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ABSTRACT
The mechanism of telomerase re-activation in cancer had remained elusive
until the discovery of frequent mutations in the promoter of the TERT gene that
encodes the catalytic reverse transcriptase subunit of telomerase. We investigated
the regulation of TERT expression in melanoma cell lines and our results show that
promoter mutations render TERT expression dependent on MAPK activation due to
oncogenic BRAF or NRAS mutations. Mutations in the TERT promoter create binding
sites for ETS transcription factors. ETS1, expressed in melanoma cell lines, undergoes
activating phosphorylation by ERK at Thr38 residue as a consequence of constitutively
activated MAPK pathway. We demonstrate that ETS1 binds on the mutated TERT
promoter leading to the re-expression of the gene. The inhibition of ETS1 resulted
in reduced TERT expression. We provide evidence that the TERT promoter mutations
provide a direct link between TERT expression and MAPK pathway activation due to
BRAF or NRAS mutations via the transcription factor ETS1.

INTRODUCTION

an RNA component (TERC) acts canonically through
maintenance of telomere homeostasis and chromosomal
integrity [4]. TERT expression is tightly regulated,
present during early embryonic development but remains
repressed in most adult human somatic cells. However,
over 90% of human cancers present reactivation of
telomerase [5]. While benign and dysplastic nevi contain
little or no telomerase, the majority of melanoma display
substantial telomerase activity [6]. The mechanism for the
cancer-specific reactivation of telomerase has remained
unclear. The discovery of activating somatic mutations
within the core promoter region of the TERT gene has
provided an insight into the possible cause of telomerase
re-expression in some cancer types. The initial TERT
promoter mutation discovery came from a causal A > C
germ line mutation at –57 bp (from ATG start site; Chr
5:1,295,161 hg19 co-ordinate) in a large melanoma family.
The TERT promoter mutations were also found to occur

Melanoma arises from the malignant transformation
of melanocytes that involves numerous genetic alterations
affecting multiple signaling pathways including MAPK
(Mitogen Activated Protein Kinase), PI3K (Phosphoinositide
3-kinase), cAMP and cyclin D1/CDK4 [1]. The MAPK
pathway plays a major role in melanoma proliferation
and survival and is activated in the majority of melanoma
tumors through mutations in BRAF and to some extent in
NRAS. Mutations in BRAF constitute an early event and
occur in over 80% of benign nevi; however, the sustained
BRAF or NRAS expression in human melanocytes leads to
oncogene-induced senescence [2, 3]. A critical step in the
process of cellular immortalization remains the reactivation
of telomerase.
Telomerase, a ribonucleoprotein complex consisting
of a catalytic subunit, reverse transcriptase (TERT) and
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as somatic alterations at a high frequency in melanoma
tumors from unrelated patients [7, 8]. Subsequent studies
showed occurrence of somatic TERT promoter mutations
in a wide range of cancer types [9]. In melanoma, those
somatic mutations have been associated with increased
TERT expression, increased Breslow thickness, tumor
ulceration, and poor disease-free and melanoma-specific
survival [10, 11]. Another study suggested that TERT
promoter mutations might constitute early secondary
alterations [12]. The recurrent mutually exclusive
C > T somatic mutations in the TERT promoter at –124
(1,295,228) bp and –146 (1,295,250) bp, like familial
mutation, result in the creation of a binding motif for
the ETS (E26 transformation-specific) transcription
factors with consequent tumor-specific increased TERT
expression (Figure 1). The ETS family of transcription
factors contains 28 members, which can be divided into
13 subfamilies of one to three members. All proteins
of the family share a conserved DNA binding domain
that mediates monomeric binding to the ETS binding
consensus sequence, consisting of an invariant GGA(A/T)
core and, often, an extended sequence CCGGAA(A/T)
[13, 14]. At least nine of the 28 ETS family proteins can
be phosphorylated by ERK, and in eight of those cases that
modification leads to increased transcriptional activation
[15]. In melanoma the TERT promoter mutations
occur together with BRAF and NRAS mutations more
frequently than per chance, suggesting a link between
TERT expression and MAPK pathway activation during
immortalization of melanocytes via ETS proteins [10].
Several ETS members have been shown to bind to the
sites created by mutations at the –124 and –146 positions
in vitro. The transcription factors that have been shown
to bind the sites include ETS1, ETS2, ELF1, ELF2,
ETV6, p52 NF-κB and GABPA, however, no study has
so far shown link between TERT expression and MAPK
activation [16–18].
In this communication, we report that TERT
expression is dependent of MAPK pathway activation
only in melanoma cell lines carrying the TERT promoter
mutations. Our data show expression of ETS1 and its
phosphorylation in an ERK-dependent manner in all
melanoma cell lines included in the study. We found
that ETS1 binds to the TERT promoter with mutations
but not with wild type sequence. ETS1 down-regulation
partially inhibits TERT expression in cell lines with the
TERT promoter mutations. Our study provides evidence
of a direct link between TERT expression and MAPK
pathway activation through the ETS1 transcription factor
in melanoma cells carrying a TERT promoter mutation.

