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ABSTRACT:
TERT promoter mutations are identified in many malignancies including bladder 

cancer (BC) and upper tract urothelial carcinoma (UTUC). In contrast, no mutations 
were found in renal cell carcinoma (RCC) as reported in a recent study. Because 
the mutant TERT promoter in urine DNA was recently tested as a marker for BC, it 
is important to ascertain whether these mutations are truly absent in RCCs. Here 
we determined TERT promoter mutations in 109 patients with RCC and 14 patients 
with UTUC. The mutations were found in 9/96 (9.3%) clear cell RCC (ccRCC) tumors 
and 1/8 (13%) chromophobe RCC tumors. Among ccRCC patients, the mutation was 
correlated with the advanced stages and metastasis, and higher TERT expression. 
Among UTUCs, the mutation was detected in tumors from 3/5 (60%) patients with 
renal pelvic cancer and 1/9 (11%) patients with ureter cancer. The mutation was also 
detected in 1 of 4 urine samples from patients with mutation+ UTUC. Collectively, TERT 
promoter mutations do occur in RCCs and are associated with aggressive disease. The 
mutation is more frequent in renal pelvic cancer. Thus, the mutant TERT promoter 
found in urine may come from not only BC, but also RCC or UTUC.

INTRODUCTION

Human chromosomes terminate with 10 - 15 kb 
TTAGGG repetitive telomere sequences essential for 
chromosome stability/integrity [1-3]. Telomeric DNA 
is synthesized by telomerase, an RNA-dependent DNA 
polymerase [2,3]. Normal human differentiated cells 
exhibit a progressive telomere shortening with each 
cell division due to the lack of telomerase activity. Very 
short telomeres are unable to maintain their functional 
structure, which mimics double-strand DNA breaks, 

thereby activating the DNA damage response pathway and 
inducing cell apoptosis or senescence [1-3]. Therefore, 
telomere erosion prevents infinite cellular proliferation. In 
contrast, unlimited proliferation is a hallmark of malignant 
cells [4]. During the carcinogenic process, maintenance of 
telomere length is required for an indefinite proliferation 
potential, and is achieved by telomerase activation in 
the majority of human malignancies [1-3]. The core 
telomerase enzyme consists of only two components: the 
ubiquitously expressed RNA template and telomerase 
reverse transcriptase (TERT), a catalytic rate-limiting 
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subunit. As the transcriptional activation of the TERT gene 
is intimately coupled with the acquisition of telomerase 
activity in transformed cells, the regulatory mechanism 
controlling the TERT transcription has been extensively 
investigated in recent years. However, it remains 
incompletely understood how the cancer-specific TERT 
transcription is activated [2,3]. Recently, TERT promoter 
mutations have been reported in human malignancies, 
which create de novo ETS1 binding motifs (gain of 
function), thereby facilitating the TERT transcription [5,6]. 
This genetic event is thus a novel mechanism activating 
telomerase in malignant cells. The two recurrent mutations 
C228T and C250T were first described in melanoma 
[5,6], and have since then been detected in a variety of 
human tumors [7-19]. Clinical observations suggest that 
TERT promoter mutations may predict outcomes and also 
serve as markers of diagnosis or recurrence in a number 
of cancer types [7-9,14-18]. For instance, up to 80% of 
patients with bladder cancer (BC) carry TERT promoter 
mutations in their tumors, and detection of these mutations 
in urine has recently been tested at both diagnostic work-
up and monitoring of recurrence [15-18]. The preliminary 
results look promising.  

As urine-based tests are also applied for other 
urological malignancies including renal cell carcinoma 
(RCC), and upper tract urothelial carcinomas (UTUC), 
it is important to ascertain whether TERT promoter 
mutations are specific to BC only or widely present in 
different urological malignancies. RCC, as one of the most 
common urological tumors, is a heterogeneous group of 
malignancies derived from the epithelium of the renal 
tubules and consists predominantly of clear cell RCC 
(ccRCC, up to 80%), papillary RCC (pRCC, 10%) and 
chromophobe RCC (chRCC, 5%) [20-22]. UTUC is less 
frequent and comprises approximately 5% of urothelial 

carcinomas [23]. Like other human malignancies, 
most RCCs and UTUCs exhibit telomerase activation 
[24,25], which suggests a possibility that TERT promoter 
mutations occur in these tumors. However, Vinagre et al 
analyzed 26 RCC tumors including 12 ccRCCs, 4 chRCCs 
and 10 PRCCs, and did not find any mutation-positive 
cases [8]. In addition, a previous study showed a 50% 
frequency of TERT promoter mutations in UTUC, but it 
is unclear whether these mutations are detectable in urine 
from patients with UTUC, as seen in BC, and whether the 
mutations are clinically relevant in UTUCs. In the present 
study, we sought to address these issues by determining 
the mutational status of the TERT promoter in a large 
cohort of RCC patients and a group of UTUC patients, and 
to explore its associations with clinical and pathological 
characteristics of RCCs and UTCCs.    

