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Recent studies have demonstrated a role for telomerase in driving
tumor progression, but its mechanism of action remains unclear.
Here we show that stable, ribozyme-mediated suppression of
mouse telomerase RNA reduced telomerase RNA expression, te-
lomerase activity, and telomere length, which significantly reduced
tumor invasion and metastatic potential. Our studies reveal that
previously unidentified effects of telomerase may mediate its
tumor-promoting effects. First, reducing telomerase activity in-
duced a more dendritic morphology, accompanied by increased
melanin content and increased expression of tyrosinase, a key
enzyme in melanin biosynthesis. Second, gene expression profiling
revealed that telomerase targeting down-regulated expression of
several glycolytic pathway genes, with a corresponding decrease in
glucose consumption and lactate production. Thus, telomerase
activity controls the glycolytic pathway, potentially altering the
energy state of tumor cells and thereby modulating tyrosinase
activity and melanin production. These studies have important
implications for understanding the mechanisms by which telom-
erase promotes tumor invasion and metastasis.

differentiation � glycolysis

Telomerase is a ribonucleoprotein complex composed of core
protein (telomerase reverse transcriptase) and RNA (telom-

erase RNA or TER) moieties. The most extensively character-
ized function of telomerase is to maintain the telomeric repeats
capping the ends of eukaryotic chromosomes and thereby pre-
serve their integrity by preventing end-to-end fusions (1–4).
Whereas normal somatic cells have diminished telomerase ac-
tivity, �90% of human cancers overexpress telomerase (5, 6).
The well established roles for telomerase in tumor initiation and
cellular immortalization (7, 8) have led to the identification of
telomerase as a potentially important molecular target in cancer
therapeutics (9–11). To date, multiple studies have examined the
utility of targeting telomerase to inhibit tumor cell proliferation
(12–16).

Although the importance of telomerase for tumor cell prolif-
eration is well documented, its impact on tumor invasion and
metastasis has been studied less. In our recent study, we used a
systemic injection model of an effective anti-telomerase ri-
bozyme to reveal that inhibiting telomerase activity in tumor-
bearing mice significantly reduces metastatic progression (16).
Here, we examine the direct role played by telomerase in the
metastatic potential of murine melanoma and characterize cel-
lular pathways altered by telomerase suppression in tumor cells.
We show that stable, ribozyme-mediated suppression of TER
levels in melanoma cells results in a more dendritic phenotype,
accompanied by increased tyrosinase expression and pigment
production. Furthermore, we show that TER suppression results
in down-regulation of glycolytic pathway genes and significantly
reduces glucose metabolism, providing a mechanistic basis for

the reduced metastatic capacity and increased pigment produc-
tion observed.

Results
To directly examine the role of telomerase in the progression of
murine melanoma, we developed stable transformant cell lines
expressing a ribozyme targeting mouse TER at position 180
(TER 180 Rz), driven by the human U6 promoter. This anti-TER
180 Rz was previously shown to down-regulate TER levels (by
TaqMan assays; Applied Biosystems) and telomerase enzymatic
activity, and to significantly suppress metastatic progression in
vivo compared with vector-only and mutant ribozyme controls
(16). Previously, a control inactive mutant anti-TER ribozyme
was shown to be comparable to the empty vector control in its
inability to suppress the lung metastasis of melanoma (16).
Therefore, the effects of ribozyme expression were compared
with B16 cells transfected with the empty vector as an appro-
priate control in these studies.

Ribozyme expression in the TER 180 Rz clones was verified by
Northern analysis (data not shown). Three clones that demon-
strated suppression of TER expression on the initial TaqMan
screen were pooled for further analysis. Clone 5, a ribozyme clone
that highly suppressed TER expression, was also analyzed as a single
clone. TER expression levels were reduced by 67% in pooled
ribozyme clones compared with pooled empty vector clones (P �
0.00001), as measured by quantitative RT-PCR (Table 1). This
down-regulation in TER expression corresponded to a concomitant
inhibition of telomerase enzymatic activity as measured by the
telomeric repeat amplification protocol assay. Telomerase activity
was reduced by up to 80% in TER 180 Rz clones compared with
controls (Fig. 1A and Table 1). In addition, the reduced telomerase
activity was associated with shortened telomeres in the ribozyme-
expressing clones (Fig. 1B).

