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A B S T R A C T

Maintenance of telomere length has been reported to be an absolute requirement for

unlimited growth of human tumour cells and in about 85% of cases, this is achieved by

reactivation of telomerase, the enzyme that elongates telomeres. Only in rare cases, like

in human medullary thyroid carcinomas (MTC), telomerase activity (TA) is low or undetect-

able; however, this does not limit tumours to become clinically significant. Here, we report

that very low TA (below 5% of HEK293) observed in MTC cell strains derived from different

patients, although not sufficient for immortalising the cells, is necessary for prolonging

their replicative life span. Telomere erosion led to induction of a crisis period after long-

term in vitro cultivation, which was reached earlier when treating the cells with MST-312,

a telomerase inhibitor at non-toxic concentrations. Crisis was bypassed either by ectopic

hTERT introduction or by infrequent spontaneous immortalisation, the latter of which

was always associated with telomerase reactivation and changes of the cellular phenotype.

While confirming the high importance of telomerase for tumour development, these data

draw attention to the relevance of low TA: although insufficient for telomere stabilisation, it

allows MTC cells to reach more population doublings, increasing both cell numbers as well

as the risk of accumulating mutations and thus might support the development of clini-

cally significant MTC.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Normal human cells can only be propagated for a limited

number of population doublings (PDs) in vitro before entering

the phase of replicative senescence1 This senescent state is

supposed to be the result of progressive telomere shortening

with each cell division,2 because critically short telomeres are
er Ltd. All rights reserved

; fax: +43 13697615.
.at (R. Voglauer).
recognised as DNA damage and subsequently induce this

irreversible growth arrest.3 In contrast, most human tumour

cells have gained a mechanism to prevent telomere erosion,

which is usually achieved by reactivation of telomerase, a

ribonucleoprotein enzyme complex that elongates telo-

meres.4 Since approximately 85% of tumours are character-

ised by elevated telomerase activity (TA), TA can be regarded
.
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as the most universal characteristic marker for human can-

cers.5 However, besides telomerase reactivation, an alterna-

tive telomere lengthening mechanism (ALT) has been

described as well,6 which is discussed to be based on homol-

ogous recombination.7 Recent data also demonstrate that

telomere maintenance in human cells may be more diverse

than previously thought.8–12 As described recently, human

liposarcomas, although showing an incidence for ALT and to

the same extent for telomerase reactivation, can also develop

without, or with a yet unknown, telomere maintenance

mechanism.13 Similar results have been shown for a non-

small cell lung cancer cell line8 as well as thyroid neoplasia.14

This raises the question as to whether a constitutive telomere

length maintenance mechanism is a prerequisite for all tu-

mour cells to form clinically significant tumours.

In order to address this question, we have used previously

established, well characterised human medullary thyroid

carcinoma (MTC) cell strains derived from eight different

patients.15–17 MTC is a rare tumour arising from parafollicular

C cells of the thyroid gland which in many cases is character-

ised by low to undetectable TA in vivo.18–26 Accordingly, seven

out of eight cell strains showed low TA at early population

doubling level (PDL) after establishment of primary cell

cultures.

Here we present evidence that even this low TA is suffi-

cient to increase the replicative life span of human MTC cells

and therefore its inhibition might contribute to reducing the

size of tumours in vivo.

2. Materials and methods

2.1. Cells and culture conditions

An overview of the MTC cell strains used within this study is

given in Table 1. All cell strains but BOJO (grown in Ham’s F12

alone) were grown in Ham’s F12 / M199 (1:1) supplemented

with 4 mM L-Glutamine and 10% w/v foetal bovine serum

(FBS, Hyclone). After establishment of primary cultures, ali-

quots were frozen as soon as possible. Each cell strain was

thawed and cultivated until crisis at least in three indepen-

dent experiments. All MTC cell strains used within this study

grew as suspensions of single cells and multicellular aggre-

gates.27 Cell numbers and viability were determined using a

haemocytometer and trypan blue. PDs were calculated with
Table 1 – Summary of the cell strains used within this study

Cell strain Tumour stage at time of operation / tissue

SHER-I pT4N1MX / primary tumour

GSJO pT2N1MX / primary tumour

RARE pT4N1MX / lymph node

BOJO pT4N2M1 / lymph node

GRS V pT4N1M1 / lymph node

GRS IV pT4N1M1 / lymph node

SINJ pT2N1M0 / lymph node

MTC-SK pT4N1MX / lymph node

CT: calcitonin; CGRP: calcitonin gene related peptide; GRP: gastrin related

not done.
the following formula: PD = ln[(final number of cells) / (initial

number of cells)] / In.28 PDL resulted from cumulative PDs.

