted under a glass coverslip in mounting medium
‘‘permount,’’ and viewed under a microscope.

Results

Telomerase Activity in Myeloma Cell Lines and Primary

Myeloma Cells

We assayed telomerase activity in normal tonsilar plasma
cells, normal diploid fibroblasts, and myeloma cells using
the TRAPeze Telomerase Detection Kit (Intergen). The
telomerase activity was extremely low at 0.004 TPG units
for normal diploid fibroblasts and 0.01 units for normal
plasma cells (Fig. 1). In contrast, telomerase activity was
elevated 60- to 28,000-fold in myeloma cell lines, ranging
from 0.6 TPG units in ARD cells to 280 TPG units in U266
cells. Telomerase activity in SV40-transformed fibroblasts
(ATSV1) and in HeLa cells was 24 and 40 TPG units,
respectively (Fig. 1).

Telomere Length in Myeloma Cell Lines

We next analyzed telomere length in six myeloma cell
lines and normal plasma cells. ‘‘Telomere length,’’ the mean
size of telomeric restriction fragments generated by digest-
ing the DNA with telomere-sparing restriction endonucle-
ase Hinf1 was estimated using genomic DNA isolated for
each cell sample. The median (50th percentile) telomere
length for normal plasma cells from three different normal
donors was a mean of 7.3 F 1.02 kbp (Fig. 2, lanes 1 , 9 , and
10). Telomere lengths in six myeloma cell lines (ARD, ARK,
ARH, ARP, RPMI8226, and U266) ranged from 2.6 to 7.6
kbp, with a mean of 4.7 F 1.2 kbp (Fig. 2, lanes 2–6 and 12).
The median telomere length observed in the transformed
fibroblasts—ATSV1 (Fig. 2, lane 11 ; see also Refs. 21, 24),
was 2 kbp, approximately the putative minimum length for
telomeres (4). Median telomere lengths in myeloma cell
lines correlated inversely with telomerase activity (Spear-
man rank-order correlation coefficient rs = linear correlation
coefficient, r = 0.8, P < 0.05).

Inhibition of Telomerase Activity in Myeloma Cells by

Porphyrins

TMPyP4, a porphyrin derivative that intercalates in
G-quadruplex DNA, effectively inhibits telomerase activity
in vitro (22). We tested its effects on human myeloma cell
lines with medium, short, and long telomeres. Myeloma
cell lines U266 (median TL; 4.0 kbp), ARH (median TL; 2.7
kbp), and ARD (median TL; 7.6 kbp) were treated with
TMPyP4 at 1, 5, or 10 AM for 7 days, harvested, and
assessed for telomerase activity. Telomerase activity was
inhibited by z90% in all three cell lines by 10 AM TMPyP4
(Fig. 3). A similar inhibition was induced by 5 AM TMPyP4
in ARH77 cells (Fig. 3B, lane 3) and 1 AM TMPyP4 in ARD
cells, which have the lowest level of telomerase activity
(Fig. 3C, lane 1).

To study the time course of telomerase inhibition,
myeloma cells (U266) were treated with the most effective
dose of TMPyP4 (10 AM) for 1, 3, 5, and 7 days, and
evaluated for telomerase activity. As shown in Fig. 3D,
telomerase activity was reduced by 23% on day 1 (lane 2),
by 50% on day 3 (lane 3), and almost completely on days 5
and 7 (lanes 4 and 5).

