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Summary. Background: Osteosarcoma (OS) is the most common malignant bone tumor in children and ado-
lescents. Mechanisms of telomere maintenance (TMM) are central features of the tumor cells to maintaining 
their proliferative capacity. Aim: In this study, we investigated the expression of TERT (telomerase reverse 
transcriptase) alternative splicing (AS) variants, TERC (telomerase RNA component), TERF1 (telomeric 
repeat binding factor 1) and TERF2 (telomeric repeat binding factor 2) and quantified telomerase enzyme 
activity in samples of OS, correlating with clinical and pathological aspects. Methods: A total of 70 fragments 
of OS tumor samples and 10 normal bone samples (NB) were used for the analysis of gene expression by 
nested RT-PCR (reverse transcriptase-polymerase chain reaction) and qPCR (quantitative real time PCR). 
For the quantification of telomerase by TRAP assay we used 20 OS samples and two NB samples. Results: We 
observed the expression of TERT in 44% of the tumors and full length (FL) isoform in only 4%. TERF2 ex-
pression levels were higher in PRECH (pre-chemotherapy) samples than in POSTCH (post-chemotherapy) 
(p=0.0468). POSTCH samples from patients without relapse showed lower levels of expression of TERF2 
(p=0.0167). Conclusions: Despite the high expression of TERC, the low prevalence of isoform FL suggested 
that telomerase may not be the main TMM in OS. Recent studies have correlated TERF2 overexpression 
to different mechanisms of resistance to chemotherapeutic drugs. Low levels of TERF2 gene expression, in 
POSTCH samples from patients with no relapse of disease suggest a correlation with a better response to 
treatment. 
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Introduction

Osteosarcoma (OS) is the most common primary 
bone tumor in children and young adults (1). The pres-
ence of metastasis at diagnosis is a prognostic factor, 
with a strong impact on the overall survival of these 
patients. Patients without metastasis at diagnosis have 

a 5-year overall survival rate of 70%, whereas overall 
survival falls to 32% in patients with metastasis at di-
agnosis (2). For patients with OS, the use of chemo-
therapy has improved survival from 11% with surgical 
resection alone in the 1960s, to 70% by the mid-1980s. 
However, survival has since plateaued, despite advanc-
es in anticancer therapy (3). 
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Clinical trials that attempted to improve outcome 
through intensification of therapy or incorporation of 
new agents have not been widely successful. Therefore, 
increasing focus has been placed in achieving a greater 
understanding of basic aspects of OS biology to im-
prove the treatment and overall survival of the patients 
(3). Among the biological aspects of OS investigated, 
the telomere biology has been pointed as a potential 
source of the instability typical of OS, in addition to 
reducing the likelihood of favorable outcome in pa-
tients with the disease (4-9). 

Telomeres constitute the ends of eukaryotic chro-
mosomes and are composed of 1000 to 2000 tandem 
repeats of the hexanucleotide sequence TTAGGG. 
They progressively shorten in somatic cells during each 
cell cycle until apoptosis or cell cycle arrest is triggered 
(10). The stabilization of telomere length plays an im-
portant role in tumorigenesis and the maintenance of 
telomeres is a prerequisite for malignant tumors to 
preserve their ability to proliferate (11). Cancer cells 
commonly maintain telomere length by strictly regu-
lating telomerase expression and/or catalytic activity. 
An alternative mechanism consists of lengthening tel-
omeres by recombination-mediated DNA replication, 
although the latter mechanism is more prevalent in 
tumors arising from mesenchymal tissues than in epi-
thelial tumors (12, 13). 

Human telomerase consists of a ribonucleopro-
tein containing a protein catalytic subunit, TERT 
(telomerase reverse transcriptase), and an RNA com-
ponent, TERC (telomerase RNA component) (14). 
TERT gene contains 16 exons can be spliced into 
multiple isoforms (15). To date, 22 isoforms of TERT 
transcripts have been identified (16-18) which can the-
oretically produce multiple tissue-and disease-specific 
alternative transcripts (18, 19). Besides FL (full-length) 
transcript, with all 16 exons, none of the identified AS 
(alternative splicing) variants has reverse transcriptase 
activity and they cannot elongate telomeres (20, 21). 
The alternatively spliced variants within the reverse 
transcriptase domain of TERT include inhibitory α- 
(alpha deletion), β- (nonfunctional beta deletion), or 
α-β- (both alpha beta deletions) patterns (20-22).

More recently, a host of six telomere binding 
proteins denominated shelterin, were described criti-
cal for assuring that telomeres do not trigger a DDR 

(DNA-damage response), since an unfolded telomere 
could be sensed as a double strand DNA break (23). 