Unexpectedly, the cell clones stably expressing the TER 180
Rz displayed an altered morphology compared with the control
vector-only transformants. Although vector-only transformants
displayed the rounded, poorly differentiated morphology of the
parental cell line, TER 180 Rz transformants revealed a more
dendritic morphology, more closely resembling melanocytes,
their cell of origin (Fig. 2). This morphological change was
accompanied by visible darkening of the growth medium (Fig. 2)
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and associated with increased immunostaining for tyrosinase
and Melan-A�MART-1 (Fig. 2), two markers of melanocytic
differentiation, as well as a 3-fold increase in melanin content
(Table 1). The effects of TER down-regulation on tyrosinase
expression were further investigated by using Western blot
analysis of tyrosinase over time. Tyrosinase expression was
increased in mouse TER-suppressed cells only on day 10 in
culture when the cells reached confluence, but not on days 0, 3,
and 7 (Fig. 2).

Next, we examined the effects of TER suppression on in vitro
growth characteristics of B16 cells. Cell growth curves of the
stable transformants over 4 days revealed significantly reduced
growth rates in TER 180 Rz compared with vector-only control
clones (Fig. 3A and Table 1). To determine whether the slower
growth rate observed was because of increased doubling times or
apoptosis, we performed FACS-based BrdU incorporation and
TUNEL assays, respectively. The TER 180 Rz clones had higher
rates of apoptosis and also �40% fewer cells in S phase than the
vector-only controls (P � 0.001) (Table 1).

Given the altered morphology of the ribozyme-expressing B16
clones, we hypothesized that TER suppression may result in
decreased invasiveness of B16 cells. To investigate this hypoth-
esis, we plated ribozyme-expressing and control cells onto a
Matrigel matrix and 24 h later counted all of the cells that had
invaded. This analysis revealed an �50% decrease in the number
of invading cells in TER 180 Rz vs. vector-only control groups
(P � 0.002; Fig. 3B), a difference that could not be accounted
for by the differing proliferation rates of the control vs. ri-
bozyme-expressing cells.

In addition, we analyzed the effects of telomerase suppression
on the metastatic potential of ribozyme-expressing B16 clones in
vivo. Tail-vein injection of 3 � 104 stable transformant cells per
mouse resulted in 70% fewer metastatic tumors in the lungs of
mice injected with TER 180 Rz-expressing clones, compared
with vector-only clones (P � 0.0001) (Fig. 3C).

Finally, to identify the potential downstream pathways con-
trolled by telomerase, we performed gene expression profiling
and supervised hierarchical analysis of duplicate arrays of the
pooled ribozyme-expressing clones and of clone 5 and compared
these with the pooled vector-only control clones (Fig. 4A).
Significance analysis of microarrays identified 138 genes whose
expression was significantly different between ribozyme-
expressing and control vector-only clones. Four of these genes
were up-regulated, but the great majority (134 genes) showed
down-regulation of expression after ribozyme expression and
TER inhibition. Among the down-regulated genes were several
involved in DNA binding and transcriptional regulation, cell
proliferation, and metabolic pathways such as glycolysis (Fig.
4B). Specifically, this gene set included eight cDNAs involving
genes participating in the glycolytic pathway, including two
independent clones of aldolase C and three separate isoforms of
aldolase.