2.2. Introduction of hTERT into MTC cells

The vector pCIneo (Clontech Laboratories Inc.) was used as

backbone for construction of the plasmid pCI/hTERTb carry-

ing the cDNA of hTERT, cut out from the vector pGRN145

(kindly provided by Geron Corporation), under the control of

the constitutive b-actin promoter. Gene delivery was per-

formed using the NucleofectorTM-technology (solution V, pro-

gram G16 for SHER-I and T01 for all other cell strains; Amaxa

Biosystems). Stable transfectants were selected using the fol-

lowing concentrations of G418: 400 lg/ml for SHER-I, MTC-SK

and GRS V; 800 lg/ml for RARE. When stable transfectants

reached the cell numbers that had been used for nucleofec-

tion, the PDL was reset to zero.

2.3. Determination of telomerase activity and
telomere lengths

TA was determined using a modified real-time TRAP assay29

and TA was expressed relative to HEK293. To exclude possible

false-negative results from Taq polymerase inhibitors, lysates

equivalent of 4000 telomerase-negative cells were mixed with

lysates equivalent to 1000 telomerase-positive GSJO cells and

subjected to analysis. Telomere lengths were determined

using flow FISH.29 QuantumTM24 FITC-labelled standard-

beads (Bangs Laboratories, Inc.) were used to set up a stan-

dard curve for conversion of measured fluorescence values

(FL1) to molecules of equivalent soluble fluorochrome (MESF).

2.4. Qualitative and quantitative reverse
transcription PCR

Total RNA was extracted using TRIZOL� reagent (Invitrogen).

After DNA digestion with 2 U DNAse I (Amersham), reverse

transcription was performed with 2.5 lg total RNA and 200

U Superscript III (Invitrogen) in a reaction volume of 20 ll.

RNA was hydrolysed by addition of 2 ll 2.5 M NaOH (10 min,

37 �C). After neutralisation with 10 ll 2 M HEPES free acid,

cDNA was purified with Qiaquick columns (Qiagen) and

eluted in 100 ll. Quantitative real-time PCR was performed

with 1 ll of cDNA per 20 ll reaction volume using Platinum�
Immunocytochemical characterisation

CT CGRP GRP NSE CgA

+ n.d. + + –

+ n.d. + + +

+ + + + +

+ + + + +

+ + + + +

+ + + + +

+ + + + +

+ + + + +

peptide; NSE: neurone-specific enolase; CgA: Chromogranin A; n.d.:
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SYBR Green qPCR SuperMix-UDG (Invitrogen) and the Rotor-

gene 2000 thermal cycler (Corbett Research). PCR conditions

were 2 min at 50 �C, 2 min at 95 �C and 40 cycles of 10 s 94

�C, 15 s 55 �C, 15 s 72 �C and 5 s 80 �C (data acquisition). The

following primer pairs were used in a final concentration of

0.5 lM: Myc-sense (CGACGCGGGGAGGCTATTCTGC) and

Myc-antisense (CTCGCTCTGCTGCTGCTGCTGGTA) for c-Myc

(Accession NM002467), Mad-sense (GACGGGCTCATCTTC-

GCTTGTG) and Mad-antisense (AGGTGTCGCTGCTCTCGCT-

GAA) for Mad1 (Accession NM002357), GAPD-sense (TGCA-

CCACCAACTGCTTAGC) and GAPD-antisense (GGCATGG-

ACTGTGGTCATGAG) for GAPD (Accession NM002046), ACTB-

sense (CTGGAACGGTGAAGGTGACA) and ACTB-antisense

(AAGGGACTTCCTGTAACAATGCA) for ACTB (Accession

NM001101). Standard curves for each amplicon were gener-

ated with a serial dilution of dsDNA PCR-product in duplicate.

Each sample was analysed in triplicate. Relative quantifica-

tion was done by calculating the geometric average ratios of

the target gene copies to the reference housekeeping gene

copies of GAPD and ACTB and these values were normalised

to the expression levels of SHER-I / PDL 22, which was in-

cluded in each run.

Qualitative PCR was done for 35 cycles of 30 s 94 �C, 30 s 55

�C and 45 s 72 �C, using following primer pairs: hTERT-sense

(GGGTGGCACGGCTTTTGTTCAGAT), hTERT-antisense (TTC

AGCCGCAAGACCCCAAAGAGT), NEO-for (ATGATTGAACAAG

ATGGATTGCAC), NEO-back (TCAGAAGAACTCGTCAAGAAG

GC). Amplification products were analysed on a 2% w/v

agarose gel.