Two of the shelterin components, TERF1 (telom-
eric repeat binding factor 1) and TERF2 (telomeric 
repeat binding factor 2), are necessary for the proper 
formation of the cap structure. Both proteins contain 
DNA-binding domains and TERF2 has emerged as 
a major protective factor at chromosome ends. A cell, 
in response to loss or inactivation of TERF2, typically 
undergoes rapid senescence or death (24, 25).

Although several investigations have been made 
of telomerase activity and/or expression in osteosarco-
ma (4-8), no studies have identified TERT alternative 
splicing mRNA expression in OS, as well as the quan-
tification of the expression of TERF1 and TERF2 
mRNAs in these tumors. Thus, we here aim to inves-
tigate whether or not these events could be associated 
to OS. Additionally, we quantified the expression of 
TERC mRNA and investigated the telomerase activity 
by TRAP assay.

Material and methods

For study of gene expression, we selected 70 
fresh-frozen OS samples from 30 patients (30 pre-
chemotherapy specimens - PRECH, 30 post-chem-
otherapy specimens - POSTCH, and 10 postch-
emotherapy metastasis specimens - META). For the 
analysis of telomerase activity we selected a subgroup 
of 23 OS samples (9 PRECH specimens, 8 POSTCH 
specimens, and 6 META specimens). All samples used 
in this study were obtained from patients treated at 
Pediatric Oncology Institute/Grupo de Apoio ao Ad-
olescente e a Criança com Câncer - Federal University 
of São Paulo (IOP/GRAACC-UNIFESP). This was 
a retrospective study of samples collected sequentially 
between 2002 and 2008. Ten healthy bone samples 
(NB) were used as controls. These samples were ob-
tained from healthy individuals without genetic and/or 
musculoskeletal diseases who underwent orthopedic 
surgery due to trauma. Samples from each OS tumor 
and healthy bone were collected after informed con-
sent was signed by patients/guardians according to the 
university’s institutional review board (IRB/Federal 
University of São Paulo nº 0050). 
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Diagnostic Staging and Treatment

All patients with high-grade OS of the extremities 
(metastatic and non-metastatic) were prospectively en-
rolled onto Brazilian Osteosarcoma Treatment Group 
study IV (2). In study IV, patients received carboplatin 
(500 mg/m2 intravenous infusion on day 1 of weeks 0, 
3, 6, 17, and 26) and cisplatin (100 mg/m2 intravenous 
infusion on day 1 of weeks 0, 3, 6, 11, and 20). Dox-
orubicin was administered either at a dose of 30 mg/
m2 in short-term intravenous infusion on days 1 and 
2 of weeks 0, 3, 6, 14, 17, and 23 in the initial phase 
of the study or at a dose of 35 mg/m2, following the 
same schedule administered in a previous group with 
dexrazoxane. Intravenous infusion of ifosfamide at 3 g/
m2 and mesna, as described (2), were added on days 1, 
2, and 3 and on weeks 11, 14, 20, and 26, respectively. 
The orthopedics team in collaboration with the pedi-
atric oncology team determined the appropriate surgi-
cal procedure for each patient. Nonconventional endo-
prothesis, resection of expendable bones, plaques, and 
bone graft fixation (autograph or bone bank) were used. 
Whenever possible, all pulmonary metastases were sur-
gically removed, after resection of the primary tumor.

RNA extraction and cDNA synthesis

Total RNA was extracted using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. DNase treatment was 
used to remove genomic contamination using de-
oxyribonuclease I Amplification Grade (Invitrogen). 
First-strand cDNA synthesis was catalyzed with Su-
perScript® III First-Strand Synthesis System (Inv-
itrogen), from 1 µg of RNA template, following the 
manufacturer’s instructions. 

RT-PCR and nested PCR (reverse transcriptase-poly-
merase chain reaction)

TERT alternative splicing variants were ampli-
fied by nested PCR using primers designed accord-
ing to GenBank using Primer accession n°AF015950, 
based in previously published protocol (26). The first 
round of amplification spanned a region that in-
cluded α- and β- deletion sites with forward primer 5’ 