RESULTS 

Identification of TERT promoter mutations in 
tumors from RCCs and UTUCs

The tumor specimens derived from 109 patients 
with RCC and 14 patients with UTUC were analyzed 
for TERT promoter mutations. A total of 10 RCC tumors 
were found to harbor the mutations, among which 9 
were C228T while 1 was C250T (Fig. 1A, B and C). The 
observed frequencies in RCCs according to histology 
were 9/96 (9.3%) and 1/8 (13%) for ccRCCs and chRCCs, 
respectively (Table 1). The C228T mutation-positive 
chRCC was an eosinophilic variant. The mutation was not 
detected in the rest types of RCC (Table 1). To determine 
whether the mutation was germ-line, we further analysed 

Table 1: Summary of TERT promoter mutations detected in renal cell carcinoma and 
upper tract urothelial carcinoma

Number mutated wild-type

Tumor type investigated number (%) number

Renal cell carcinoma (RCC)

Clear cell renal cell carcinoma (ccRCC) 96  9 / 96 (9.3%)  87 / 96 (90.7%)

Chromophobe renal cell carcinoma (chRCC) 8 1 / 8 (13%) 7/ 8 (87%)

Papillary renal cell carcinoma (PRCC) 2 0 / 2 (-) 2 / 2 (100%)

Carcinoma of the collecting ducts of Bellini 1  0 /1 (-) 1 / 1 (100%)

Mucinous tubular and spindle cell carcinoma 1 0 / 1 (-) 1 / 1 (100%)

Xp 11 translocation carcinoma 1 0 / 1 (-) 1 / 1 (100%)

Upper tract urothelial carcinoma (UTUC)

Renal pelvic cancer 5 3 / 5 (60%) 2 / 5 (40%)

Ureter cancer 9 1 / 9 (11%) 8 / 9 (89%)
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Table 2: TERT promoter mutations detected in both cancer and urine samples 
from patients with upper tract urothelial carcinoma
Patient No. Sex Age (year) Diagnosis Size (cm) TNM TERT promoter

Tissue Urine
1 M 64 RPC, HG, invasive 2.0 T3N0M0 C228T C228T
2 M 64 RPC, HG, invasive 3.0 T2N0M0 C228T wt
3 F 67 RPC, LG, invasive 1.9 T1N0M0 C228T wt
4 M 80 RPC, HG, invasive 3.2 T3N0M0 wt wt
5 F 73 RPC, HG, invasive 3.6 T2N0M0 wt wt
6 M 67 UC, LG, invasive 2.1 T2N0M0 wt wt
7 M 87 UC, LG, non-invasive 2.1 TaN0M1 C228T wt
8 F 72 UC, HG, noninvasive 0.3 T1N0M0 wt wt
9 F 68 UC, HG, invasive 1.2 T3N0M0 wt wt
10 F 82 UC, HG, invasive 3.9 T3N0M0 wt N.E
11 M 71 UC, LG, noninvasive 1.2 TaN0M1 wt wt
12 M 61 UC, HG, invasive 1.9 T1N0M0 wt wt
13 M 64 UC, HG, invasive 3.0 T3N0M0 wt N.E.
14 M 67 UC, HG, invasive 2.3 T3N0M0 wt wt
RPC, renal pelvic cancer; UC, Ureter cancer; HG, high grade, and LH, low grade.
N.E., non-evaulable 

Table 3: Clinical characteristics of patients with ccRCC in relation to 
TERT promoter mutations
 TERT promoter mutation  
Parameter Mutated wild-type P - value
informative cases (n = ) n = 9 n = 87
Age at diagnosis (n = 95)   
  Mean years 50 ± 12 55 ± 11 n.s. (0.142)
  Median (range) years 48 (29-65) 55 (38-78) n.s (0.200)
Gender (n = 96)
  Female 3 31 n.s. (0.164)
  Male 6 56
Tumor size (n = 96) 9

  < 7 cm 6 73 n.s. (0.885)

  > 7 cm 3 14

Metastases or capsular invasion (n = 96)
  Yes 5 7 0,001
  No 4 80

Stages (n = 96)

I + II 4 78 0.003
III + IV 5 9
n.s. = not statistically significant; Significant P-values are indicated in bold
ccRCC: Clear cell renal cell carcinoma
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adjacent normal renal tissues derived from patients 
with TERT promoter mutation-positive RCCs and only 
detected wt TERT promoter sequences in those normal 
renal samples. It is evident from the present result that the 
TERT promoter mutation occurring in RCCs is somatic, as 
observed in other types of sporadic cancer [5,7-9,14,19]. 