on nine melanoma cell lines with or without TERT, BRAF
and NRAS mutations (Table 1). We first showed that
normal human epidermal melanocytes (NHEM) did not
express TERT; whereas, melanoma cell lines expressed
different levels of TERT (Figure 2A). We observed no
difference in the level of TERT protein in cells lines
with and without promoter mutations. Both C8161 and
UKRV-Mel21 cell lines also expressed TERT, despite
the absence of promoter mutation. Similarly, there
was no correlation between TERT expression level and
heterozygosity or homozygosity of mutations at the –57,
–124, –146 or –138_139 positions. Similar results were
seen at the mRNA level with quantitative RT-PCR (data
not shown). To evaluate the role of MAPK activation in
TERT expression, four representative cell lines with (M74,
WM266.4) or without (C8161, UKRV-Mel21) TERT
promoter mutations were treated with the MEK inhibitor
U0126. Western blots confirmed that U0126 inhibited
ERK phosphorylation (Figure 2B). The effect of U0126
on TERT mRNA level and protein were analyzed using
real-time RT-PCR and western blotting, respectively.
ERK inhibition was associated with a reduced TERT
protein expression in cell lines carrying a TERT promoter
mutation (M74, WM266.4) but not in the C8161 and
UKRV-Mel21 cell lines, which do not carry such mutation
(Figure 2B). This decrease in TERT expression was
also observed at mRNA level (Figure 2C) suggesting
an inhibition at the transcriptional level. No inhibition
of TERT mRNA was seen upon U0126 treatment in
C8161 or UKRV-Mel21 cell lines, confirming that TERT
expression, in the absence of TERT promoter mutations, is
independent of MEK/ERK. Moreover, similar results were
obtained using another MEK inhibitor, trametinib, and the
BRAF inhibitor vemurafenib in melanoma cell lines with
BRAF mutations (Supplementary Figure S1). The data
suggest that, at least in the investigated melanoma cell
lines, TERT expression is dependent on the activation of
the MAPK pathway in the presence of TERT promoter
mutations. To identify the link between MAPK pathway
activation and TERT transcription, we investigated the
expression of different transcription factors of the ETS
family in melanoma cell lines. We found that ETS1, which
has previously been shown to be involved in development
and invasion of melanoma, was expressed in melanocytes
and in all melanoma cell lines that were investigated
(Figure 2A and data not shown). Furthermore, ETS1
was constitutively phosphorylated at threonine 38 in all
melanoma cell lines. The phosphorylation at threonine,
which activates ETS1, was dependent on ERK, shown by
the activity of MEK inhibitor U0126 (Figure 2B). That
result suggested that ETS1 could be the transcription
factor linking the activation of the MAPK pathway to
the expression of TERT in melanoma cell lines harboring
TERT promoter mutations.
To confirm this hypothesis, we first determined the
effect of ETS1 over-expression on promoter activity of