Down-regulation of three genes identified by this analysis
(tensin and two of the glycolytic pathway genes, phosphofruc-
tokinase and aldolase C) was confirmed by quantitative RT-PCR.
Expression of each of these genes was reduced by 70–90% in
pooled ribozyme and clone 5 cells compared with pooled vector
clones (Fig. 5). Finally, glucose metabolism in the ribozyme-
expressing and control vector clones was compared by measuring
glucose and lactate levels in an in vitro time course assay. Both
glucose consumption (Fig. 6A) and lactate production (Fig. 6B)

Fig. 2. Effects of TER 180 Rz expression on B16 cell morphology and
expression of tyrosimase and Melan-A. (A) Flasks containing confluent cell
cultures of ribozyme clone 5 (28.5), pooled ribozyme (P28), and pooled vector
(P35) B16 clones with medium. (B–D) In vitro morphology (Left) of ribozyme
clone 5 (B), pooled ribozyme (C), and pooled vector (D) B16 clones, along with
tyrosinase (Center) and Melan-A (Right) immunostaining for each subclone.
(E) Western blot of tyrosinase and actin in pooled vector (lanes 1, 4, 7, and 10),
pooled ribozyme (lanes 2, 5, 8, and 11), and clone 5 (lanes 3, 6, 9, and 12) cells
on day 0 (lanes 1–3), day 3 (lanes 4–6), day 7 (lanes 7–9), and day 10 (lanes
10–12).

Table 1. Comparison of telomerase expression and activity and mechanistic analyses in control
and anti-TER ribozyme-expressing B16 transformants

Clone TER expression, %
Telomerase
activity, %

Melanin content,
�g�5 � 106 cells

Cells in S
phase, %

Apoptotic
cells, %

Pooled vector 100 100 10.8 38 0.06
Pooled ribozyme 33 22 35.3 23.4 0.3
Ribozyme clone 5 25 28 36.4 21.2 0.5

Fig. 1. Effects of TER 180 Rz expression on telomerase activity and telomere
lengths. (A) Analysis of telomerase activity by telomeric repeat amplification
protocol (IC, TRAPeze kit internal control band). Lanes: 1, pooled vector; 2,
pooled ribozyme; 3, ribozyme clone 5. (B) Southern blotting analysis of
telomere lengths in pooled vector, pooled ribozyme, and ribozyme clone 5
cells. Lanes: 1, ladder of size markers; 2, pooled vector; 3, pooled ribozyme; 4,
ribozyme clone 5 transformants.
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were significantly lower in the pooled ribozyme-expressing
clones and clone 5 compared with vector-only clones, even after
controlling for the differing rates of proliferation of the vector
vs. ribozyme-expressing clones.

Discussion
Our results provide evidence suggesting that telomerase may drive
tumor progression and metastasis by pathways that are distinct from
its well documented effects on tumor cell proliferation rate. One
such newly implicated mechanism is telomerase-induced activation
of the glycolytic pathway, as suggested by the gene expression
profiling studies. Suppression of TER primarily produced measur-
able down-regulation of gene expression, including that of genes
involved in transcriptional regulation, DNA binding, cell prolifer-
ation, cell adhesion, nuclear transport and trafficking, DNA repli-
cation, and chromatin assembly. Strikingly, eight significantly down-
regulated cDNAs corresponded with genes involved in the

glycolytic pathway, including three isoforms of aldolase. This re-
duced expression of the glycolytic pathway genes was verified by
TaqMan analysis and occurred in concert with measurably reduced
glucose metabolism.

The importance of enhanced glycolysis to tumor cell growth,
invasion, and metastasis has been clearly documented (reviewed in
ref. 17). Specifically, up-regulation of several glycolytic enzymes has
been shown to promote tumor growth, angiogenesis, and metastasis
(18, 19). Our work provides support for a direct relationship
between manipulating telomerase status and the activation of
glycolysis in cancer cells. Recent studies have implicated the Akt
pathway in the induction of aerobic glycolysis in tumor cells (20),
and Akt kinase has been shown to enhance telomerase activity (21).
It is thus possible that telomerase may stimulate glycolysis down-
stream of Akt kinase activation.

The reduced glycolysis observed in the anti-TER ribozyme-
expressing clones may, in part, be responsible for the morpho-

Fig. 3. Reduced cell proliferation, invasive, and metastatic capacity of
anti-TER ribozyme-expressing B16 cells. (A) Growth curves measuring cell
counts over 96 h for pooled vector, pooled ribozyme (Rz), and ribozyme clone
5 cells. (B) Quantitation of tumor cell invasion into Matrigel. (C) Total tumor
counts in the lungs of mice i.v. injected with pooled vector, pooled ribozyme,
and ribozyme clone 5 B16 cells.