In 14 UTUC tumor specimens, the sequencing result 
revealed TERT promoter mutations in 3/5 (60%) renal 
pelvic cancer and 1/9 (11%) ureter cancer, and all of them 
were C228T mutations (Table 1 and 2).

Identification of TERT promoter mutations in 
urine from patients with UTUC

Urine DNA from all 14 patients with UTUC was 
analysed for TERT promoter mutations and the result 
was documented in Table 2. Two urine samples were 
not evaluable due to very low amounts of DNA (Table 
3). The C228T mutation was detected in 1 urine DNA 
from 4 patients whose tumors carried mutations, while a 
wild type TERT promoter was observed in 11 evaluable 
urine samples derived from 8 patients with the mutation-
negative tumors and 3 patients with mutation-positive 
tumors (Table 3). The result suggests that the mutant 
TERT promoter is detectable in urine from UTUC patients, 
although the assay sensitivity by Sanger sequencing is low.

The positive correlation between TERT promoter 
mutations and TERT mRNA expression in 
ccRCCs

As either C228T or C250T mutation leads to the 
enhanced transcription of the TERT gene by introducing 
gain of function binding sites for the ETS1 transcription 
factor, we sought to determine whether TERT mRNA 
expression was correlated with its promoter mutation in 
ccRCC. Total cellular RNA derived from ccRCC tumors 
was analyzed using quantitative real-time PCR (qRT-
PCR), and the result revealed a dramatic difference in 
levels of TERT mRNA between tumors with and without 
TERT promoter mutations, with significantly higher TERT 
expression seen in mutation-positive ccRCCs (4.55 ± 3.53 
vs 0.115 ± 0.08 for mutant vs wt groups, P = 0.0036) (Fig. 
1D). 

The association of TERT promoter mutations 
with clinical variables in ccRCCs and UTUCs

Age-related TERT promoter mutations have been 
observed in different types of malignancies, and therefore 
age difference was first examined between patients with 
and without the mutation. Unexpectedly, we observed that 
the ccRCC patients carrying the mutation were younger 
than those having a wild type TERT promoter, although 
the difference was not statistically significant [mutation+ 
vs -: 50 ±12 (mean ± 12) vs 55 ± 11, P = 0.142] (Table 
3). There were no differences in gender between two 
groups. In addition, tumor sizes did not differ in relation 
to mutational status (mutation+ vs -: 5.8±2.4 vs 5.4±2.4, 
P = 0.617). When tumor sizes were classified using 7 cm 
as a cut-off [22], the difference remained not significant 
(P = 0.195) (Table 3). However, we observed a highly 
significant stage dependency (Table 3). Among 96 ccRCC 
patients, 5 of 9 (56%) and 9 of 87 (10%) were at clinical 
stage III/IV in the mutation+ and - groups, respectively 

Figure 1: Identification of TERT promoter mutation 
in renal cell carcinomas. (A) Location of C228T and C250T 
(in red) in the TERT core promoter. TSS: Transcription start 
site. The mutations create de novo binding motifs (GGAA) 
for the transcription factor ETS1. (B) and (C) Sequencing 
chromatographs of the TERT promoter locus in tumor genomic 
DNA from two ccRCC patients obtained by Sanger sequencing. 
Top panel: C to T transition at C250 (heterozygous) (B) and 
C228 (C) in the TERT promoter locus were identified in the 
two tumors, respectively. Of note: A heterozygous C to T 
transition at C254 was also observed. Bottom panel: Sequencing 
chromatographs of the wild type TERT promoter locus in two 
ccRCC tumors. (D) TERT mRNA expression in ccRCC tumors 
with and without TERT promoter mutations. Quantitative real-
time PCR was used to determine TERT mRNA abundance. The 
TERT mRNA level was expressed arbitrarily according to the 
threshold cycles and normalized with β2-M as described in 
Materials and Methods. Column: TERT mRNA levels and bars: 
Standard deviation. Wt: wild type TERT promoter and mutant: 
TERT promoter mutations.
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(P = 0.003). 
In UTUCs, TERT promoter mutation+ and – tumors 

did not show differences in age, gender, tumor sizes, and 
TNM stages (Table 2). 