2.5. Determination of cell proliferation

Cells were incubated with 10 lM BrdU for 17 h, washed with

1% w/v BSA in PBS and fixed with 70% v/v ethanol (–20 �C,

30 min, 4 �C). After treatment with 2 M HCl / 1% v/v Triton

for 30 min, neutralisation was done with 0.1 M Na-Borat pH

8.5. Primary (mouse anti-BrdU, Becton Dickinson) and second-

ary (goat anti-mouse IgG-FITC, Sigma) antibodies were ap-

plied in TBS (0.5% v/v Tween20 / 1% w/v BSA in PBS). Cells

were then washed with PBS, centrifuged and resuspended

in 2.5 lg/ml propidium iodide (PI, Roche) in PBS. 10000 events

were analysed using a FACS-Calibur and the CellQuest Pro

software (Becton Dickinson).

2.6. Apoptosis assay (Annexin-V-FITC/PI staining)

For determination of apoptosis and necrosis, cells were

stained with Annexin-V-FITC and PI (Roche). Analysis was

performed on a FACS-Calibur measuring 10000 events per

experiment.

2.7. Western blot analysis

Cells were lysed in 50 mM Tris, 0.5 M NaCl, 1% w/v Sodium

Deoxicholate, 0.1% w/v SDS, 2 mM EDTA containing Complete

Protease Inhibitor Cocktail Tablets (Roche). Equal amounts of

proteins were separated on a NuPAGE 12% Bis-Tris polyacryl-

amide gel (Invitrogen) and transferred to a PVDF membrane

(Millipore). Following primary antibodies were used: mouse

anti-human p16 (Santa Cruz Biotechnology, 1:1000), mouse
anti-human p21 (USB, 1:2000), rabbit anti-human p27 (USB,

1:1000) and mouse anti-human b-actin (Sigma, 1:10000). After

incubation with the appropriate secondary antibody (goat

anti-mouse IgG or goat anti-rabbit IgG, both peroxidase conju-

gates, Sigma, 1:5000), detection was performed with ECL-Plus

(AmershamBiosciences) and a Lumi-Imager (Roche).

3. Results

3.1. Human MTC cells show low TA which is
associated with progressive telomere erosion

In order to evaluate the role of telomerase in the development

and pathogenesis of human MTC, we started to investigate TA

in already established MTC cell strains. Whereas only GSJO

displayed high TA (46% of HEK293), all other cell strains

displayed TA in a range of 0.2 – 2.8% of HEK293 at early PDL

as analysed by quantitative real-time TRAP assay (Fig. 1A).

Since the establishment of the cell strain GSJO from primary

culture was a long process that took over one year, compared

to 1 – 4.5 months for all other cell strains, spontaneous

reactivation of telomerase or selection of a cell clone with

high TA might have been responsible for the exceptional high

TA of GSJO. Interestingly, human normal umbilical vein

endothelial cells (HUVECs / PDL 12) showed no TA under the

described assay conditions. The absence of substantial TA

in the analysed MTC cell strains was not due to an intrinsic

inhibitor of telomerase or Taq polymerase, as was confirmed

by mixing GSJO with all other MTC cell extracts (Fig. 1B).

Accordingly, GSJO cells showed low, stabilised telomere

lengths, whereas telomeres shortened progressively in all

other cell strains. GRS V and SINJ are shown as representative

examples (Fig. 1C). Interestingly, the telomere lengths of

around 40–50 kMESF that we have observed in early passage

MTC cells lie in the range of senescent HUVECs30, indicating

that telomeres in MTC cells shorten beyond that of normal

human cells. In accordance, human cancer cells often have

been described to maintain shorter telomeres than do cells

in surrounding normal tissues.31

3.2. MTC cells enter a crisis phase

MTC cells displaying telomere erosion during in vitro propaga-

tion showed a growth plateau after a defined number of PDs

(Fig. 2A, GRS V, SINJ and SHER-I are shown as representative

examples). However, the number of PDs reached differed sig-

nificantly between the MTC cell strains. Whereas GRS V cells

could be propagated up to PDL 150, SINJ entered growth arrest

around PDL 100 und SHER-I around PDL 70, which might be

attributed to differences in the success of the establishment

of primary cultures or a different genetic background. Never-

theless, in all cases the decline in growth potential was char-

acterised by increased acidification of the cell culture

medium and all hallmarks of the typical crisis period.32

Pre-crisis GRS V cells (PDL 77) showed a low rate of spontane-

ous apoptosis of about 5% and a high BrdU labelling index

(69.3% of the cells have incorporated BrdU after 17 h). In con-

trast, during crisis only 26.9% of the cells were actively divid-

ing, which was counter-balanced by high percentages of early

apoptotic (29.4%) and late apoptotic/necrotic (33.1%) cell



Fig. 1 – MTC cells are characterised by low telomerase activity at early passage and progressive telomere erosion upon in vitro

cultivation. (A) Telomerase activity was analysed using real-time TRAP assay and is expressed relative to HEK293. Error bars

indicate standard deviations of three measurements. (B) Cell lysates of GSJO were mixed with lysates of all other MTC

cell strains and with lysis buffer as a control and subjected to real-time TRAP assay. Error bars indicate standard deviations of

three measurements. (C) Telomere lengths were analysed using flow FISH. Relative telomere lengths are expressed as kMESF.