Fig. 4. Gene expression profiling comparing duplicate arrays of RNA isolated
from pooled vector (lanes 1 and 2), ribozyme clone 5 (lanes 3 and 4), and
pooled ribozyme (lanes 5 and 6) cells. (A) The entire gene set in the array. (B)
The significant gene list derived from significance analysis of microarray
analysis. The gene tree on the left of B represents the degree of correlation
between genetic expression values.
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logic reversion observed in the murine melanoma cells. Tyrosi-
nase can be inactivated in melanoma cells in response to acidified
conditions, and the inactive tyrosinase accumulates in the en-
doplasmic reticulum (22). Importantly, restoration of tyrosinase
activity in melanoma cells was demonstrated recently through
restriction of glucose uptake (23), suggesting a direct link
between glucose metabolism, tyrosinase expression and process-
ing, and melanin synthesis. Our results corroborate this hypoth-
esis by demonstrating that inactivation of glycolysis after TER-
based suppression was accompanied by increased tyrosinase
expression and melanin production. Intriguingly, tyrosinase ex-
pression was increased as the ribozyme-expressing cells reached
confluence on day 10 of the time course assay but not in earlier
time points. These results are consistent with both the darkening
of the cell culture medium observed here and reports showing
that accumulation of the tyrosinase substrate dopa results in
activation of tyrosinase and in its transport from the endoplasmic
reticulum to the Golgi, resulting in melanin production (24).

In addition, the anti-TER ribozyme-expressing clones as-
sumed a dendritic morphology, with a concomitant increase in
immunostaining for Melan-A�Mart-1, an additional marker of
melanocytic differentiation not known to be affected by glyco-
lytic rates. These results suggest that telomerase suppression may
play an active role in the induction of cellular differentiation in
tumor cells. Previous reports have shown that differentiation in
leukemia cells that was experimentally induced by retinoic acid,
for example, was accompanied by lowering of telomerase activity
(25, 26). Such findings had been interpreted as indicating that the
down-regulation of telomerase was a consequence, rather than
a causative factor, of differentiation. In contrast, our results now
suggest that the experimental suppression of telomerase activity
itself may be sufficient to directly induce at least some properties
consistent with tumor cell differentiation.

Loss of cellular differentiation is a characteristic of highly
progressed cancer cells. The present results support a model in
which part of the role of telomerase in cancer progression may
derive from an unanticipated ability of telomerase to inhibit
cellular differentiation. Intriguingly, the phenotype observed
upon suppressing telomerase was similar to that previously seen
upon stable expression of a ribozyme targeting the activated
HRAS gene in human melanoma cells (27). Whether telomerase
and HRAS act in the same or different pathways to promote
maintenance of tumor cells in a dedifferentiated state will be of
great interest.

The global pattern of down-regulation of gene expression after
TER suppression shown here was similar to that recently re-
ported by transient, small interfering RNA-mediated TER sup-
pression in human colon carcinoma cells (28). The expression
profiling results in these two studies revealed differences in the

Fig. 5. Expression of tensin, phosphofructokinase, and aldolase C by
TaqMan as normalized to level of histone gene expression in pooled vector,
pooled ribozyme (Rz), and ribozyme clone 5 cells.

Fig. 6. Glycolytic rates as measured by glucose (A) and lactate (B) levels in
pooled vector, pooled ribozyme, and ribozyme clone 5 cells.
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specific genes with significantly altered expression. These dif-
ferences may reflect the stable nature of TER suppression
produced here that resulted in telomere shortening, the gene
expression patterns activated in mouse vs. human cells, and�or
the different array platforms used in these studies. However, it
is tempting to speculate that transient vs. prolonged TER
suppression may result in repression of different gene networks
and cellular pathways.