GCTGCTCAGGTCTTTCTTTTAT 3’ and reverse 
primer 5’ GGAGGATCTTGTAGATGTTGGT 3’. 
PCR was performed in 25 µL of reaction mixture us-
ing 1 µL of cDNA and 1U GoTaq polymerase (Pro-
mega, Madison, WI, USA) by incubation at 94°C for 
2 minutes, followed by 25 amplification cycles of 94°C 
for 30 seconds, 54°C for 30 seconds, and 72°C for 90 
seconds, and a final extension at 72°C for 5 minutes. 
This second round of PCR was carried out with 1 µL 
of the first-round PCR product, nested primer set and 
Taq. The nested primer set for TERT patterns, for-
ward 5’CCGCCTGAGCTGTACTTTGTC3’ and 
reverse 5’CAGAGCAGCGTGGAGAGGAT 3’, pro-
duced four possible products, FL (418 bp), α-β+ (382 
bp), α+β- (236 bp), and α-β- (200 bp), respectively. This 
round was performed by incubation at 94°C for 2 min-
utes, followed by 35 amplification cycles of 94°C for 20 
seconds, 59°C for 20 seconds, and 72°C for 30 seconds, 
and a final extension at 72°C for 2 minutes. Ampli-
fied products were electrophoresed on 2% agarose gel, 
stained with Gel Red (Biotium, Hayward, CA, USA), 
for size products identification.

Quantitative Real-Time Polymerase Chain Reaction 
(qPCR)

We used qPCR methodology to TERF1, TERF2 
and TERC gene expression quantification. Oligonu-
cleotides for TERF1, TERF2, TERC, and ACTB (β 
actin) were chosen using Primer Express (3.0) Soft-
ware from Applied Biosystems (Foster City, CA), tak-
ing care that the forward and reverse sequences were 
in different exons. We conducted in NCBI a BLAST 
(Basic Local Alignment Search Tool) search to confirm 
the total gene specificity of the nucleotide sequences 
chosen for primers. Thermal cycling comprised initial 
steps at 50°C for 2 min and at 95°C for 10 min, fol-
lowed by 40 cycles at 95°C for 15 s and at 60°C for 
1 min. A standard curve was constructed with serial 
dilutions of a mix of a few samples. The cDNA was 
amplified and quantified using a Sequence Detection 
System SDS 7500. To exclude variations arising from 
different inputs of total mRNA to the reaction, data 
on TERF1, TERF2 and TERC were normalized to an 
internal housekeeping gene, ACTB. All reactions for 
standard (NB samples) and for patient samples were 
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performed in triplicate. Relative expression levels were 
calculated according to comparative CT method (2-∆∆C

T) 
(27). The results obtained from relative expression lev-
els were log transformed (log 2) and used for statistical 
analysis.

Quantification of telomerase activity

For detection of telomerase activity was used a 
photometric enzyme immunoassay using the telo-
meric repeat amplification protocol, TeloTAGGG 
Telomerase PCR ELISA (Roche Diagnostics, Man-
nheim, Germany). The test was performed according 
to the manufacturer’s instructions. Briefly, it was used 
10 µg of cell extract of each sample and ELISA was 
analyzed within 30 minutes after the addition of stop 
reagent, with a photometer MikroWin 2000 (Mik-
rotek Laborsysteme GmbH, NRW, Germany) at 450 
nm and a 690 nm reference wavelength. As negative 
control were used samples with telomerase enzyme 
inactivated and the control was template supplied by 
kit. All measurements were performed twice to ensure 
reliability of the test. 

Statistical analyses

Data analysis was performed using GraphPad 
Prism software, version 4 (San Diego, CA). Clinical 
and pathological variables that correlated with gene 
expression were: age at diagnosis, gender, primary site, 
presence of metastasis at diagnosis, presence of relapse, 
status in the end of treatment, histological OS subtype 
and necrosis grade after chemotherapy (Huvos grade). 
Variables were tested for normality of distribution 
with Kolmogorov–Smirnov test. Overall survival was 
defined as the time from diagnosis until the date of 
either the last follow-up or death. For the event free 
survival analysis, the duration was defined as the time 
from diagnosis until the occurrence of metastasis or 
local relapse. Overall survival and event-free survival 
curves were generated by applying Kaplan–Meier 
method, and were then compared by log rank test. 
Comparisons between the median of the gene expres-
sion profile of the tumor samples and normal bone 
controls were evaluated using Wilcoxon Signed Rank 
test. Continuous data (gene expression levels) were 

evaluated and compared using nonparametric tests: 
Mann-Whitney, Wilcoxon, Kruskal-Wallis, correla-
tion coefficient, Spearman, and Friedman. Categori-
cal data (gender, histological OS subtype, primary site, 
presence of metastasis at diagnosis, and necrosis grade 
after chemotherapy) were studied using chi-square or 
Fisher exact tests. The analysis for high expression and 
low expression of each group of samples (prechemo-
therapy, postchemotherapy, and metastasis specimens) 
used the median relative quantification value of the 10 
samples of healthy bones (NB) as the normal refer-
ence. Statistical significance was taken as p<0.05.