The correlation of TERT promoter mutations 
with aggressive ccRCCs

We then determined a potential association between 
TERT promoter mutations and RCC aggressiveness. 
Metastasis and renal capsular invasion characterize 
aggressive forms of RCCs and predict a poor outcome 
[21,26,27]. Local or distant metastases occurred in 6 of 
96 patients with ccRCCs, 4 of them had a wild type of the 
TERT promoter while two carried a mutant promoter. In 
total, 2/9 of patients with ccRCC carrying TERT promoter 
mutations had metastatic disease while the corresponding 
fraction among patients with mutation-negative tumors 
was only 4/87 (Table 3). Capsular invasion was observed 
in 3/9 (33%) and 3/86 (3%) of TERT promoter mutation+ 
and - ccRCC tumors, respectively (Table 3). Altogether, 
metastasis and capsular invasion occurred in 5/9 (56%) 
and 7/87 (8%) of patients with ccRCC tumors with and 
without TERT promoter mutations, respectively (P = 
0.001). Thus, TERT promoter mutations are associated 
with aggressive ccRCCs. 

The relationship between Von Hippel-Lindau 
(VHL) gene alterations and TERT promoter 
mutations in ccRCCs

The VHL locus was sequenced in all ccRCC tumors 
and 77 of them were evaluable.  We identified 21 missense 
point mutations, 12 nucleotide deletions and 5 insertions. 
Collectively, 42% of patients (32/77) had one or two 
kinds of alterations in the VHL locus, among which were 
4 mutant TERT promoter -carrying tumors and 28 with 
a wild type TERT promoter. The frequency of the VHL 
alterations did not differ significantly between tumors 
with and without TERT promoter mutations (4/9, 44% vs 
28/68, 41%).  

DISCUSSION

The somatic mutations of the TERT promoter 
have recently been identified in different types of human 
malignancies [5-19], and studies have also shown that 
these mutations may serve as a new cancer diagnostic 
and prognostic marker [7,9,14,17-19]. Preliminary results 
of TERT mutation detection in urine of patients with 
BC seem promising. Thus, it will be very important to 
ascertain whether RCC tumors are exclusively free from 
these mutations, as reported in a previous publication [8]. 
In addition, approximately 50% of UTUCs were observed 

to harbour TERT promoter mutations [7], but it is unclear 
whether these mutations are also detectable in patients’ 
urine. We thus analyzed RCC tumors from a cohort 
of 109 patients, and our results demonstrate that TERT 
promoter mutations do occur in 9.3% (9/96) of ccRCCs 
and in 13% (1/8) of chRCCs, although the frequency is 
lower than that observed in BC. The presence of TERT 
promoter mutations is closely associated with aggressive 
or invasive ccRCCs. In UTUCs, we identified C228T 
mutations in 3/5 patients (60%) with renal pelvic cancer 
and 1/9 (11%) with ureter cancer. Moreover, the mutation 
could be detected in urine from those patients with the 
mutation-positive UTUC.

Urine-based tests are a non-invasive diagnostic tool 
for urological malignancies including BC, RCC, UTUC, 
and others. Because TERT promoter mutations have never 
been observed in normal human cells/tissues, they are 
likely ideal urinary markers for diagnosis and recurrence 
surveillance of above urological cancers. In retrospective, 
proof of principle studies on TERT promoter mutations as 
markers for BC, BC diagnosis was already known and its 
discrimination with other urological malignancies needed 
not to be considered. Practically, however, TERT promoter 
mutations occur in not only BC, but also RCC and UTUC, 
as demonstrated here, and therefore, complementary 
clinical and laboratory tests are required to distinguish 
between BC and RCC or UTUC when the mutant TERT 
promoter is detected in patients’ urine.       

Unexpectedly, although 95% of both renal pelvic 
and ureter cancers are transitional cell carcinoma [23], 
the former exhibits a high frequency of TERT promoter 
mutations, which is close to that in BC, whereas the 
mutation rate in the later is comparable to RCCs. It is 
currently unclear why there is such a big difference among 
these seemingly relevant carcinomas. Nevertheless, the 
frequent TERT promoter mutation makes it the most 
common genetic event in renal pelvic cancer, and may 
serve as a useful urinary marker in this disease. Indeed, 
the mutant TERT promoter sequence was detected in 
urine from one of 3 patients with mutation-carrying renal 
pelvic cancer by using Sanger sequencing. Clearly, the 
sensitivity of Sanger sequencing is too low and we are 
currently testing other approaches to improve the detection 
sensitivity.   