RESULTS
To investigate a link between MAPK pathway
activation and TERT expression in presence or absence
of TERT promoter mutation, we performed experiments
www.impactjournals.com/oncotarget
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Table 1: Mutational status of cell lines used in this study
Cell Line
NHEM
501Mel
A375
C8161
M74
Sk-Mel5
Sk-Mel28
UKRV-Mel21
WM266.4

TERT promoter

BRAF

WT
–124 C > T
–146 C > T
WT
–124 C > T
–138_139CC > TT
–57 A > C
WT
–146 C > T

WT
V600E
V600E
WT
V600E
V600E
V600E
WT
V600D

the –124T mutant allele using luciferase reporter assays
in the UKRV-Mel21 cell line. The first results from the
assays showed that the reporter construct with the mutant
allele showed higher promoter activity than the construct
with wild type sequence (10-fold; t-test P 0.001); however,
the addition of MEK inhibitor diminished the promoter
activity in the construct with –124 C > T mutation
(5- fold; t-test P 0.001; Figure 3A) and not in the construct
without mutation. In a parallel experiment, the cells were
co- transfected with ETS1 plasmid and reporter constructs
with or without –124T promoter mutant allele. The results
showed that ETS1 overexpression resulted in increased
luciferase activity only with the reporter construct with
the mutant allele, compared to the cells without mutant
construct (11-fold; t-test P 0.002). Introduction of

NRAS
WT
WT
WT
Q61K
WT
WT
WT
WT
WT

Trametinib, a MEK inhibitor, reversed the increase in
promoter activity due the mutation in the presence of ETS1
overexpression (3.2-fold; P < 0.001). Increased expression
of ETS1 in cells transfected with ETS1 plasmids was
confirmed with real-time PCR (Supplementary Figure S2).
To evaluate the role of ETS1 on the endogenous
TERT promoter, we used RNA interference to inhibit
ETS1 expression in C8161, Colo829, M74, UKRV-Mel21
and WM266.4 cell lines. Two different siRNAs reduced
ETS1 protein level by more than 70% in all cell lines. This
reduction was associated with a 50% to 60% decrease in
TERT expression in Colo 829, M74 and WM266.4 cell
lines carrying a mutant TERT allele but not in C8161 and
UKRV-Mel21, which harbored wild-type TERT promoter
(Figure 3B and Supplementary Figure S3). These results

Figure 1: Distribution of mutations in the TERT promoter. The sporadic and germline mutations found in melanoma are shown

in red below the TERT core promoter. The Ets/TCF consensus motifs created by mutations are underlined. The numbering above the
sequence relates to the start codon (ATG) of TERT whereas the standardized positions of mutations on chromosome 5 are indicated in the
boxes. The transcription start is indicated by an arrow.
www.impactjournals.com/oncotarget
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Figure 2: TERT expression is dependent on MAPK pathway activation. (A) Levels of TERT, phosphorylated ETS1 (pETS1),
total ETS1 (ETS1), phosphorylated ERK (ppERK), total ERK (ERK) and actin were analyzed by western blotting in melanocytes (NHEM)
and melanoma cell lines. The TERT promoter mutation status is indicated above the blots. (B) Melanoma cell lines were treated for 48 hrs
with 3 μM, 10 μM of U0126 or DMSO (0). Levels of TERT, phosphorylated ERK (ppERK), total ERK (ERK), phosphorylated ETS1
(pETS1), total ETS1 (ETS1) and actin were analyzed by western blotting. (C) Melanoma cell lines were treated for 24 hrs with 3 μM,
10 μM of U0126 or DMSO (0). TERT mRNA levels were quantified by real-time PCR normalized to GAPDH. Values are mean ± s.d. of
two experiments assayed in duplicate. The TERT promoter status is indicated underneath the bar-charts.