Error bars indicate standard deviations of three measurements. MESF, molecules of equivalent soluble fluorochrome.
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fractions (Fig. 2B). Compelling evidence implicates that grad-

ual shortening of telomeres induces the expression of certain

cyclin-dependent kinase (CDK) inhibitors.33 Specifically, p16,

p21 and p27 play an essential role in triggering growth arrest

as has been shown in SV40 early region immortalised human

fibroblasts during M2-phase.34 Accordingly, p21 expression in-

creased dramatically at crisis (PDL 142) (Fig. 2C), compared to

both, pre-crisis (PDL 40) as well as post-crisis cells (PDL 360),

whereas p27 seemed to be only slightly elevated. In contrast,

p16 levels remained unaltered when GRS V reached the

growth plateau, but its expression was undetectable in spon-

taneously immortalised, post-crisis cells.

3.3. Spontaneous immortalisation of MTC cells is
associated with induction of TA and changes of the cellular
phenotype

As described for cells in crisis, spontaneously immortalised

cell clones arose in rare cases, concomitant with reactivation

of telomerase35 (Fig. 3A, GRS V and SINJ are shown as repre-

sentative examples). Interestingly, the amount of TA essential

for immortalisation varies significantly between cell strains.

Whereas TA in GRS V increased from 1.9% of HEK293 up to

10%, TA in SINJ increased from 0.6% to around 150%. Only

GSJO never exhibited a growth arrest up to 400 PDs and TA

(around 50% of HEK293) remained constant over the whole

cultivation period. Furthermore, the frequency of spontane-
ous immortalisation was dependent on the cell strain ana-

lysed. SINJ and BOJO spontaneously immortalised only in

one out of three and six independent experiments, respec-

tively, with an initial cell number of about 5 · 106 at the onset

of crisis. On the contrary, RARE consistently induced TA in

three independent experiments. Thus, immortalisation fre-

quency of most MTC cell strains was in the range of that

found for SV40 large T transfected cells in crisis36 or cells har-

bouring mutations in the p53 gene.37

Spontaneous immortalisation was associated with

changes of the cellular phenotype as can be seen in Fig. 3B

for SINJ and BOJO. Whereas SINJ changed to a more uniform,

rounded morphology, BOJO stopped growing in the typical

large aggregates but rather grew in smaller, loose aggregates

indicating less cell junctions. Additionally, when analysing

the expression levels of c-myc, whose activation plays an

essential role in tumour progression and maintenance38,

we found elevated c-myc transcription levels in post-crisis

when compared to pre-crisis cells (Fig. 3C, RARE, BOJO, SINJ

and MTC-SK are shown as representative examples). In con-

trast, only minor upregulation of c-myc could be detected in

GSJO.

The c-myc antagonist mad1 was kept at constant levels

after immortalisation in three of the analysed cell strains.

Nevertheless, RARE and MTC-SK showed a significant down-

regulation of mad1, which could have an additive effect on

c-myc upregulation.



Fig. 2 – MTC cells show a limited replicative life span in vitro. (A) Growth curves and telomerase activity of GRS V, SINJ and

SHER-I were monitored continuously. (B) The percentages of apoptotic/necrotic cells (upper panels) and of cells that have

incorporated BrdU (lower panels) were analysed at different PDL. Therefore, pre-crisis (PDL 77) or crisis (PDL 140) GRS V cells

were either stained with Annexin-V-FITC and propidium iodide or fixed and stained with anti-BrdU antibody and a

secondary FITC-labelled antibody, followed by flow cytometric analysis. (C) Pre-crisis, crisis and post-crisis cells were

analysed for expression of p16, p21 and p27 using western blotting. ß-actin was used as a loading control.
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3.4. Ectopic expression of hTERT induces immortalisation

To test whether an enhancement of TA could counteract telo-

mere erosion, hTERT or the empty vector were overexpressed

in RARE, GRS V, MTC-SK and SHER-I (Fig. 4, SHER-I is shown as

representative example). After selection of positive transfec-

tants using G418, transcription of the selection marker neoR

was confirmed by reverse transcription-PCR for SHER-I/hTERT

and SHER-I/pCIneo. In contrast, the hTERT transcript was

only detected in SHER-I/hTERT (Fig. 4A). Consequently, TA

was only induced in SHER-I/hTERT (29.5% of HEK293)

(Fig. 4B), which was associated with continuous growth up

to PDL 100 so far (Fig. 4C). Similar results were obtained for

all other MTC cell strains transfected. In contrast to the cell

strains that spontaneously induced TA, ectopic expression
of hTERT did not induce, but rather reduced c-myc expression

level, similar to mad1 expression (Fig. 4D). These data might

suggest that activation of c-myc has been responsible for

the spontaneous induction of TA in our MTC cell strains.