Growth Inhibition following Porphyrin Treatment of

Human Cells

U266, ARH77, and ARD myeloma cell lines were treated
with TMPyP4 at the minimal concentration which blocked
>90% of telomerase activity, and viability assessed weekly
by trypan blue exclusion. A marked arrest of cell
proliferation was observed in all three cell lines (Fig. 4).
Viable cell number remained stable for the first 2 weeks,

Figure 1. Assay of telomerase activity in myeloma cell lysates.
Telomerase activity in cell lysates was determined using the TRAPeze
Telomerase Detection Kit (Intergen). Cell lysate (1000 cell-equivalents)
was mixed with a [32P] end-labeled primer and TRAPeze reaction mixture,
then incubated for 30 min at 30jC. Telomerase products were resolved on
10% nondenaturing polyacrylamide gels, which were dried and the
autoradiographic signal scanned on a phosphorimager (Molecular Dynam-
ics). Telomerase activity (in TPG units) was calculated by comparing the
ratio of telomerase products to an internal standard for each lysate, as
described by Oncor. Lanes, (1) lysis buffer; (2) diploid fibroblasts
(GM01662, negative control); (3) tonsilar plasma cells; (4) ARD; (5)
ARH77; (6) ARP; (7) 8226; (8) U266; (9) ATSV1 transformed fibroblasts;
(10) HeLa cells.
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and then declined by 75–84% over the next 2 weeks.
Treatment with TMPyP4 induced 78 F 3% cell death in
U266 cells, 77 F 4% cell death in ARH77 cells, and 84 F 4%
cell death in ARD cells (Fig. 4, A�C).

We also monitored the effect of a shorter exposure to
TMPyP4 on continued growth of myeloma cells in culture.
Myeloma cells U266 and ARD were treated with 10 and 1 AM

TMPyP4, respectively, for 5 days. The cells were washed
with PBS three times, and incubated in fresh TMPyP4-free
medium, and viability assessed weekly by trypan blue
exclusion. As seen in Fig. 4, an initial 5-day exposure of U266
(Fig. 4D) and ARD (Fig. 4E) myeloma cells to TMPyP4,
followed by re-incubation in porphyrin-free medium did not
result in growth arrest of these cells, even at week 5.

Effect of Telomerase Inhibitors on Telomere Length

Median (50th percentile) and 90th percentile telomere
lengths were determined in U266, ARH, and ARD
myeloma cells after treatment with porphyrin. Median
telomere length in U266 cells was reduced by 800 bp (i.e. ,
by 20% of the initial median value; Fig. 5, A and E) in 4
weeks. TMPyP4 reduced median telomere length by 340
bp (i.e. , by 5.1% of the initial median value) in ARD cells
(Fig. 5, C and E) and by 90 bp (by 4.3% of the initial
median) in ARH77 cells (Fig. 5, B and E). TMPyP4 exerted
its greatest effect on the longest telomeres, reducing the
90th percentile size by 900 bp (22%) in U266 (Fig. 5D),
7.8 kbp (41%) in ARD (Fig. 5D), and by 460 bp (11%) in
ARH77 cells (Fig. 5D).

Figure 3. Assay of telomerase activity in lysates of
porphyrin-treated myeloma cells. Telomerase activity in
porphyrin-treated cells was determined using the
TRAPeze XL Telomerase Detection Kit (Intergen).
Lysate (1000 cell-equivalents) was mixed with TRA-
Peze XL reaction mix containing Amplifuor primers, and
incubated for 30 min at 30jC. Telomerase products
were amplified and quantitated using a fluorescence
plate reader. A, percentage inhibition of telomerase
activity in porphyrin-treated U266 cells relative to
untreated control is shown. Lanes, (1) untreated
U266 cells, (2) U266 cells treated with 1 AM TMPyP4
for 7 days, (3) U266 cells treated with 5 AM TMPyP4 for
7 days, (4) U266 cells treated with 10 AM TMPyP4 for 7
days. B, percentage inhibition of telomerase activity in
porphyrin-treated ARH cells relative to untreated con-
trol is shown. Lanes, (1) untreated ARH77 cells, (2)
ARH77 cells treated with 1 AM TMPyP4 for 7 days,
(3) ARH77 cells treated with 5 AM TMPyP4 for 7 days,
(4) ARH77 cells treated with 10 AM TMPyP4 for 7
days. C, percentage inhibition of telomerase activity in
porphyrin-treated ARD cells relative to untreated con-
trol is shown. Lanes, (1) untreated ARD, (2) ARD cells
treated with 1 AM TMPyP4 for 7 days, (3) ARD
cells treated with 5 AM TMPyP4 for 7 days, (4) ARD
cells treated with 10 AM TMPyP4 for 7 days. D,
percentage inhibition of telomerase activity in porphy-
rin-treated U266 cells relative to untreated control.
Lanes, (1) untreated, (2) treated for 1 day, (3) treated
for 3 days, (4) treated for 5 days, (5) treated for 7 days.