Finally, our study provides evidence for a direct relationship
between telomerase activity and metastatic potential. These
results extend recent studies showing a prometastatic phenotype
for oncogene- (including telomerase reverse transcriptase)
transformed fibroblasts (29) and melanocytes (30). The fact that
the telomerase inhibition reported here reduced the metastatic
potential of a spontaneously arising tumor cell line, which has
many genetic abnormalities other than up-regulation of telom-
erase, firmly establishes a role for telomerase in tumor metas-
tasis, highlighting its importance to the lethal stages of tumor
progression.

It has also been shown that knock-down of the level of
telomerase RNA by RNA interference rapidly inhibits human
cancer cell growth, through a pathway that does not require p53
or involve any detectable telomere shortening or loss of telomere
protective functions (15, 28). Together, these findings indicate
that telomerase exerts its proinvasive and prometastatic effects
not solely by polymerizing telomeric DNA to elongate chromo-
some ends, but also through involvement in central cell fate
decisions. Hence, suppression of the level of the telomerase
ribonucleoprotein complex may have a place in therapies di-
rected against advanced metastatic cancer (16).

Materials and Methods
Cloning. The pAVU6�27 plasmid (31) was digested with SalI and
XbaI and fill-in ligated with DNA (5�-TCGATGCGCTCTGAT-
GAGTCCGTGAGGACGAAACGTTTG-3�) encoding the
TER 180 Rz as described in refs. 16 and 32, and its sequence was
verified by using a gene-specific primer (5�-TTTCTTGGG-
TAGTTTGCATTTT-3�).

Generation of Stable Transformants. The transfection reagent N-[1-
(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate
(DOTAP, 100 mM; Avanti Polar Lipids) and plasmid DNA were
added sequentially to 5% dextrose in water (4 nmol of lipid and 1
mg of DNA in 0.5 ml total volume per 1 � 105 cells) and added
drop-wise onto cultured B16-F10 murine melanoma cells (Amer-
ican Type Culture Collection) grown in serum-free medium. At 72 h
posttransfection, cells were replated at 1:2 to 1:16 dilutions and
grown in selective medium containing 800 �g/ml Geneticin (Me-
diatech, Herndon, VA) and 10% FBS. Individual colonies were
selected, expanded, and analyzed for ribozyme and target gene
expression.

Tissue Culture. Cells were cultured in RPMI medium 1640 with
5% FBS and 800 �g/ml Geneticin (37°C, 5% CO2). This medium
was changed to RPMI medium 1640 with 5% FBS and 800 �g/ml
Geneticin for FACS and growth curve analyses, and to RPMI
medium 1640 with 5 �g/ml insulin for invasion assays. For in vivo
experiments, cells were cultured in RPMI medium 1640 with
10% FBS and 800 �g/ml Geneticin up to the time of injection.

Northern Blotting Analyses and Quantified RT-PCR. Total cellular
RNA was extracted by using the TRIzol method (Invitrogen),
and the TaqMan assay was performed as described in ref. 16.
Expression levels of various genes were normalized to histone
before intersample comparisons.

Telomerase Assays. Protein extractions and the telomeric repeat
amplification protocol assay were performed as described in ref.
16. Telomere length was measured as described in ref. 15.

Melanin Content. Cells were grown to 80% confluence in equal
volumes of RPMI medium 1640 with 5% FBS and 800 �g/ml
Geneticin. Cells (5 � 106) were trypsinized, washed once with
1� PBS, pelleted, and lysed with 1 M KOH (Sigma no. P4494)
at 80°C for 1 h. The lysates were centrifuged at 16,000 � g for
10 min, and the absorbance of the supernatants was measured at
492 nm. To determine the melanin content of the transformants,
a standard curve was generated with synthetic melanin (Sigma
no. M0418) and prepared in 1 M KOH at 80°C for 1 h, covering
a concentration range of 0–300 �g�ml.