Additionally, analysis of the cellular karyotype of hTERT

transfected cells and the corresponding pre-crisis and post-

crisis cells revealed a higher karyotypic stability after expres-

sion of hTERT: whereas pre-crisis SHER-I at PDL 19 presented

a normal karyotype [46, XY] with a fraction (35%) of tetraploid

cells, spontaneously immortalised SHER-I (PDL 145) were

aneuploid harbouring chromosomal rearrangements [44,X,

-Y,der(6)t(6;Y)(p23;q11),-8,der(12)t(8;12)(q12;p11)] with 70% of

the cells having undergone endoreduplication of the aneu-

ploid tumour cell genome. Analysis of SHER-I/hTERT, at

similar PDL as the spontaneously immortalised counterpart,



Fig. 3 – By spontaneous reactivation of telomerase, MTC cells escape the observed growth arrest and turn into continuously

growing cell lines with changed phenotype. (A) Growth curves and telomerase activity of spontaneously immortalised GRS V,

SINJ and GSJO were monitored continuously. (B) The morphology of SINJ and BOJO cells pre-crisis and post-crisis was

monitored using phase contrast microscopy. (C) Expression levels of c-myc (upper panel) and mad1 (lower panel) in GSJO,

RARE, BOJO, SINJ, MTC-SK were determined using quantitative real-time PCR. Cells were analysed before (left bars) and after

(right bars) reactivation of telomerase. Values were normalised to two housekeeping genes GAPD and ACTB as well as to the

expression levels of SHER-I (PDL 22) as an internal standard (expression of SHER-I was arbitrarily set to 1). The cells were

analysed at the indicated PDs. Error bars indicate standard deviations of three measurements.
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revealed a perfectly normal diploid karyotype, which was

reproduced in another independent experiment.

3.5. Treatment of MTC cells with MST-312 reduces
the number of PDs reached

In order to test whether the observed low TA influences the

progression of human MTC, we investigated the cellular

behaviour of pre-crisis MTC cells after prolonged growth

in the presence of the telomerase inhibitor MST-312. It

has been shown that cultivation of various human tumour
cell lines in the presence of non-toxic concentrations of

MST-312 leads to telomere shortening and the induction

of cellular growth arrest.39,40 A short term experiment over

a period of 7 days revealed that the highest MST-312

concentration that had no toxic effect on MTC cells was

150 nM (Fig. 5A), which was used in all subsequent experi-

ments. Additionally, no difference in growth characteristics

between spontaneously immortalised MTC-SK, GRS V and

GSJO treated with MST-312 and the corresponding control

cells could be detected over at least 60 PDs (Fig. 5B), further

demonstrating no acute cytotoxicity of the telomerase



Fig. 4 – Ectopic expression of hTERT induces cell immortalisation. (A) The expression of neoR and hTERT was determined

using reverse transcription PCR after transfection with hTERT and a vector control. (B) Telomerase activity was analysed

using real-time TRAP assay. (C) Growth curve of hTERT transfected cells and the corresponding vector control line are shown.

(D) c-myc (left panel) and mad1 (right panel) expression levels in SHER-I before and after hTERT introduction was determined

using quantitative real-time PCR. Values were normalised to two housekeeping genes GAPD and ACTB as well as to the

expression levels of SHER-I (PDL 22) as an internal standard (expression of SHER-I was arbitrarily set to 1).
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inhibitor. However, when cultivating mortal MTC-SK cells

with MST-312, a significant reduction of the growth rate

was observed as cells approach crisis period (Fig. 5C).

In order to test whether this growth retardation can be

attributed to an accelerated telomere shortening rate, we

analysed telomere lengths of treated and untreated cells

at the indicated time points. As shown in Fig. 5D, cells

propagated in MST-312 containing medium were character-

ised by significantly (p < 0.01) shorter telomeres after 41

days, when compared to untreated cells. However, similar

telomere lengths were observed at the end of the cellular

life spans.

4. Discussion

Telomerase has been shown to play an essential role in the

development and progression of human cancer. In the case

of human MTC, data on the role of telomerase are rare and

somehow controversial. Qualitative studies on tumour sam-

ples detected TA in only six out of eleven MTCs.18–25 Addi-

tionally, Bockhorn and colleagues quantified TA in six

MTCs ranking from 5% – 20% of HEK293, with five of them

at the lower boundary.26 Since in vitro propagated tumour

cell lines have the potential to contribute essentially to

our understanding of the role of neoplastic transformation,

we here made use of eight previously established, well char-

acterised MTC cell strains in order to get a deeper under-
standing of MTC development and the involvement of

telomerase.