Widespread telomerase activation occurs in RCCs, 
but the underlying mechanism is incompletely understood 
[24]. Both C228T and C250T mutations generate gain 
of function ETS1 binding motifs, and the mutant TERT 
promoter exhibits higher transcriptional activity than 
does its wild type counterpart in cancer cells, thereby 
contributing to cancer-specific telomerase activation [5]. 
Interestingly, ETS1 expression is enhanced by hypoxic 
inducible factors (HIFs) and significantly up-regulated in 
ccRCC due to the aberrant accumulation of HIFs resulting 
from VHL gene inactivation [28,29]. Conceivably, the 
activating mutation of the TERT promoter, when coupled 
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with ETS1 over-expression, will exert a strong effect on 
telomerase activation in ccRCCs. Consistently, we did 
observe significantly higher levels of TERT mRNA in 
TERT promoter mutation-carrying ccRCC tumors than in 
those lacking the mutation. 

TERT promoter mutations are associated with 
certain genetic events in several malignancies [30]. For 
instance, these genetic events are predominant in thyroid 
cancer carrying the mutation in the genes of the RAS-
BRAF signalling pathway, and in glioblastoma with the 
mutation in the IDH1 gene [14,30]. Because the VHL 
gene alteration plays a key role in ccRCC pathogenesis 
[28,29], we further investigated whether TERT promoter 
mutations are correlated with the genetic inactivation of 
VHL. Our results suggest that these two genetic events are 
not relevant in ccRCC.  

Higher levels of TERT expression or telomerase 
activity promote cancer progression and serve as 
prognostic markers in a number of human malignancies 
[31-33]. Moreover, TERT has been shown to induce 
epithelial-mesenchymal transition and a cancer stem 
cell phenotype, thereby promoting cancer metastasis 
and invasion [34,35]. Given the observation that TERT 
promoter mutations contribute to enhanced TERT 
transcription and telomerase expression, the presence of 
these genetic events might be associated with a poorer 
prognosis. This is indeed the case in glioblastomas, 
thyroid cancer and certain other malignancies [7-9,14]. In 
the present study, we similarly observed that patients with 
ccRCCs carrying TERT promoter mutations had advanced 
and aggressive disease. However, we are at the moment 
unable to directly answer whether the presence of TERT 
promoter mutations can help to predict outcome in ccRCC 
patients. This will need longer follow-up of patients and 
possibly additional studies for validation of results.  

In summary, we show here that a subset of RCC 
tumors do harbour TERT promoter mutations. Therefore 
it should be borne in mind that TERT promoter mutations 
may be detectable also in urine from RCC patients, as 
shown in patients with BC. The high frequency of TERT 
promoter mutations in renal pelvic cancer may also serve 
as a potential urinary marker for this disease. Evidently, it 
is important to distinguish between BC and RCC or UTUC 
by complementary examinations, when the presence of 
the mutant TERT promoter in urine has been found. In 
addition, we also observed that TERT promoter mutations 
were closely associated with aggressive RCCs, which 
suggests potential clinical implications. Further studies 
are required to evaluate its prognostic value in RCCs and 
diagnostic value in renal pelvic cancer. 

 MATERIALS AND METHODS 

Patients and tumor specimens

The study was conducted on 109 patients with RCC 
and 14 patients with UTUC who underwent surgery at 
Shandong University Qilu Hospital, China, between 2011 
and 2013. RCC were diagnosed according to the criteria 
of the World Health Organization (WHO) [20]. The RCC 
patients included 96 ccRCCs, 8 chRCCs, 2 pRCCs (type 
II), 1 Collecting duct RCC, 1 mucinous tubular and spindle 
cell carcinoma and 1 X11.2 translocation RCC, according 
to the WHO classification of renal tumors [20]. Among 
14 patients with UTUC were 5 with renal pelvic cancer 
and 9 ureter cancer. Information was collected concerning 
clinical characteristics including: gender, age at diagnosis, 
tumor size and other histo-pathological characteristics, 
stages, metastases and capsular invasion. The specimens 
were collected after surgical treatment and kept frozen at 
-70 ºC or paraffin-embedded until use. All samples were 
collected with informed consent and approval by the local 
ethics committee.

Voided urine samples from patients with UTUC

Urine was collected before surgical treatment from 
14 patients with UTUC. Fifty ml of urine were centrifuged 
and the pellet was kept at -70 ºC until use. 