suggest that ETS1 is, at least in part, responsible for
TERT expression in melanoma cell lines with a mutant
TERT promoter. As GABPA has been previously shown
to drive efficient TERT transcription in cell lines with the
mutations [16], we tested whether inhibition of GABPA by
RNA interference decreased TERT expression. Although,
two different siRNAs reduced GABPA protein level by
more than 70% in all cell lines, TERT expression remained
unaffected (Figure 3B and Supplementary Figure S3). To
confirm the ERK-ETS1-TERT connection, we combined
ETS1/GABPA depletion with MEK inhibition. U0126
inhibited ERK activation and reduced TERT expression,
which was not further decreased by ETS1 or GABPA
depletion (Figure 3C). To confirm that ETS1 is specifically
recruited to the mutant TERT promoter, we performed
ETS1 ChIP in M74 and WM266.4 cell lines both with
www.impactjournals.com/oncotarget

TERT mutation, and C8161 and UKRV-Mel21 cell lines
both without corresponding mutation. We showed that the
TERT mutation induced a ten- to twelve-fold increase in
ETS1 binding to the TERT promoter compared to the wildtype allele (Figure 3D). Using ChIP assays, we could only
detect weak binding of GABPA on the TERT promoter and
it was not associated with promoter mutation. As a control,
we evaluated the binding of GABPA to RACGAP1 and
KIF20A promoters, two promoters that have recently been
shown to be direct targets of GABPA [19]. We showed
by ChIP assays that both promoters bound GABPA
in melanoma cell lines (Supplementary Figure S2)
demonstrating the efficacy of the assays to detect GABPA
binding. These data demonstrate that ETS1 is selectively
recruited to the mutant TERT allele in melanoma cell lines
and induce an allele-specific activation of TERT.
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Figure 3: ETS1 binds to the TERT promoter and control its expression. (A) Luciferase reporter constructs containing wild type

TERT promoter sequence (WT) and sequence with mutant allele for the –124T mutant (-124T) were transfected in triplicate into UKRVMel21 cell line with and without plasmids with ETS1 sequence. To determine the effect of MEK inhibitors, in parallel experiments cells
after 6 hours of transcfection were treated with Trametinib. Cells were harvested 64 hours post transfection and reporter expression was
analyzed using the Dual-Luciferase assay system. The constructs without either reporter gene did not show any activity and were used as
controls. (B) Melanoma cell lines were transfected without any siRNA (-), a siRNA control (scr), siRNA targetting ETS1 (ets1a and ets1b)
or GABPA (gabpa1 and gabpa2). After 72 hrs, levels of TERT, ETS1 GABPA and ACTIN were analyzed by Western Blotting. The TERT
promoter status is indicated above the blots. (C) M74 melanoma cell line was transfected as above. 24 hrs later cells were treated with
DMSO or 3 μM of U0126. After 48 hrs of treatment, levels of TERT, ETS1 GABPA and ACTIN were analyzed by Western Blotting. The
TERT promoter status is indicated above the blots. (D) Melanoma cell lines were formalin fixed and harvested. Chromatin precipitated by
anti-ETS1, anti-GABPA or control IgG was reverse-cross-linked, and the obtained genomic fragments were quantified by real-time PCR.
Values are presented as fold enrichment over the mean value of control IgG. Error bars represent standard deviations.
www.impactjournals.com/oncotarget
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DISCUSSION