Western Blotting. Total protein was isolated from monolayer cells
according to the manufacturer’s protocol (Santa Cruz Biotech-
nology), and 50 �g of protein was separated by 10% Tris�HCl
denaturing gels, pH 8.8 (Bio-Rad), and blotted onto nitrocellu-
lose membranes (Bio-Rad). Membranes were first incubated
with anti-tyrosinase primary antibody (Santa Cruz Biotechnol-
ogy no. sc-7834) and then with horseradish peroxidase-labeled
secondary antibody. Subsequently, membranes were stripped
with stripping buffer (Pierce) and reprobed with anti-actin
primary antibody, and then with horseradish peroxidase-labeled
secondary antibody (Chemicon International, Temecula, CA).
Binding was detected by using luminol reagent (Santa Cruz
Biotechnology).

Immunostaining. Slides were prepared from formalin-fixed cell
blocks and stained with anti-mouse tyrosinase antibody at a 1:25
dilution. Microwave antigen retrieval was conducted in 10 mM
citrate buffer, pH 6.0. Endogenous peroxidase was blocked with
3% H2O2, and additional blocking was performed with normal
rabbit serum. The primary antibody was diluted in 1.0% BSA in
PBS and applied overnight at 4°C. Antibody staining was
observed by using biotin-labeled anti-goat IgG and avidin–biotin
(ABC-HRP; Vector Laboratories) followed by diaminobenzi-
dine. Sections were counterstained with hematoxylin.

FACS Analysis. Cell cycle times and rates of apoptosis were
analyzed by FACS with the Acid-S and Apo-BrdU kits (Phoenix
Flow Systems), respectively. Cells were seeded at 20–30% con-
fluence in serum-starved (1% FBS) conditions and harvested
48 h later (per the manufacturer-suggested protocol) with Ac-
cutase and Accumax (Phoenix Flow Systems) cell detachment
buffers. For the BrdU incorporation assay, cells were incubated
with BrdU for 4 h. For each sample, 50,000 cells were counted
by FACS, and the results were analyzed for statistical signifi-
cance by using the Kolmogorov–Smirnov test.

Growth Curves. Cells (1 � 105) were plated in triplicate onto six-well
plates and grown in medium containing 1% FBS over 96 h.

Invasion Assays. The Matrigel assay for tumor invasion was
performed as described in ref. 32.

Animal Studies. All animal care was in accord with institutional
guidelines, following a protocol approved by the University of
California, San Francisco Committee on Animal Research.
Transformant cells (3 � 104) were administered to C57BL�6
mice by tail vein injection, and total tumor counts were analyzed
by using the unpaired, two-sided Student’s t test as described in
ref. 16.

Gene Expression Profiling Studies and Statistical Analysis. RNA was
extracted from various B16 clones by using TRIzol reagent
(Invitrogen). Ten micrograms of total RNA, along with universal
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mouse reference RNA (Stratagene), was converted to amino-
allyl-modified cDNA by oligo(dT)-primed polymerization using
SuperScript II reverse transcriptase (Invitrogen), coupled to
N-hydroxysuccinimidyl esters of Cy3 or Cy5 (Amersham Phar-
macia), and then hybridized to a microarray slide as described in
ref. 33. After linear normalization, log (base 2) transformation,
and supervised hierarchical clustering, the resulting cluster data
table was imported into the significance analysis of microarrays
software package. Delta was chosen to limit the output gene list
so that �5% predicted false positives would be included.

Microarrays. From the total 15,658 cDNAs used in this study,
�8,000 clones were from Incyte Corporation (Wilmington, DE),
and the other 8,000 were from the National Institute on Aging
clone set (Baltimore, MD; see ref. 34). Based on Unigene
identifier (http://source.stanford.edu), these clones represent
10,953 unique genes.

Glucose and Lactate Levels. The control and ribozyme-expressing
B16 cells were seeded in triplicate over 96 h. The samples were
processed for glucose and lactate levels by the Department of
Laboratory Medicine (University of California, San Francisco,
CA), with Synchron LX20 Pro (Beckman Coulter). The glucose
and lactate levels were adjusted for the cell growth character-
istics of each cell line by calculating the exponential growth
factor, k, with the formula A � A0ekt. Glucose consumption and
lactate production were calculated for 100,000 cells.
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