Results

A summary of the clinical and pathological char-
acteristics is detailed in table 1. The clinical and path-
ological parameters analyzed were age at diagnosis, 
sex, presence of metastasis at diagnosis, Huvos grade, 
site of the primary tumor, status in the end of treat-
ment and histological type. We identified the most 
frequent TERT AS variant and performed qPCR to 
quantify messenger mRNA levels of TERF1, TERF2 
and TERC genes in 30 PRECH, 30 POSTCH, and 
10 META specimens from 30 patients with OS. Ad-
ditionally, we investigated the telomerase activity in a 
subset of 23 OS specimens from 9/30 patients.

TERT AS variants and FL patterns in OS tumors 

TERT gene expression was detected in 31 of the 
70 (44%) tumors. In total, only 3/70 (4%) of samples 
exhibited exclusively FL pattern. The presence of in-
hibitory α- deletion, nonfunctional β-, and α-β-deletion 
variants were detected in 28/70 (40%) and 39/70 
(56%) did not show any of the patterns. Represent-
ative gels are shown in figure 1. TERT AS variants 
and FL patterns present in OS and control samples 
are demonstrated in table 2 and supplementary data. 
The presence of full-length TERT gene expression was 
observed in PRECH (7%) and META (10%) groups 
and not in POSTCH group. Half of NB specimens 
expressed TERT patterns with deletions and the other 
half did not express TERT mRNA. No NB exhibited 
a full-length pattern.

05-oliveira.indd   230 20/02/17   15:21



TERT AS variants and TERF2 expression in OS 231

TERF1 mRNA expression in osteosarcoma patients

Of the 70 tumors analyzed, 64 (81%) showed 
high expression of TERF1 compared to NB (p<0.05). 
A comparison of TERF1 expression levels in PRECH 
versus POSTCH or metastatic samples showed no sig-
nificant differences (p>0.05 and p> 0.05, respectively) 
(figure 2). TERF1 overexpression or downregulation 
did not correlate with any of clinical and pathological 
parameters and survival.

TERF2 mRNA expression in osteosarcoma patients

TERF2 gene was overexpressed in 42 (60%) of 
70 tumor specimens compared to NB (p<0.001) (fig-
ure 2). A comparison of TERF2 expression levels in 
PRECH and POSTCH specimens showed significant 
differences. TERF2 expression was significantly lower 
in POSTCH group (p=0.0468) (figure 3a). Addition-
ally, TERF2 downregulation was also associated in 
POSTCH specimens from patients with no relapse or 
disease progression (p=0.0167) (figure 3b).

TERC mRNA expression in osteosarcoma patients

Forty-seven (68%) of 70 tumor samples overex-
pressed TERC compared to controls (p<0.05) (fig-
ure 2). A comparison of TERC expression levels in 
PRECH versus POSTCH or metastatic samples 
showed no significant differences (p>0.05 and p>0.05, 
respectively). TERC overexpression or downregulation 
did not correlate with any of clinical and pathological 
parameters and survival.

Table 1. Clinical and pathological characteristics of Osteosar-
coma patients.

Parameters Classes N (%)

Gender Male 19 (37)
 Female 11 (63)

Age (years) <10  2 (7)
 ≥10≤20 25 (83)
 >20   3 (10)

Metastasis at diagnosis Yes 15 (50)
 No 15 (50)

Primary Tumor Femur 16 (53)
 Tibia   8 (27)
 Humerus   4 (13)
 Fibula 2 (7)

Relapse Yes   7 (23)
 No 21 (70)
 Progression 2 (7)

Surgery Conservative 22 (73)
 Amputation   7 (24)
 Treatment drop out   1 (3)

Final treatment status Treatment drop out   2 (7)
 Disease progression   4 (13)
 Complete Remission 24 (80)

Last contact status Stable disease 1 (3)
 Death 10 (34)
 Complete Remission 18 (60)
 Treatment of relapse 1 (3)

Tumor necrosis ≤ 90% 17 (57)
 > 90% 10 (33)
 Uninformed   3 (10)

Histology Chondroblastic   5 (17)
 Osteoblastic   9 (30)
 Others 16 (53)

Figure 1. Gel demonstrating TERT AS variants and FL patterns present in representative OS specimens.
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Telomerase enzyme activity

We tested a subset of 23 OS specimens and two 
normal bone control for functional telomerase activity. 
The tumors did not show significantly difference me-
dian of telomerase enzyme activity levels compared to 
NB controls (p=0.5743). No TERT AS variants and 
FL patterns were significantly associated with differ-
ent levels of telomerase enzyme activity (p=0.3942). 
Furthermore the telomerase enzyme activity levels 
were not significantly different between PRECH, 
POSTCH and META groups (p=0.1553). However, 

a paired analysis of 9 PRECH and POSTCH sam-
ples, demonstrated that the telomerase enzyme activ-
ity levels were significantly higher in PRECH group 
(p=0.0078) (figure 4).