(CBP) and p300 [26]. We demonstrated that ETS1 binds
at the site created by the promoter mutations leading
to TERT expression; the inhibition of ETS1 resulted
in reduced TERT expression. These results are in
accordance with recent data showing binding of ETS1 to
TERT mutant promoter [17]. Amongst the several ETS1
members that have been shown to bind at the sites created
by the mutation at –124 position, GABPA has been shown
to drive efficient TERT transcription [16]. In this study,
we could detect the expression of GABPA in melanoma
cell lines; however, its expression did not decrease
upon MEK inhibition (Figure 3C and data not shown).
This observation is in conformity with a previous study
that compared MAPK specificity across all ETS family
proteins and shows that GABPA has very few MAPK
interacting domains for phosphorylation by ERK, JNK
and p38α kinases [27]. We also showed that inhibition of
GABPA by RNA interference does not decrease TERT
expression and we could only detect weak binding of
GABPA on the TERT promoter by ChIP assays, which did
not associate with the promoter mutation. The reason for
the discrepancy between our results and a previous study
remains unclear [16]. GABPA could be in a complex
preventing binding of the antibody by masking the
epitope, or epigenetic modifications of the TERT promoter
in our cells could prevent binding of the transcription
factor [21]. Nevertheless, our experiments with siRNA
targeting GABPA suggest that, at least in the cell lines
tested, GABPA does not stimulate TERT expression
even in the presence of a mutation at the –124 or –146
positions. However, ETS1 inhibition induced only a partial
reduction of TERT expression (Figure 3B) suggesting
that other transcription factors may be involved in TERT
expression in melanoma cells.
Our results have important implications for
understanding the mechanism through which telomerase
is reactivated in tumors cells. We provide evidence
that TERT promoter mutations via ETS1 form a direct
relationship between TERT expression and MAPK
pathway activation through BRAF or NRAS mutations.
This probably participates in cellular immortalization
during melanoma development.

Cellular immortalization is a multistep process
and a major step in cancer development. It involves the
sustained expression of telomerase, which gives cancer
cells an infinite capability to divide through maintenance
of telomeres. Although the reactivation of telomerase has
a key role in the immortalization process, the mechanism
underlying telomerase re-activation in cancers had remained
elusive. However, the discovery of frequent mutations in
the promoter of TERT highlighted a possible mechanism
of catalytic subunit of reverse transcriptase expression
in cancer cells. Functional studies have shown that the
presence of TERT promoter mutations leads to failure of
TERT repression upon cellular differentiation; in multiple
cell lines, the mutant TERT promoter has been shown to
cause massive epigenetic changes [20, 21].
However, the probable association between
activation of TERT expression due to the promoter
mutations and MAPK pathway activation has remain
unexplored. Here, we show that the promoter mutations
render the expression of TERT dependent on the activation
the MAPK pathway. The MAPK pathway is activated
mainly through oncogenic mutations of BRAF or NRAS,
which are early events in melanoma development and
in absence of other alterations lead to oncogene induced
senescence. The acquisition of TERT promoter mutation
in BRAF or NRAS mutated melanoma probably allows
the re-expression of TERT leading to the immortalization
process on path to melanoma development, together with
other alterations such as inactivation of cyclin-dependent
kinase inhibitor 2A (CDKN2A). TERT promoter
mutations create novel binding sites for the ETS family
of transcription factors. Several ETS proteins can be
phosphorylated by ERK, and this modification activates
their transcriptional activation [15]. We investigated the
role of ETS1 transcription factor, which has previously
been involved in the development and invasion of
melanoma. ETS1 plays an important role in cancer
progression due to its ability to activate the transcription
of metastasis-, angiogenesis- and invasion-associated
genes [22]. ETS1 gene expression has been associated
with tumor progression in various tumors such as thyroid,
pancreas, liver, lung and breast carcinomas, and melanoma
[23]. ETS1 is expressed in melanoblasts in normal adult
melanocytes and in transformed cells; however, its role in
melanoma progression is unclear. ETS1 has been reported
either as a valuable diagnostic⁄prognostic marker [24]
or as molecule with no clear association with clinical
outcome [25]. In the present study, we showed that ETS1
is expressed in melanoma cell lines and is constitutively
phosphorylated by ERK on Thr38 in melanoma cell lines
due to the activation of the MAPK pathway associated
with BRAF or NRAS mutations. Thr38 phosphorylation
results in enhanced transactivation by preferential
recruitment of the coactivators CREB binding protein
www.impactjournals.com/oncotarget

MATERIALS AND METHODS
Cell culture and transfection
Normal neonatal human epidermal melanocytes
(NHEM; Cascade Biologics, Nottinghamshire, United
Kingdom) were cultured in medium 154 supplemented
with human melanocyte growth supplement (Cascade
Biologics). Human melanoma cell lines were cultured in
DMEM or RPMI 1640 medium (Gibco, ThermoFisher
Scientific) supplemented with 10% FBS, penicillin
(100 Units/ml)/streptomycin (100 μg/ml) antibiotics,
and 2 mM L-glutamine. All melanoma cell lines were
53134
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Protein expression and antibodies

genotyped to verify their authenticity. siRNA were
transfected using Lipofectamine RNAiMAX (Invitrogen)
following the manufacturer instructions. Sequences of the
siRNA are in Supplementary Table S1.