Figure 2. Telomere length of DNA isolated from
myeloma cell lines and primary cultures. A, genomic
DNA (6 Ag) was digested twice with a 6-fold excess
of HinfI endonuclease, electrophoresed on 0.8%
agarose gel, and transferred to a nitrocellulose
membrane as previously described 21. Membranes
were then hybridized to a 32P-labeled (TTAGGG)4
probe and the autoradiographic signal was scanned.
Lanes are as described below. B, median telomere
fragment lengths, calculated from size distributions
in scanned lanes. Lanes, (1) normal plasma cells
from tonsils; (2) ARD; (3) ARK; (4) ARH77; (5) ARP;
(6) 8226; (7) U266; (8) normal plasma cells, donor
1; (9) normal plasma cells, donor 2; (10) ATSV1.
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The Nature of Cell Death following Telomerase Inhibition

We utilized annexin V labeling and DNA fragmentation
to assess apoptosis, at the start of growth arrest. As shown
in Fig. 6, >70% annexin V-labeled U266 cells were observed
following a 3-week treatment with TMPyP4 (Fig. 6, D and
E) versus 18% untreated U266 cells, indicating a significant
difference (P < 0.05) (Fig. 6, B and E). Similarly, f12%
ARH77 cells and 45% ARD cells appeared apoptotic after 3
and 2 weeks of treatment with TMPyP4, compared to 0%
and 8% apoptotic cells for untreated ARH and ARD lines,
respectively (Fig. 6, F and G).

To indicate the apoptotic pathway, we identified specific
DNase I-type cleavages in myeloma cells treated for 3–4
weeks with TMPyP4, utilizing ApopTag Peroxidase In Situ
Oligo Ligation Kit (Intergen). Briefly, cells were fixed and
incubated with a mixture of DNA ligase and a unique
synthetic biotinylated oligo. Because of the specificity of T4
DNA ligase and unique design of synthetic oligo, it would
specifically ligate genomic DNA carrying DNase I-type
cleavage. The ligation complexes were identified by
sequential treatments with streptavidin-peroxidase, and
peroxidase substrate, and visualized under a microscope.

Figure 4. Limited replicative potential of myeloma
cells treated with porphyrins. A, growth curve for
U266 cells. Cells were grown 7 days in medium
containing no porphyrin (triangles ) or 10 AM
TMPyP4 (circles ). At the end of each 7-day
treatment cycle, cells were harvested and the
number of viable (trypan blue excluding) cells was
counted. B, growth curve for ARH77 cells. Cells
were grown 7 days in medium containing no
porphyrin (triangles ), or 5 AM TMPyP4 (circles ). At
the end of each 7-day treatment cycle, cells were
harvested and the number of viable (trypan blue
excluding) cells was counted. C, growth curve for
ARD cells. Cells were grown 7 days in medium
containing no porphyrin (triangles ), or 1 AM TMPyP4
(circles ). At the end of each 7-day treatment cycle,
cells were harvested and the number of viable
(trypan blue excluding) cells was counted. Results
from two independent experiments. D, U266 cells
were grown in the presence of 10 AM TMPyP4 for 5
days and re-incubated in drug-free medium. Viable
(trypan blue excluding) cell number was counted
weekly. E, ARD cells were grown in the presence of
1 AM TMPyP4 for 5 days and re-incubated in drug-
free medium. Viable (trypan blue excluding) cell
number was counted weekly.