Discussion

Numerous studies in the past two decades have 
revealed that alterations in TMM (Telomere Main-
tenance Mechanisms) are among the most important 
mechanisms in carcinogenesis and tumor progression 

Figure 2. TERF1, TERF2 and TERC gene expression profiles in OS and normal bone samples.

Figure 3. a) Comparison of TERF2 expression levels in PRECH and POSTCH specimens. b) TERF2 expression levels in PRECH 
and POSTCH specimens from patients with no relapse or disease progression

a) b)

05-oliveira.indd   232 20/02/17   15:21



TERT AS variants and TERF2 expression in OS 233

(15, 23, 26). In this study, we investigated the patterns 
of TERT AS variants and quantified the mRNA levels 
of TERF1, TERF2 and TERC genes in 70 OS sam-
ples divided into three groups: PRECH, POSTCH 
and META. Additionally, we measured telomerase ac-
tivity in a subgroup of OS samples. 

Our results demonstrated TERT mRNA expres-
sion in 44% of tumors. However, only 4% of these 
samples exhibited exclusively FL pattern, while 96% 
exhibited α-, β- and α-β- deletion variants or did not 
show any of the patterns (Table 2 and supplementary 
data). None AS variants and FL patterns were signifi-
cantly associated with levels of telomerase enzyme ac-
tivity. Previous studies have been demonstrating TERT 
expression in 32-44% of OS samples (4-8). However, 
neither of these studies investigated TERT AS variants 
and FL patterns. As FL pattern is the only associated 
with active telomerase enzyme, these results suggest 
that the prevalence of TMM by telomerase activity in 
OS could be lower than the studies have been reported. 

Additionally, the establishment of associations 
between TERT FL and AS variants and tumor clin-
ical-biological behavior becomes even more difficult 
because of evidence that telomerase has non-canonical 
functions that are unrelated to telomere lengthen-
ing. These in turn can be divided into the functions 
that still require the integrity of the catalytic site of 
TERT and/or TERC and the ones that do not (28). 
Among other functions, both enzymatically active 
and inactive, TERT modulates Wnt pathway in posi-
tive e negative telomerase cells, indicating that this 
extratelomeric function can be partially preserved in 
variants with deletion (28-31). Also, TERT protects 
normal and cancer cells from apoptosis independently 
of catalytic activity (32-34); so it is still unknown pre-
cisely the parts of TERT responsible for these effects 
and which specific variants retain these characteristics 

(17, 21, 28, 34, 35).
The regulation of telomerase activity is a complex 

process involving several steps, operating at both the 
transcriptional and post-transcriptional levels. The 
two principal mechanisms regulating telomerase ac-
tivity are the transcriptional regulation of TERT gene 
and alternative splicing of TERT transcripts (36). 
In this study we observed the expression of TERT 
spliced transcripts, but no significant association with 
telomerase activity levels in OS samples. Besides, the 
telomerase activity levels were significantly lower in 
POSTCH samples than in PRECH samples. The low 
telomerase activity levels post-chemotherapy and the 
difficulty of association with TERT spliced transcripts 
could be attributed to the effect of chemotherapy on 
the tissue, causing necrosis and inactivating the enzy-
matic activity. 

Figure 4. Comparison of telomerase enzyme activity levels in 
PRECH and POSTCH OS specimens.

Table 2. Distribution of TERT gene expression patterns in OS and NB controls specimens

Samples/TERT pattern FL* α-del/ β-del/ α-β-del** NE Total
 N (%) N (%) N (%) N

PRECH OS 2 (7%) 13 (43%) 15 (50%) 30
POSTCH OS 0   8 (27%) 22 (73%) 30
META OS   1 (10%)   7 (70%)   2 (20%) 10
TOTAL 3 (4%) 28 (40%) 39 (56%) 70
NB control 0   5 (50%)   5 (50%) 10

FL: full length, α-del: α-deletion, β-del: β-deletion, α-β-del: α-β-deletions, NE: No TERT expression. *Specimens carrying exclusively 
TERT FL pattern. **Specimens carrying TERT variants with deletion, including samples carrying both, FL and variants with dele-
tion patterns
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The use of different qualitative and quantitative 
methodologies to measure TERT mRNA and telom-
erase activity in studies make it difficult to directly 
compare interpretation of the results (21, 37, 38). 
Splicing variants of several proteins in tumor cells have 
been proposed as diagnostic or prognostic biomarkers 
and may provide potential drug targets. The prospec-
tive use of more sensitive and refined methodologies, 
such as digital PCR, could collaborate to identify and 
quantify more precisely the splicing of low-abundance 
TERT transcripts (15, 36-38).