Cells were lysed in RIPA and the proteins were
subjected to an SDS-PAGE and western blot analysis
was carried out according to standard protocols using
the following antibodies: TERT (Santa Cruz technology
and Thermo Fisher Scientific), PhosphoERK (Sigma),
ERK (Millipore), PhosphoETS1 (Sigma), ETS1 (Bethyl)
and GABPA (Santa Cruz technology). Antibodies
were visualized using the SuperSignal West Pico
Chemiluminescent Substrate (ThermoFisher Scientific).

Luciferase reporter gene constructs and
expression vector
For reporter luciferase assays a 2.5 kbp region of
TERT locus (chr5:1,294,815–1,297,313, hg19 coordinates)
was amplified using genomic DNA. The amplified region
included 2209 bp of promoter, followed by 219 bp of
exon 1 and 60 bp of intron 1. The C > T mutation at –124
position was generated using Quik-change site-directed
mutagenesis kit (Invitrogen) and cloned into pGL4.10
vector as described previously [28]. The ETS1 coding
sequence in pENTR221 was obtained commercially and
subcloned into pDEST26 Gateway expression vector.

ChIP
Cells were cultured in 10-cm plates to approximately
80% confluence, and fixed with 1% formaldehyde.
Chromatin Immunoprecipitation was carried out using
the Pierce Agarose ChIP Kit (Thermo Fisher Scientific)
following the manufacturer instructions. The genomic
fragments were quantified by real-time PCR using the
Power SYBR Green kit (applied biosystems) and primers
surrounding the –124 and –146 TERT promoter mutations
(Supplementary Table S1). Primers for the RACGAP1 and
KIF20A promoters have been described previously [19].
The antibodies used included, ETS1, GABPA (Santa Cruz
technology) and rabbit IgG control (Abcam).

Luciferase reporter assay
For reporter assay, UKRV-Mel 21 cells were seeded
in 12-well plates and transfected with Lipofectamine
2000 (Invitrogen), 500 ng of reporter construct (WT or
–124 C > T) and 50 ng of pRL-actin in triplicates. The
pRL expressing renilla luciferase was used as an internal
control for normalization of luminescence values.
Promoter-less vector (pGL4.10[luc2]) and non-transfected
cells were used as negative controls. The three plasmids
(WT, –124 C > T and promoter-less vector) were assayed
separately with or without MAPK inhibitor (Trametinib)
and additionally with or without Ets-1 overexpression.
For Ets1 overexpression, the corresponding cells were
cotransfected with 100 ng of PDEST26-ETS1 expression
plasmid that expressed human Ets1 coding sequence
(GenBank: AY893450). To determine the effect of MEK
inhibitor, the cells were treated with Trametinib dissolved
in DMSO at a final concentration of 1 μM, 6 hours after
transfection. As a control, DMSO was used in other batch
of cells that were not treated with Trametinib. Cells were
harvested 30 hours post transfection using 1x passive lysis
buffer (Promega) and reporter expression was analyzed
using the Dual-Luciferase assay system (Promega).
The relative ratio of firefly luminescence to renilla
luminescence was calculated to normalize the variations
across samples. Statistical differences were determined
using two-sided t-test in R.

ACKNOWLEDGMENTS AND FUNDING
We would like to thank Prof. Stefan Eichmüller for
UKRV-Mel21 cell lines. Andrelou F Vallarelli was supported
by ‘CAPES - Brazilian Federal Agency for Support and
Evaluation of Graduate Education within the Ministry of
Education of Brazil’. This research was supported by grants
from the ‘Ligue Contre le Cancer Comité de Paris’, the
‘GEFLUC Paris-Ile-de-France’, the ‘Fondation ARC pour
la Recherche sur le Cancer’, INSERM, Université Paris
Diderot and TRANSCAN through German Ministry of
Education and Science (grant number 01KT1511).