The results obtained showed that all but one MTC cell

strains analysed so far were characterised by low TA. Thus,

there seems to exist a general trend that within the thyroid

the number of carcinomas with low to undetectable TA is

extraordinarily high, supporting the idea that high TA is not

important for the tumourigenesis of MTC. This is in contrast

to the data obtained in other carcinomas, where high TA has

been correlated with malignant transformation. Determina-

tion of TA and telomere lengths in normal and tumour thy-

roid tissues as well as primary cell cultures other than MTC

have given similar results,14 further indicating that telomere

maintenance is not a prerequisite for the progression of thy-

roid cancer. It has been shown previously that transformation

of human cells is possible in the absence of a telomere main-

tenance mechanism and that these cells reached crisis.41

Thus, the original tumour source of our MTC cell strains could

have been characterised by low TA as well and recently,

similar results have been described for human squamous cell

carcinomas42: cell lines from tumours that showed character-

istics of crisis in vivo lacked significant TA and senesced

in vitro, which could be prevented by ectopic expression of

hTERT. Thus, these cells must have gained mechanisms to

prevent the induction of senescence or apoptosis due to crit-

ically short telomeres. Indeed, abrogation of tumour suppres-

sor protein function such as p53 and pRb43,44 as well as



Fig. 5 – Propagation of MTC cells in the presence of MST-312 telomerase inhibitor reduces the numbers of PDs reached. (A)

Pre-crisis MTC-SK (PDL 38) was cultivated for 7 days with different concentrations of MST-312 and cell numbers were

determined. (B) Growth curves of spontaneously immortalised and (C) mortal MTC-SK cells treated with 150 nM MST-312 and

the untreated control cells are shown. Viability (V) was determined by trypan blue-staining. (D) Telomere lengths of MST-312

treated and untreated mortal MTC-SK cells after day 41 and 90 were determined using flow FISH.
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frequent expression of the anti-apoptotic protein bcl-245 have

been described in the case of MTC. These data could explain

why the apoptotic rate is particularly low in MTC,46,47 which

might also contribute to the fact that these carcinomas reach

a clinically significant size without the necessity to activate a

telomere-stabilising mechanism.

Interestingly, the MTC cell strains analysed here displayed

significantly higher levels of TA when compared to normal

human diploid cells. Moreover, cultivation of the cells in the

presence of the telomerase inhibitor MST-312 significantly

influences the number of PDs reached. This might indicate that

even a low TA shifts the balance of telomere erosion/elongation

slightly to the elongation side resulting in more pre-crisis cells,

without, however, being sufficient to fully immortalise the

cells. On the other hand, we cannot exclude that the low TA

could also exert a protective role against cell death as described

previously48 or stabilise the karyotype.47 These data are also in

accordance with our observation that ectopic expression of

hTERT protects the original cellular phenotype. Furthermore,

in contrast to cells that had spontaneously bypassed crisis,

no reactivation of the proto-oncogene c-myc was observed.

Thus, we hypothesise that spontaneous reactivation of TA

might be due to induction of c-myc as described before.49

In summary, these data suggest that interfering with telo-

merase in tumour cells with low TA might help reduce the
number of cell divisions that single tumour cells can undergo

and thus limit the size of tumours, which in turn could lower

the risk for further spontaneous mutations. Therefore, reduc-

ing TA might be a valuable supportive treatment strategy in

anti-tumour therapies.

Conflict of interest statement

None declared.
Acknowledgement

This work was supported by Polymun Scientific and the Aus-

trian Science Fund (NRN S93-06). Guido Stadler was a fellow

of the Austrian Academy of Science.
R E F E R E N C E S
1. Hayflick L, Moorhead PS. The serial cultivation of human
diploid cell strains. Exp Cell Res 1961;25:585–621.

2. Olovnikov AM. A theory of marginotomy. The incomplete
copying of template margin in enzymic synthesis of



874 E U R O P E A N J O U R N A L O F C A N C E R 4 4 ( 2 0 0 8 ) 8 6 6 – 8 7 5
polynucleotides and biological significance of the
phenomenon. J Theor Biol 1973;41:181–90.

3. d’Adda di Fagagna F, Reaper PM, Clay-Farrace L, et al. A
DNA damage checkpoint response in telomere-initiated
senescence. Nature 2003;426:194–8.
Epub 2003 Nov 5.

4. Greider CW, Blackburn EH. Identification of a specific telomere
terminal transferase activity in Tetrahymena extracts. Cell
1985;43:405–13.

5. Hiyama E, Hiyama K. Telomerase as tumor marker. Cancer Lett
2003;194:221–33.

6. Bryan TM, Englezou A, Gupta J, Bacchetti S, Reddel RR.
Telomere elongation in immortal human cells without
detectable telomerase activity. Embo J 1995;14:
4240–8.