DNA extraction and sequencing

Genomic DNA was extracted from frozen and/or 
paraffin-embedded tumor tissue samples, and urine pellets 
using QIAGEN DNA extraction kits.The two mutations 
defined as C228T and C250T in the TERT core promoter 
correspond to positions 124 and 146 bp upstream of the 
ATG site (Fig. 1A). The target region was amplified using 
PCR followed by Sanger sequencing as described [9]. 
The PCR was performed with the following primer pairs: 
5’-CACCCGTCCTGCCCCTTCACCTT-3’ (forward) 
and 5’-GGCTTCCCACGTGCGCAGCAGGA-3’ 
(reverse). The C228T and C250T mutations were verified 
by sequencing from both directions. The same set of 
DNA from these specimens was also analyzed for the 
alterations of the VHL gene by Sanger sequencing and 
the specific PCR primers are as follow [28]:  Exon 1, 
5′-CGAAGACTACGGAGGTCGAC-3′ (forward) and 
5′-GGCTTCAGACCGTGCTATCG-3′ (reverse); Exon 
2, 5′-GGCTCTTTAACAACCTTTGC-3′(forward) and 
5′-TTGGATACCGTGCCTGACATC-3′ (reverse); and 
Exon 3, 5′-ACAGGTAGTTGTTGGCAAAGCC-3′ 
(forward) and 5′-GAAGGAACCAGTCCTGTATC-3′ 
(reverse). 
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qRT-PCR for TERT mRNA expression

Total cellular RNA was extracted using Trizol kit 
(Life Technology) and used for cDNA synthesis. qRT-PCR 
was carried out in an ABI 7900HT Real time PCR System 
(Applied Biosystems, Foster City, CA) using SYBR Green 
kit (Applied Biosystems) and the following primers: 
TERT, 5’-CGGAAGAGTGTCTGGAGCAA-3’ (forward) 
and 5’-GGATGAAGCGGAGTCTGGA-3’ (reverse); β2-
M, 5’-GAATTGCTATGTGTCT GGGT-3’ (forward) and 
5’-CATCTTCAAACCTCCATGATG-3’ (reverse). Levels 
of TERT mRNA were calculated from threshold cycle 
values and normalized to β2-M mRNA abundance, and 
expressed as arbitrary units.

Statistical analyses

Differences in the TERT promoter mutation 
frequency between tumors with VHL gene alteration, 
gender, clinical stage, metastasis and renal capsular 
invasion were determined using Fisher´s exact test. 
Student’s T test was used to analyze differences in TERT 
mRNA expression, age and tumor size between the TERT 
promoter mutation + and – groups, respectively. All the 
tests were two-tailed and computed using SigmaStat3.1® 
software (Systat Software, Inc., Richmond, CA). P values 
of <0.05 were considered as statistically significant.

Disclose any potential conflicts of interest

The authors disclose no conflicts of interest.

ACKNOWLEDGEMENTS

This study was supported by the National Basic 
Research Program of China (Grant No. 973 Program 
2012CB911202), National Natural Science Foundation of 
China (NO: 81071721, 81272814, 81372765), the Adolf 
H. Lundin Charitable Foundation, the Swedish Cancer 
Society, the Swedish Research Council, Cancer Society in 
Stockholm, the Stockholm County Council and Karolinska 
Institutet.

REFERENCES

1. Shay JW, Wright WE. Hallmarks of telomeres in ageing 
research. J Pathol. 2007; 211: 114-123.

2. Nicholls C, Li H, Wang JQ, Liu JP. Molecular regulation of 
telomerase activity in aging. Protein Cell. 2013; 2: 726-738.

3. Daniel M, Peek GW, Tollefsbol TO. Regulation of the 
human catalytic subunit of telomerase (hTERT). Gene. 
2012; 498: 135-146.

4. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 
2000; 100: 57-70.

5. Huang FW, Hodis E, Xu MJ, Kryukov GV, Chin L, 
Garraway LA. Highly recurrent TERT promoter mutations 
in human melanoma. Science. 2013; 339: 957-9.

6. Horn S, Figl A, Rachakonda PS, Fischer C, Sucker A, Gast 
A, et al. TERT promoter mutations in familial and sporadic 
melanoma. Science. 2013; 339: 959-61.

7. Killela PJ, Reitman ZJ, Jiao Y, Bettegowda C, Agrawal 
N, Diaz LA, Friedman AH, Friedman H, Gallia GL, 
Giovanella BC, Grollman AP, He TC, He Y, Hruban RH, 
Jallo GI, Mandahl N, Meeker AK, Mertens F, Netto GJ, 
Rasheed BA, Riggins GJ, Rosenquist TA, Schiffman M, 
Shih IeM, Theodorescu D, Torbenson MS, Velculescu VE, 
Wang TL, Wentzensen N, Wood LD, Zhang M, McLendon 
RE, Bigner DD, Kinzler KW, Vogelstein B, Papadopoulos 
N, Yan H. TERT promoter mutations occur frequently in 
gliomas and a subset of tumors derived from cells with low 
rates of self-renewal. Proc Natl Acad Sci USA. 2013; 110: 
6021-6026.