TERF2 participates in t-loop formation and is 
essential for protecting telomeres from being repaired 
by nonhomologous end-joining and recognized as 
DNA damage by ATM (ATM serine/threonine ki-
nase) (39, 40). Functional inactivation of TERF2 re-
sults in a high frequency of end-to-end fusions, which 
arise from the inability of cells to distinguish natural 
telomeric ends from broken DNA. In addition to these 
fusions, cells without a protective telomere cap are also 
vulnerable to chromosomal rearrangements and ane-
uploidy (23-25). 

In telomeric sequences, the presence of one che-
late of cisplatin causes a marked decrease of TERF2 
affinity (41). Moreover, cisplatin inhibits the stimu-
lation of invasion that is caused by TERF2 through 
its deleterious effect on TERF2 binding to DNA and 
increases protein-independent invasion by destabi-
lizing the double helix. All these results suggest that 
platination of telomeric sequences by cisplatin in 
cancerous cells could impact on TERF2 binding and 
TERF2-mediated telomeric invasion and consequent-
ly could affect the integrity of telomeres (42-46). In 
our study we observed lower expression of TERF2 
gene in POSTCH OS samples than in PRECH sam-
ples (p=0.0468). As cisplatin is one of most important 
chemotherapeutic drug used in OS treatment, TERF2 
downregulation in POSTCH samples observed in our 
results could have been induced by chelation of cispla-
tin in telomeric DNA, since platination of telomeric 
DNA strongly decrease TERF2 affinity.

Currently, studies have demonstrated a possible 
role of TERF2 in mediating drug resistance of cancer 
cells. RNAi-mediated inhibition of TERF2 expression 
partially reversed the phenotype of multidrug-resistant 
variant SGC7901 gastric cancer cells (46). In our study 

we observed that, patients with absence of relapse or 
disease progression showed TERF2 gene expression 
levels significantly lower in POSTCH specimen tu-
mors (p=0.0167). Previous studies demonstrated that 
inhibition of TERF2 results in apoptosis mediated by 
p53 and ATM and the apoptosis was not due to fu-
sions of chromosome ends, but to activation of a DNA 
damage checkpoint (46-47). Thus, TERF2 downregu-
lation observed in this group of tumor cells could be 
activating ATM-dependent DDR and consequently 
trigger senescence/apoptosis signaling, contributing to 
the good response to treatment.

We would like to acknowledge the limitations of 
our study: no significant association between TERT 
AS variants and the clinical-pathological parameters 
and the absence of in vitro functional tests to support 
the role of TERF2 expression in response to treatment 
in OS. Despite this, our results strongly suggest, for 
the first time, the presence of TERT post transcrip-
tional mechanism in OS and a possible link between 
TERF2 expression, response to chemotherapy treat-
ment and OS sarcomatogenesis.  

References

1.  Meyers PA, Gorlick R. Osteosarcoma. Pediatr Clin North 
Am 1997; 44(4): 973-89. 

2.  Petrilli AS, de Camargo B, Filho VO, et al. Brazilian Osteo-
sarcoma Treatment Group Studies III and IV Results of the 
Brazilian Osteosarcoma Treatment Group Studies III and 
IV: prognostic factors and impact on survival. J Clin Oncol 
2006; 24(7): 1161-8.

3.  Chou AJ, Gorlick R. Chemotherapy resistance in osteosar-
coma: current challenges and future directions. Expert Rev 
Anticancer Ther 2006; 6(7): 1075-85. 

4.  Scheel C, Schaefer KL, Jauch A, et al. Alternative lengthen-
ing of telomeres is associated with chromosomal instability in 
osteosarcomas. Oncogene 2001; 20(29): 3835-44.

5.  Ulaner GA, Huang HY, Otero J, et al. Absence of a telomere 
maintenance mechanism as a favorable prognostic factor in 
patients with osteosarcoma. Cancer Res 2003; 63(8): 1759-
63.

6.  Ulaner GA, Hoffman AR, Otero J, et al. Divergent patterns of 
telomere maintenance mechanisms among human sarcomas: 
sharply contrasting prevalence of the alternative lengthening 
of telomeres mechanism in Ewing’s sarcomas and osteosarco-
mas. Genes Chromosomes Cancer 2004; 41(2): 155-62.

7.  Sanders RP, Drissi R, Billups CA, et al. Telomerase expres-
sion predicts unfavorable outcome in osteosarcoma. J Clin 
Oncol 2004; 22(18): 3790-7.