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

REFERENCES

Reverse transcription and real-time PCR
Total RNA was extracted from melanoma cell lines
(RNeasy Mini Kit, QIAGEN) and treated with DNase
(ThermoFisher Scientific); cDNA was prepared using the
Themoscript kit (ThermoFisher Scientific). TERT mRNA
level was quantified by real-time PCR using the Power SYBR
Green kit (applied biosystems) normalized to GAPDH.
Sequences of the primers are in Supplementary Table S1.
www.impactjournals.com/oncotarget

53135

1.

Cancer Genome Atlas Network. Genomic Classification of
Cutaneous Melanoma. Cell. 2015; 161:1681–1696.

2.

Pollock PM, Harper UL, Hansen KS, Yudt LM, Stark M,
Robbins CM, Moses TY, Hostetter G, Wagner U, Kakareka J,
Salem G, Pohida T, Heenan P, et al. High frequency of
BRAF mutations in nevi. Nature genetics. 2003; 33:19–20.

3.

Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C,
Kuilman T, van der Horst CM, Majoor DM, Shay JW,
Mooi WJ, Peeper DS. BRAFE600-associated senescence-like
cell cycle arrest of human naevi. Nature. 2005; 436:720–724.
Oncotarget

4. Martinez P, Blasco MA. Telomeric and extra-telomeric roles
for telomerase and the telomere-binding proteins. Nature
reviews Cancer. 2011; 11:161–176.

transcription factor GABP selectively binds and activates
the mutant TERT promoter in cancer. Science. 2015;
348:1036–1039.

5. Xu L, Li S, Stohr BA. The role of telomere biology in
cancer. Annu Rev Pathol. 2013; 8:49–78.

17. Li Y, Zhou QL, Sun W, Chandrasekharan P, Cheng HS,
Ying Z, Lakshmanan M, Raju A, Tenen DG, Cheng SY,
Chuang KH, Li J, Prabhakar S, et al. Non-canonical NFkappaB signalling and ETS1/2 cooperatively drive C250T
mutant TERT promoter activation. Nature cell biology.
2015; 17:1327–1338.

6. Miracco C, Margherita De Santi M, Schurfeld K,
Santopietro R, Lalinga AV, Fimiani M, Biagioli M,
Brogi M, De Felice C, Luzi P, Andreassi L. Quantitative
in situ evaluation of telomeres in fluorescence in situ
hybridization-processed sections of cutaneous melanocytic
lesions and correlation with telomerase activity. The British
journal of dermatology. 2002; 146:399–408.

18. Makowski MM, Willems E, Fang J, Choi J, Zhang T, Jansen
PW, Brown KM, Vermeulen M. An interaction proteomics
survey of transcription factor binding at recurrent TERT
promoter mutations. Proteomics. 2016; 16:417–26.

7. Huang FW, Hodis E, Xu MJ, Kryukov GV, Chin L,
Garraway LA. Highly recurrent TERT promoter mutations
in human melanoma. Science. 2013; 339:957–959.

19. Odrowaz Z, Sharrocks AD. The ETS transcription factors
ELK1 and GABPA regulate different gene networks to
control MCF10A breast epithelial cell migration. PLoS
One. 2012; 7:e49892.

8. Horn S, Figl A, Rachakonda PS, Fischer C, Sucker A,
Gast A, Kadel S, Moll I, Nagore E, Hemminki K,
Schadendorf D, Kumar R. TERT promoter mutations in
familial and sporadic melanoma. Science. 2013; 339:
959–961.

20. Chiba K, Johnson JZ, Vogan JM, Wagner T, Boyle JM,
Hockemeyer D. Cancer-associated TERT promoter
mutations abrogate telomerase silencing. Elife. 2015; 4.