Figure 5. Reduction in telomere length following
porphyrin treatment of myeloma cells. U266,
ARH77, and ARD cells were treated with porphyr-
ins, as indicated. Telomere terminal restriction frag-
ments were measured as described. A, DNA was
analyzed from U266 cells that were (1) untreated or
(2) treated with 10 AM porphyrin TMPyP4 for 28
days. B, DNA was analyzed from ARH77 cells that
were (1) untreated or (2) treated with 5 AM porphyrin
TMPyP4 for 28 days. C, DNA was analyzed from
ARD cells that were (1) untreated or (2) treated with
1 AM active porphyrin TMPyP4 for 21 days. D,
telomeric DNA restriction fragments, 90th percentile
lengths, calculated from U266, ARH77, and ARD
telomere fragment size distributions in scanned
lanes as in A, B, and C in the figure. E, telomeric
DNA restriction fragments, 50th percentile lengths
(median), calculated from U266, ARH77, and ARD
telomere fragment size distributions in scanned
lanes as in A, B, and C in the figure.
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As seen in Fig. 7, nuclei of the cells with DNase I-type
cleavage are labeled dark brown. Myeloma cell lines U266
(Fig. 7A), ARH (Fig. 7B), and ARD (Fig. 7C) treated with
TMPyP4 showed 62%, 71%, and 68% cells with DNase
I-type cleavage, respectively. Because DNase I is activated
by caspase-3, both of these enzymes may play a major role
in TMPyP4-induced apoptosis.

Discussion
Maintenance of telomere length is critical for continued
growth and survival of tumor cells, and telomerase
activation maintains telomeres in proliferating tumor cells.
In this study, we observed a high level of telomerase

activity in all myeloma cell lines tested, versus low-level
telomerase activity in normal diploid fibroblasts and
normal plasma cells. There was an inverse correlation
(r = rs = �0.8) between telomere length and telomerase
activity among myeloma cell lines, as previously reported
in B-cell chronic lymphocytic leukemia (25). These find-
ings are also consistent with observations in non-hemato-
poietic cancers such as hepatocellular carcinoma (26),
breast cancer (27), and prostate cancer (28), in which
shortened telomeres are associated with elevated telomer-
ase activity. In our study, telomeres were shorter in
myeloma than in normal plasma cells, suggesting that
telomerase directed therapy may induce crisis after fewer
cell divisions.

Figure 6. Apoptosis following porphyrin treat-
ment of myeloma cells. U266 cells, untreated and
treated with 10 AM TMPyP4 for 21 days, were
analyzed for apoptosis utilizing Annexin V-BIOTIN
Apoptosis Detection Kit (Oncogene Research Prod-
ucts). Briefly, cells were mixed with annexin V-
BIOTIN, incubated for 15 min at room temperature
and treated with streptavidin conjugated to FITC.
Apoptotic cells were photographed and viewed by
phase contrast and by fluorescence emitted at 518
nm. A, untreated U266 cells, viewed by phase
contrast. B, untreated U266 cells, viewed by
fluorescence. C, TMPyP4-treated U266 cells,
viewed by phase contrast. D, TMPyP4-treated
U266 cells, viewed by fluorescence. E, percentage
apoptotic U266 cells, determined by examining
f200 cells representing five different microscopic
fields. F, ARH77 cells were treated for 21 days
with 5 AM porphyrin TMPyP4 and then examined for
apoptosis by a DNA fragmentation assay (Klenow
FragEL). G, ARD cells treated for 14 days with 1 AM
TMPyP4 and then examined for apoptosis by a
DNA fragmentation assay (Klenow FragEL).