05-oliveira.indd   234 20/02/17   15:21



TERT AS variants and TERF2 expression in OS 235

  8.  Tabori U, Dome JS. Telomere biology of pediatric cancer. 
Cancer Investigation 2007; 25: 197-208.

  9.  Martin JW, Squire JA, Zielenska M. The genetics of osteo-
sarcoma. Sarcoma 2012; 2012: 627254. 

10.  Griffith JD, Comeau L, Rosenfield S, et al. Mammalian tel-
omeres end in a large duplex loop. Cell 1999; 97(4): 503-14.

11.  Salvati E, Leonetti C, Rizzo A, et al. Telomere length is 
related to alternative splice patterns of telomerase in thyroid 
tumors. J Clin Invest 2007; 117(11): 3236-47. 

12.  Wang Y, Meeker AK, Kowalski J, et al. Telomere length is 
related to alternative splice patterns of telomerase in thyroid 
tumors. Am J Pathol 2011 Sep; 179(3): 1415-24.

13.  Henson JD, Hannay JA, McCarthy SW, et al. A robust as-
say for alternative lengthening of telomeres in tumors shows 
the significance of alternative lengthening of telomeres in 
sarcomas and astrocytomas. Clin Cancer Res 2005; 11(1): 
217-25.

14.  Wenz C, Enenkel B, Amacker M, et al. Human telomer-
ase contains two cooperating telomerase RNA molecules. 
EMBO J 2001; 20(13): 3526-34.

15.  Wong MS, Wright WE, Shay JW. Alternative splicing reg-
ulation of telomerase: a new paradigm? Trends in Genetics 
2014; 30(10): 430-8.

16.  Kilian A, et al. Isolation of a candidate human telomerase 
catalytic subunit gene, which reveals complex splicing pat-
terns in different cell types. Hum Mol Genet 1997; 6: 2011-9. 

17.  Hrdlicková R, Nehyba J, Bose HR Jr. Alternatively spliced 
telomerase reverse transcriptase variants lacking telomerase 
activity stimulate cell proliferation. Mol Cell Biol 2012; 32: 
4283-96.

18.  Saeboe-Larssen, S, Fossberg E, Gaudernack G. Characteri-
zation of novel alternative splicing sites in human telom-
erase reverse transcriptase (hTERT): analysis of expression 
and mutual correlation in mRNA isoforms from normal and 
tumour tissues. BMC Mol Biol 2006; 29,7: 26.

19.  Kilian A, Bowtell DD, Abud HE, et al. Isolation of a candi-
date human telomerase catalytic subunit gene, which reveals 
complex splicing patterns in different cell types. Hum Mol 
Genet 1997; 6(12): 2011-9.

20.  Yi X, White DM, Aisner DL, et al. An alternate splicing 
variant of the human telomerase catalytic subunit inhibits 
telomerase activity. Neoplasia 2000; 2: 433-40.

21.  Lincz LF, Mudge LM, Scorgie FE, et al. Quantification of 
hTERT splice variants in melanoma by SYBR green real-
time polymerase chain reaction indicates a negative regu-
latory role for the beta deletion variant. Neoplasia 2008; 
10(10): 1131.

22.  Keith WN, Hoare SF. Detection of telomerase hTERT 
gene expression and its splice variants by RT-PCR. Meth-
ods Mol Med 2004; 97: 297-309.

23.  Deng Y, Chang S. Role of telomeres and telomerase in 
genomic instability, senescence, and cancer. Lab Invest 
2007; 87(11): 1071-6. 

24.  Karlseder J, Smogorsewska A, de Lange T. Senescence in-
duced by altered telomere state, not telomere loss. Science 
2002; 295(5564): 2446-9.

25.  Karlseder J. Telomere repeat binding factors: keeping the 
ends in check. Cancer Lett 2003; 194(2): 189-97.

26.  Wang Y, Kowalski J, Tsai HL, et al. Differentiating alter-
native splice variant patterns of human telomerase reverse 
transcriptase in thyroid neoplasms. Thyroid 2008; 18(10): 
1055-63.

27.  Livak KJ, Schmittgen TD. Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Del-
ta Delta C(T)) Method. Methods 2001; 25(4): 402-8.

28.  Parkinson EK, Fitchett C, Cereser B. Dissecting the non-
canonical functions of telomerase. Cytogenet Genome Res 
2008; 122(3-4): 273-80.

29.  Choi J, Southworth LK, Sarin KY, et al. TERT promotes 
epithelial proliferation through transcriptional control of a 
Myc- and Wnt related developmental program. PloS Genet 
2008; 4(1)e10.

30.  Park JI, Venteicher AS, Hong JY, et al. Telomerase modu-
lates Wnt signalling by association with target gene chro-
matin. Nature 2009; 460(7251): 66-72. 