8. Vinagre J, Almeida A, Populo H, Batista R, Lyra J, Pinto 
V, Coelho R, Celestino R, Prazeres H, Lima L, Melo M, da 
Rocha AG, Preto A, Castro P, Castro L, Pardal F, Lopes 
JM, Santos LL, Reis RM, Cameselle-Teijeiro J, Sobrinho-
Simões M, Lima J, Máximo V, Soares P. Frequency of 
TERT promoter mutations in human cancers. Nat Commun. 
2013; 4: 2185.

9. Liu T, Wang N, Cao J, Dinets A, Sofiadis A, Zedenius J, 
Larsson C, Xu D. The age- and shorter telomere-dependent 
TERT promoter mutation in follicular thyroid cell-derived 
carcinomas. Oncogene. 2013; doi: 10.1038/onc.2013.446.

10. Liu X, Wu G, Hartmann C, Xing M. Highly prevalent 
TERT promoter mutations in bladder cancer and brain 
gliobastoma. Cell Cycle. 2013; 12: 1637-1638.

11. Tallet A, Nault JC, Renier A, Hysi I, Galateau-Salle F, 
Cazes A, Copin MC, Hofman P, Andujar P, Le Pimpec-
Barthes F, Zucman-Rossi J, Jaurand MC, Jean D.. 
Overexpression and promoter mutation of the TERT gene 
in malignant pleural mesothelioma. Oncogene. 2013; doi: 
10.1038/onc.2013.351. 

12. Scott GA, Laughlin TS, Rothberg PG. Mutations of the 
TERT promoter are common in basal cell carcinoma and 
squamous cell carcinoma. Mod Pathol. 2013; doi: 10.1038/
modpathol.2013.167.

13. Griewank KG, Murali R, Schilling B, Scholz S, Sucker A, 
Song M, Süsskind D, Grabellus F, Zimmer L, Hillen U, 
Steuhl KP, Schadendorf D, Westekemper H, Zeschnigk M.. 
TERT promoter mutations in ocular melanoma distinguish 
between conjunctival and uveal tumours. Br J Cancer. 2013; 
109: 497-501.

14. Arita H, Narita Y, Fukushima S, Tateishi K, Matsushita Y, 
Yoshida A, Miyakita Y, Ohno M, Shibui S, Ichimura K. 
Upregulating mutations in the TERT promoter commonly 
occur in adult malignant gliomas and are strongly associated 
with total 1p19q loss. Acta Neuropathol. 2013; 126: 939-
941.

15. Allory Y, Beukers W, Sagrera A, Flandez M, Marques 



Oncotarget1836www.impactjournals.com/oncotarget

M, Marquez M, van der Keur KA, Dyrskjot L, Lurkin I, 
Vermeij M, Carrato A, Lloreta J, Lorente JA, Carrillo-de 
Santa Pau E, Masius RG, Kogevinas M, Steyerberg EW, 
van Tilborg AA, Abas C, Orntoft TF, Zuiverloon TC, 
Malats N, Zwarthoff EC, Real FX. Telomerase Reverse 
Transcriptase Promoter Mutations in Bladder Cancer: High 
Frequency Across Stages, Detection in Urine, and Lack of 
Association with Outcome. Eur Urol. 2014; 65: 360-366.

16. Nault JC, Mallet M, Pilati C, Calderaro J, Bioulac-Sage P, 
Laurent C, Laurent A, Cherqui D, Balabaud C, Zucman-
Rossi J. High frequency of telomerase reverse-transcriptase 
promoter somatic mutations in hepatocellular carcinoma 
and preneoplastic lesions. Nat Commun. 2013; 4: 2218.

17. Kinde I, Munari E, Faraj SF, Hruban RH, Schoenberg M, 
Bivalacqua T, Allaf M, Springer S, Wang Y, Diaz LA 
Jr, Kinzler KW, Vogelstein B, Papadopoulos N, Netto 
GJ. TERT Promoter Mutations Occur Early in Urothelial 
Neoplasia and Are Biomarkers of Early Disease and 
Disease Recurrence in Urine. Cancer Res. 2013; 73: 7162-
7167.

18. Hurst CD, Platt FM, Knowles MA. Comprehensive 
Mutation Analysis of the TERT Promoter in Bladder 
Cancer and Detection of Mutations in Voided Urine. Eur 
Urol. 2014; 65: 367-369.

19. Rachakonda PS, Hosen I, de Verdier PJ, Fallah M, 
Heidenreich B, Ryk C, Wiklund NP, Steineck G, 
Schadendorf D, Hemminki K, Kumar R. TERT promoter 
mutations in bladder cancer affect patient survival and 
disease recurrence through modification by a common 
polymorphism. Proc Natl Acad Sci USA. 2013; 110: 17426-
17431.

20. Lopez-Beltran A, Scarpelli M, Montironi R, Kirkali Z. 2004 
WHO classification of the renal tumors of the adults. Eur 
Urol. 2006; 49: 798-805.