Figure 7. Identification of specific DNase I-type
cleavages in TMPyP4-treated myeloma cells. Cells
were fixed and incubated with a mixture of DNA
ligase and a unique synthetic biotinylated oligo. The
ligation complexes were identified by sequential
treatments with streptavidin-peroxidase, and perox-
idase substrate, and visualized under microscope. A,
U266 cells treated with 10 AM TMPyP4 for 28 days.
B, ARH cells treated with 5 AM TMPyP4 for 28
days. C, ARD cells treated with 1 AM TMPyP4 for
21days. D, percentage labeled nuclei, indicative of
specific DNase I-type DNA ends.
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In the present study, we assessed telomerase activity
and telomere length in a panel of myeloma cell lines, and
selected three myeloma lines representing the spectrum of
telomerase activity and telomere length. These lines (U266,
ARH77, and ARD) were then treated with G-quadruplex-
intercalating cationic porphyrin and tested for inhibition
of telomerase activity and cell proliferation. Such tetra-
methyl porphyrins localize preferentially in nuclei, where
they can bind and stabilize the G-quadruplex structures
including telomeric DNA (22). A number of cationic
porphyrins have been shown to inhibit telomerase in
normal and tumor cell lines including HeLa and MCF7
(22) at subcytotoxic concentrations. In our study, TMPyP4
(1 AM) inhibited telomerase activity in ARD cells, whereas
z5 AM TMPyP4 were needed to inhibit 90% of telomerase
activity in U266 and ARH77 cells, both with higher
telomerase levels. Reduction in telomerase activity was
detectable as early as 24 h following treatment, although it
required 5 days to observe complete inhibition of
telomerase activity in vivo (Fig. 3D). Unlike MiaPaCa-2
(human pancreatic tumor) cells (29), human myeloma cells
showed no change in transcript or protein levels of
telomerase reverse transcriptase (hTERT) following expo-
sure to TMPyP4.1

Importantly, we observed that continuous presence of
TMPyP4 is associated with a marked arrest of myeloma
cell proliferation. Cell death following treatment with
porphyrins occurred after a lag period of 2–4 weeks,
suggesting a requirement to reach a critical telomere
length threshold, which induces growth arrest and
apoptosis. Consistent with this, porphyrin-mediated
growth arrest of myeloma cells was also associated with
reduction in telomere length. Telomere shortening was
more pronounced at the high end of their size range (the
90th percentile) than at the median length. For continued
cell proliferation, cellular selection favoring lineages that
display either reactivated telomerase, or increased recom-
bination supporting both mutation (activating oncogenes
and inactivating antioncogenes) and telomere expansion
by intertelomere exchange, is required (30, 31). In such a
scenario, critically short telomeres at any one chromosome
end may limit cell replication, preventing further short-
ening of already minimal-length telomeres, while allowing
reduction in the longest telomeric fragments (90th
percentile) as we observed in ARH77 and ARD cells.
The abrupt, >9-fold increase in cell death observed after a
prolonged lag phase suggests gradual telomere shortening
followed by a critical telomere length threshold leading to
apoptosis, which we confirmed using annexin V staining
and DNA fragmentation assay. We have previously
reported that introduction of peptide nucleic acid (PNA)
oligonucleotides complementary to the RNA component of
telomerase into transformed human fibroblasts inhibited

telomerase activity, shortened median telomere length, and
after a lag period of 2 weeks gradually reduced the
proliferative potential, leading to reversal of their immor-
tality (21), a response kinetic similar to the present study.

To identify the major pathway involved in TMPyP4-
mediated apoptosis, we have utilized ‘‘In Situ Oligo
Ligation (ISOL) technique’’ which specifically labels DNase
I-type cleavage and does not recognize single-stranded
DNA, 3V-recessed ends, 3V-overhanging ends longer than
one (dT) base, nicks, or gaps. Apoptosis-specific DNases
are activated either by serine proteases or caspases (32).
DNase I belongs to apoptosis-specific ‘‘Ca2+- and Mg2+-
dependent endonucleases,’’ which in normal cellular
environment is inhibited by poly(ADP-ribosyl)ation. Cas-
pase-3-mediated cleavage of poly(ADP-ribose) polymerase
(PARP) and actin (33, 34) activates DNase I which is
responsible for specific DNA cleavage. Because majority of
cells in all three cell lines showed DNase I-type cleavage,
caspase-3-mediated activation of DNase I seems to be the
major pathway of apoptosis following exposure to TMPyP4.