7. Reddel RR. Alternative lengthening of telomeres, telomerase,
and cancer. Cancer Lett 2003;194:155–62.

8. Brachner A, Sasgary S, Pirker C, et al. Telomerase- and
alternative telomere lengthening-independent telomere
stabilization in a metastasis-derived human non-small cell
lung cancer cell line: effect of ectopic hTERT. Cancer Res
2006;66:3584–92.

9. Cerone MA, Autexier C, Londono-Vallejo JA, Bacchetti S.
A human cell line that maintains telomeres in the
absence of telomerase and of key markers of ALT.
Oncogene 2005.

10. Cerone MA, Londono-Vallejo JA, Bacchetti S. Telomere
maintenance by telomerase and by recombination can
coexist in human cells. Hum Mol Genet 2001;10:
1945–52.

11. Fasching CL, Bower K, Reddel RR. Telomerase-independent
telomere length maintenance in the absence of alternative
lengthening of telomeres-associated promyelocytic leukemia
bodies. Cancer Res 2005;65:2722–9.

12. Perrem K, Colgin LM, Neumann AA, Yeager TR, Reddel RR.
Coexistence of alternative lengthening of telomeres and
telomerase in hTERT-transfected GM847 cells. Mol Cell Biol
2001;21:3862–75.

13. Johnson JE, Varkonyi RJ, Schwalm J, et al. Multiple
mechanisms of telomere maintenance exist in liposarcomas.
Clin Cancer Res 2005;11:5347–55.

14. Matthews P, Jones CJ, Skinner J, Haughton M, de Micco C,
Wynford-Thomas D. Telomerase activity and telomere length
in thyroid neoplasia: biological and clinical implications. J
Pathol 2001;194:183–93.

15. Pfragner R, Hofler H, Behmel A, Ingolic E, Walser V.
Establishment and characterization of continuous cell line
MTC-SK derived from a human medullary thyroid carcinoma.
Cancer Res 1990;50:4160–6.

16. Pfragner R, Wirnsberger G, Behmel A, et al. New continuous
cell line from human medullary thyroid carcinoma: SINJ.
Phenotypic analysis and in vivo carcinogenesis. Int J Oncol
1993;2:831–6.

17. Pfragner R, Wirnsberger GH, Ingolic E, Niederle B. Medullary
thyroid carcinomas in cell culture–models for future
therapies. Wien Klin Wochenschr 2002;114:279–83.

18. Lerma E, Mora J. Telomerase activity in ‘‘suspicious’’ thyroid
cytology. Cancer 2005;15:15.

19. Mora J, Lerma E. Telomerase activity in thyroid fine needle
aspirates. Acta Cytol 2004;48:818–24.

20. Suzuki S, Fukushima T, Ami H, Onogi H, Nakamura I,
Takenoshita S. New attempt of preoperative differential
diagnosis of thyroid neoplasms by telomerase activity
measurement. Oncol Rep 2002;9:539–44.

21. Kammori M, Takubo K, Nakamura K, et al. Telomerase
activity and telomere length in benign and malignant human
thyroid tissues. Cancer Lett 2000;159:175–81.
22. Lo CY, Lam KY, Chan KT, Luk JM. Telomerase activity in
thyroid malignancy. Thyroid 1999;9:1215–20.

23. Aogi K, Kitahara K, Urquidi V, Tarin D, Goodison S.
Comparison of telomerase and CD44 expression as diagnostic
tumor markers in lesions of the thyroid. Clin Cancer Res
1999;5:2790–7.

24. Haugen BR, Nawaz S, Markham N, et al. Telomerase activity
in benign and malignant thyroid tumors. Thyroid
1997;7:337–42.

25. Yashima K, Vuitch F, Gazdar AF, Fahey 3rd TJ. Telomerase
activity in benign and malignant thyroid diseases. Surgery
1997;122:1141–5. discussion 1145–6.

26. Bockhorn M, Frilling A, Clauer U, Hertl M, Broelsch CE.
Telomerase activity in neuroendocrine tumors. Int J Surg
Investig 2000;2:219–25.

27. Stadler G, Wieser M, Steindl F, et al. Development of
standardized cell culture conditions for tumor cells with
potential clinical application. Cytotherapy 2007;9:
488–98.

28. Lee HW, Blasco MA, Gottlieb GJ Horner JW, Greider CW,
DePinho RA. Essential role of mouse telomerase in highly
proliferative organs. Nature 1998;392:569–74.

29. Voglauer R, Grillari J, Fortschegger K, et al. Establishment of
human fibroma cell lines from a MEN1 patient by
introduction of either hTERT or SV40 early region. Int J Oncol
2005;26:961–70.

30. Voglauer R, Chang MW, Dampier B, et al. SNEV
overexpression extends the life span of human endothelial
cells. Exp Cell Res 2006;312:746–59.