21. Moch H. An overview of renal cell cancer: pathology and 
genetics. Semin Cancer Biol. 2013; 23: 3-9.

22. Cohen HT, McGovern FJ. Renal-cell carcinoma. N Engl J 
Med. 2005; 353: 2477-90.

23. Oosterlinck W, Solsona E, van der Meijden AP, Sylvester 
R, Bohle A, Rintala E, Lobel B. EAU guidelines on 
diagnosis and treatment of upper urinary tract transitional 
cell carcinoma. Eur Urol. 2004; 46: 147-154.

24. Fan Y, Liu Z, Fang X, Ge Z, Ge N, Jia Y, Sun P, Lou F, 
Björkholm M, Gruber A, Ekman P, Xu D. Differential 
expression of full-length telomerase reverse transcriptase 
mRNA and telomerase activity between normal and 
malignant renal tissues. Clin Cancer Res. 2005; 11: 4331-
4337.

25. Nakanishi K, Hiroi S, Kawai T, Aida S, Kasamatsu H, 
Aurues T, Ikeda T. Expression of telomerase catalytic 
subunit (hTERT) mRNA does not predict survival in 
patients with transitional cell carcinoma of the upper 
urinary tract. Mod Pathol. 2001; 14: 1073-1078.

26. May M, Brookman-Amissah S, Roigas J, Gilfrich CP, 

Pflanz S, Hoschke B, Gunia S. Evaluation of renicapsular 
involvement in Stages I and II renal cell carcinoma from the 
morphological and prognostic point of view. Urol Oncol. 
2010; 28: 274-279.

27. Jeong IG, Jeong CW, Hong SK, Kwak C, Lee E, Lee 
SE. Prognostic implication of capsular invasion without 
perinephric fat infiltration in localized renal cell carcinoma. 
Urology. 2006; 67: 709-712.

28. Choueiri TK, Vaziri SA, Jaeger E, Elson P, Wood L, Bhalla 
IP, Small EJ, Weinberg V, Sein N, Simko J, Golshayan AR, 
Sercia L, Zhou M, Waldman FM, Rini BI, Bukowski RM, 
Ganapathi R. von Hippel-Lindau gene status and response 
to vascular endothelial growth factor targeted therapy for 
metastatic clear cell renal cell carcinoma. J Urol 2008;180: 
860-866.

29. Gossage L, Eisen T. Alterations in VHL as potential 
biomarkers in renal-cell carcinoma. Nat Rev Clin Oncol. 
2010; 7: 277-288.

30. Liu X, Bishop J, Shan Y, Pai S, Liu D, Murugan AK, 
Sun H, El-Naggar AK, Xing M. Highly prevalent TERT 
promoter mutations in aggressive thyroid cancers. Endocr 
Relat Cancer. 2013; 20: 603-610.

31. Gertler R, Rosenberg R, Stricker D, Friederichs J, Hoos 
A, Werner M, Ulm K, Holzmann B, Nekarda H, Siewert 
JR. Telomere length and human telomerase reverse 
transcriptase expression as markers for progression and 
prognosis of colorectal carcinoma. J Clin Oncol. 2004; 22: 
1807-1814.

32. Sanders RP, Drissi R, Billups CA, Daw NC, Valentine 
MB, Dome JS. Telomerase expression predicts unfavorable 
outcome in osteosarcoma. J Clin Oncol. 2004; 22: 3790-
3797.

33. Domont J, Pawlik TM, Boige V, Rose M, Weber JC, Hoff 
PM, Brown TD, Zorzi D, Morat L, Pignon JP, Rashid A, 
Jaeck D, Sabatier L, Elias D, Tursz T, Soria JC, Vauthey 
JN. Catalytic subunit of human telomerase reverse 
transcriptase is an independent predictor of survival in 
patients undergoing curative resection of hepatic colorectal 
metastases: a multicenter analysis. J Clin Oncol. 2005; 23: 
3086-3093.

34. Liu Z, Li Q, Li K, Chen L, Li W, Hou M, Liu T, Yang J, 
Lindvall C, Björkholm M, Jia J, Xu D. Telomerase reverse 
transcriptase promotes epithelial-mesenchymal transition 
and stem cell-like traits in cancer cells. Oncogene. 2013; 
32: 4203-4213.

35. Yu L, Liu S, Zhang C, Zhang B, Simoes BM, Eyre R, Liang 
Y, Yan H, Wu Z, Guo W, Clarke RB. Enrichment of human 
osteosarcoma stem cells based on hTERT transcriptional 
activity. Oncotarget. 2013; 4: 2326-2338.