31.  Shkreli M, Sarin KY, Pech MF, et al. Reversible cell-cycle 
entry in adult kidney podocytes through regulated control  
of telomerase and Wnt signaling. Nat Med 2011; 18(1): 
111-9.

32.  Rahman R, Latonen L, Wiman KG. hTERT antagonizes 
p53-induced apoptosis independently of telomerase activity, 
Oncogene 2005; 24(8): 1320-7.

33.  Lee MK, Hande MP, Sabapathy K. Ectopic mTERT ex-
pression in mouse embryonic stem cells does not affect dif-
ferentiation but confers resistance to differentiation- and 
stress-induced p53-dependent apoptosis. J Cell Sci 2005; 
118(Pt 4): 819-29. 

34.  Massard C, Zermati Y, Pauleau AL, et al. hTERT: a novel 
endogenous inhibitor of the mitochondrial cell death path-
way. Oncogene 2006; 25(33): 4505-14.

35.  Wong MS, Wright WE, Shay JW. Alternative splicing reg-
ulation of telomerase: a new paradigm? Trends in Genetics 
2014; 30(10): 430-8.

36.  Ulaner GA, Hu JF, Vu TH, et al. Telomerase activity in hu-
man development is regulated by human telomerase reverse 
transcriptase (hTERT) transcription and by alternate splic-
ing of hTERT transcripts. Cancer Res 1998 Sep 15; 58(18): 
4168-72.

37.  Bollman FM. Physiological and pathological significance 
of human telomerase reverse transcriptase splice variants. 
Biochimie 2013; 95(213): 1965-70.

38.  Teichroeb JH, Kim J, Betts DH. The role of telomeres and 
telomerase reverse transcriptase isoforms in pluripotency 
induction and maintenance. RNA Biol 2016 Aug 2; 13(8): 
707-19.

39.  Salvati E, Leonetti C, Rizzo A, et al. Telomere damage in-
duced by the G-quadruplex ligand RHPS4 has an antitu-
mor effect. J Clin Invest 2007 Nov; 117(11): 3236-47.

40.  Karlseder J, Hoke K, Mirzoeva OK, et al. The telomeric 
protein TERF2 binds the ATM kinase and can inhibit the 
ATM-dependent DNA damage response. PLoS Biol 2004 
Aug; 2(8): E240.

05-oliveira.indd   235 20/02/17   15:21



I. Dias Oliveira, A.S. Petrilli, C.R. Pacheco Donato Macedo, et al.236

41.  Folini M, Venturini L, Cimino-Reale G, et al. Telomeres as 
targets for anticancer therapies. Expert Opin Ther Targets 
2011 May; 15(5): 579-93. 

42.  Ourliac-Garnier I, Poulet A, Charif R, et al. Platination of 
telomeric DNA by cisplatin disrupts recognition by TERF2 
and TRF1. J Biol Inorg Chem 2010 Jun; 15(5): 641-54

43.  Gomez D, Guédin A, Mergny JL, et al. A G-quadruplex 
structure within the 5’-UTR of TRF2 mRNA represses 
translation in human cells. Nucleic Acids Res 2010 Nov; 
38(20): 7187-98.

44.  Gomez D, Aouali N, Renaud A, et al. Resistance to senes-
cence induction and telomere shortening by a G-quadru-
plex ligand inhibitor of telomerase. Cancer Res 2003 Oct 1; 
63(19): 6149-53.

45.  Lieberman PM. A Role for Telomere Repeat Factor 2 in 
Chemotherapeutic Drug Resistance. Cancer Biol Ther 2006 
Aug; 5(8): 957-8.

46.  Ning H, Li T, Zhao L, et al. TERF2 promotes multidrug re-

sistance in gastric cancer cells. Cancer Biol Ther 2006 Aug; 
5(8): 950-6. 

47.  Lazzerini-Denchi E, Sfeir A. Stop pulling my strings - what 
telomeres taught us about the DNA damage response. Nat 
Rev Mol Cell Biol 2016 Jun; 17(6): 364-78. 

Received: 27.3.2015
Accepted: 31.1.2017
Address: Silvia Regina Caminada de Toledo
Pediatrics Oncology Institute/GRAACC (Grupo de Apoio
ao Adolescente e à Criança com Câncer)-UNIFESP (Federal 
University of São Paulo). Rua Botucatu, n° 743, 
Floor 8 - Genetics Laboratory, Vila Clementino, São Paulo-SP, 
Brazil - Zip Code: 04023-062
Tel. +55 11 5080-8582
Fax +55 11 5080-8480.
E-mail: silviatoledo@graacc.org.br

05-oliveira.indd   236 20/02/17   15:21



TERT AS variants and TERF2 expression in OS 237

Supplementary data

05-oliveira.indd   237 20/02/17   15:21