In an effort to identify apoptotic pathway and initiator
caspase/s following exposure of myeloma cells to TMPyP4,
we have evaluated gene expression profile of the key
proteins involved in apoptosis following 2 weeks of
exposure of MM1S myeloma cells to TMPyP4 (data not
shown). We observed marked down-regulation of the
transcript levels of mitochondrion-dependent apoptosis-
related genes, including death effector filament-forming
Ced-4-like apoptosis protein, caspase recruitment domain
protein 10, and apoptotic protease activating factor (APAF)
(35), which were down-regulated 1.6-, 7.4-, and 106-fold,
respectively, in TMPyP4-treated cells. Caspase-9, which is
the initiator of mitochondrion-dependent apoptosis path-
way, was not detected; whereas transcript levels of genes
involved in death receptor-dependent apoptosis pathway
were detected and/or up-regulated. These include CASP8-
and FADD-like apoptosis regulator (CASP8/CASPER/
CLARP), caspase-10 (36, 37), and caspase-1, an interleu-
kin-1 processing enzyme (38) also implicated in death
receptor-dependent apoptosis (39, 40). Among effector
caspases, caspase-3 was detected and caspase-6 was >2-
fold up-regulated. Together these data suggest that
exposure to TMPyP4 initiates death receptor-dependent
apoptosis pathway through overexpression of CASP8/
CASPER, which is then executed by caspase-3, caspase-6,
and DNase I. These data provide basis for further
evaluation of terminal signaling that may be activated
following telomere shortening and may allow us to explore
combinations of agents that may have synergistic activity
along with TMPyP4.

As TMPyP4 binds to both intra- and intermolecular
G-quadruplex structures, it may also alter cellular
transcriptional activity leading to cell death by mecha-
nisms other than telomerase inhibition. We have com-
pared gene expression profile following exposure of
myeloma cells to TMPyP4 (an inter- or intramolecular G-
quadruplex intercalator), and RNAi against hTERT (spe-
cific telomerase inhibitor) at days 1 and 7 following
treatment. Most genes related to apoptosis and cell cycle

1 M. A. Shammas, R. J. Schmookler Reis, C. Li, H. Koley, K. C. Anderson, and N.
C. Munshi. Gene expression profile of multiple myeloma cells following treatment
with telomerase inhibitors, submitted for publication.
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control remained unaffected following exposure to the
drug, suggesting lack of effect of this agent on other
cellular transcriptional activity at the concentrations used.
This information along with the prolonged exposure
required to induce cell death and reduction of telomere
length associated with TMPyP4 exposure suggest that
effects were predominantly due to its action on telomerase
activity (22).

Our study therefore shows that myeloma cell lines have
relatively short telomeres and elevated telomerase activ-
ities, typical of many tumor cell types. As in several other
cancers and immortal cell lines examined previously
including breast carcinoma (41), Burkitt lymphoma
(41, 42), immortal human breast epithelial cells (43), and
SV40-immortalized fibroblast lines ATSV1, ATSV2, and
CYS-SV (21), myeloma cells undergo growth arrest and
apoptosis after prolonged inhibition of telomerase activity.
Ongoing studies are evaluating more active and specific
inhibitors as well as delineating apoptotic pathways
induced by these agents to validate telomerase as a novel
therapeutic target in myeloma and provide the framework
for clinical trials of inhibitors, alone or combined with
conventional and other novel therapies to improve patient
outcome in myeloma.
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