9. Heidenreich B, Rachakonda PS, Hemminki K, Kumar R.
TERT promoter mutations in cancer development. Current
opinion in genetics & development. 2014; 24:30–37.

21. Stern JL, Theodorescu D, Vogelstein B, Papadopoulos N,
Cech TR. Mutation of the TERT promoter, switch to active
chromatin, and monoallelic TERT expression in multiple
cancers. Genes & development. 2015; 29:2219–2224.

10. Heidenreich B, Nagore E, Rachakonda PS, GarciaCasado Z, Requena C, Traves V, Becker J, Soufir N,
Hemminki K, Kumar R. Telomerase reverse transcriptase
promoter mutations in primary cutaneous melanoma. Nat
Commun. 2014; 5:3401.

22. Dittmer J. The biology of the Ets1 proto-oncogene.
Molecular cancer. 2003; 2:29.
23. Seth A, Watson DK. ETS transcription factors and their
emerging roles in human cancer. Eur J Cancer. 2005;
41:2462–2478.

11. Nagore E, Heidenreich B, Rachakonda S, GarciaCasado Z, Requena C, Soriano V, Frank C, Traves V,
Quecedo E, Sanjuan-Gimenez J, Hemminki K, Landi MT,
Kumar R. TERT promoter mutations in melanoma survival.
International journal of cancer. 2016; 139:75–84.

24. Rothhammer T, Hahne JC, Florin A, Poser I, Soncin F,
Wernert N, Bosserhoff AK. The Ets-1 transcription factor
is involved in the development and invasion of malignant
melanoma. Cell Mol Life Sci. 2004; 61:118–128.

12. Shain AH, Yeh I, Kovalyshyn I, Sriharan A, Talevich E,
Gagnon A, Dummer R, North J, Pincus L, Ruben B,
Rickaby W, D’Arrigo C, Robson A, et al. The Genetic
Evolution of Melanoma from Precursor Lesions. The New
England journal of medicine. 2015; 373:1926–1936.

25. Torlakovic EE, Bilalovic N, Nesland JM, Torlakovic G,
Florenes VA. Ets-1 transcription factor is widely expressed
in benign and malignant melanocytes and its expression
has no significant association with prognosis. Mod Pathol.
2004; 17:1400–1406.

13. Hollenhorst PC, McIntosh LP, Graves BJ. Genomic
and biochemical insights into the specificity of ETS
transcription factors. Annual review of biochemistry. 2011;
80:437–471.

26. Foulds CE, Nelson ML, Blaszczak AG, Graves BJ. Ras/
mitogen-activated protein kinase signaling activates Ets-1
and Ets-2 by CBP/p300 recruitment. Molecular and cellular
biology. 2004; 24:10954–10964.

14. Wei GH, Badis G, Berger MF, Kivioja T, Palin K, Enge M,
Bonke M, Jolma A, Varjosalo M, Gehrke AR, Yan J,
Talukder S, Turunen M, et al. Genome-wide analysis of
ETS-family DNA-binding in vitro and in vivo. The EMBO
journal. 2010; 29:2147–2160.

27. Selvaraj N, Kedage V, Hollenhorst PC. Comparison of
MAPK specificity across the ETS transcription factor
family identifies a high-affinity ERK interaction required
for ERG function in prostate cells. Cell communication and
signaling. 2015; 13:12.

15. Charlot C, Dubois-Pot H, Serchov T, Tourrette Y,
Wasylyk B. A review of post-translational modifications and
subcellular localization of Ets transcription factors: possible
connection with cancer and involvement in the hypoxic
response. Methods Mol Biol. 2010; 647:3–30.

28. 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.
Proceedings of the National Academy of Sciences of the
United States of America. 2013; 110:17426–17431.

16. Bell RJ, Rube HT, Kreig A, Mancini A, Fouse SD,
Nagarajan RP, Choi S, Hong C, He D, Pekmezci M,
Wiencke JK, Wrensch MR, Chang SM, et al. Cancer. The
www.impactjournals.com/oncotarget

53136

Oncotarget