31. Maser RS, DePinho RA. Connecting chromosomes, crisis, and
cancer. Science 2002;297:565–9.

32. Shay JW, Wright WE. Quantitation of the frequency of
immortalization of normal human diploid fibroblasts by
SV40 large T-antigen. Exp Cell Res 1989;184:
109–18.

33. Vaziri H, Benchimol S. From telomere loss to p53 induction
and activation of a DNA-damage pathway at senescence: the
telomere loss/DNA damage model of cell aging. Exp Gerontol
1996;31:295–301.

34. Rubelj I, Pereira-Smith OM. SV40-transformed human cells in
crisis exhibit changes that occur in normal cellular
senescence. Exp Cell Res 1994;211:82–9.

35. Halvorsen TL, Leibowitz G, Levine F. Telomerase activity is
sufficient to allow transformed cells to escape from crisis. Mol
Cell Biol 1999;19:1864–70.

36. Shay JW, Van Der Haegen BA, Ying Y, Wright WE. The
frequency of immortalization of human fibroblasts and
mammary epithelial cells transfected with SV40 large
T-antigen. Exp Cell Res 1993;209:45–52.

37. Herbert BS, Wright AC, Passons CM, et al. Effects of
chemopreventive and antitelomerase agents on the
spontaneous immortalization of breast epithelial cells. J Natl
Cancer Inst 2001;93:39–45.

38. Pelengaris S, Khan M, Evan G. c-MYC: more than just a matter
of life and death. Nat Rev Cancer 2002;2:764–76.

39. Seimiya H, Oh-hara T, Suzuki T, et al. Telomere shortening
and growth inhibition of human cancer cells by novel
synthetic telomerase inhibitors MST-312, MST-295, and MST-
1991. Mol Cancer Ther 2002;1:657–65.

40. Seimiya H, Muramatsu Y, Ohishi T, Tsuruo T. Tankyrase 1 as a
target for telomere-directed molecular cancer therapeutics.
Cancer Cell 2005;7:25–37.

41. Seger YR, Garcia-Cao M, Piccinin S, et al. Transformation of
normal human cells in the absence of telomerase activation.
Cancer Cell 2002;2:401–13.

42. Gordon KE, Ireland H, Roberts M, et al. High levels of telomere
dysfunction bestow a selective disadvantage during the



E U R O P E A N J O U R N A L O F C A N C E R 4 4 ( 2 0 0 8 ) 8 6 6 – 8 7 5 875
progression of human oral squamous cell carcinoma. Cancer
Res 2003;63:458–67.

43. Holm R, Nesland JM. Retinoblastoma and p53 tumour
suppressor gene protein expression in carcinomas of the
thyroid gland. J Pathol 1994;172:267–72.

44. Coxon AB, Ward JM, Geradts J, Otterson GA, Zajac-Kaye M,
Kaye FJ. RET cooperates with RB/p53 inactivation in a somatic
multi-step model for murine thyroid cancer. Oncogene
1998;17:1625–8.

45. Wang DG, Liu WH, Johnston CF, Sloan JM, Buchanan KD. Bcl-2
and c-Myc, but not bax and p53, are expressed during human
medullary thyroid tumorigenesis. Am J Pathol
1998;152:1407–13.
46. Yoshida A, Nakamura Y, Imada T, Asaga T, Shimizu A, Harada
M. Apoptosis and proliferative activity in thyroid tumors. Surg
Today 1999;29:204–8.

47. Sharma GG, Gupta A, Wang H, et al. hTERT associates with
human telomeres and enhances genomic stability and DNA
repair. Oncogene 2003;22:131–46.

48. Lu C, Fu W, Mattson MP. Telomerase protects developing
neurons against DNA damage-induced cell death. Brain Res
Dev Brain Res 2001;131:167–71.

49. Wu KJ, Grandori C, Amacker M, et al. Direct activation
of TERT transcription by c-MYC. Nat Genet 1999;21:220–4.


	Low telomerase activity: Possible role in the progression of human medullary thyroid carcinoma
	Introduction
	Materials and methods
	Cells and culture conditions
	Introduction of hTERT into MTC cells
	Determination of telomerase activity andtelomere lengths
	Qualitative and quantitative reversetranscription PCR
	Determination of cell proliferation
	Apoptosis assay (Annexin-V-FITC/PI staining)
	Western blot analysis

	Results
	Human MTC cells show low TA which isassociated with progressive telomere erosion
	MTC cells enter a crisis phase
	Spontaneous immortalisation of MTC cells isassociated with induction of TA and changes of the cellularphenotype
	Ectopic expression of hTERT induces immortalisation
	Treatment of MTC cells with MST-312 reducesthe number of PDs reached

	Discussion
	Conflict of interest statement
	Acknowledgement
	References


