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Objectives: To estimate the prevalence of two most common and mutually exclusive —124 C > Tand —146 C > T
TERT promoter mutations in HNSCC and analyse their prognostic role.

Materials and methods: The databases Medline (via Ovid), Embase (via Ovid), Cochrane Library, Scopus, and Web
of Science (Core Collection) were searched from inception to December 2022 to identify studies analysing TERT
promoter mutations in HNSCC. Pooled prevalence of TERT promoter mutations and hazard ratio (sHR) of death/
progression, with corresponding confidence intervals (CI), were estimated.

Results: The initial search returned 6416 articles, of which 17 studies, including 1830 patients, met the criteria for
prevalence meta-analysis. Among them, 8 studies fitted the inclusion criterion to analyse the prognostic impact
of TERT promoter mutations. Overall, 21% (95% CI: 12%-31%) of HNSCCs harboured TERT promoter mutation.
TERT promoter mutations were more commonly found in oral cavity cancer (prevalence = 47%, 95% CI: 33%—
61%), followed by laryngeal/hypopharyngeal cancer (prevalence = 12%, 95% CI: 4%-25%), while they were
quite rare in oropharyngeal cancer (prevalence = 1%, 95% CI: 0%-4%). TERT promoter mutation —124 C > T
was associated with a higher risk of death (sHR = 2.01, 95% CI: 1.25-3.23) and progression (sHR = 2.79, 95%
CIL: 1.77-4.40), while —146 C > T TERT promoter mutation did not show any significant correlation neither to
overall nor progression-free survival.

Conclusion: TERT promoter mutations were mainly topographically restricted to oral cavity cancer. —124 C > T
was the most common TERT promoter mutation and was significantly associated to worse outcome in HNSCC.

Introduction

Worldwide, approximately 880,000 people are diagnosed with a
head and neck cancer each year [1]. The majority of these (i.e., about
375,000) are localized in the oral cavity, with about 185,000 in the
larynx, 185,000 in the oropharynx and hypopharynx, and 135,000 in the
nasopharynx. Most of head and neck cancers are head and neck squa-
mous cell carcinomas (HNSCC) [2].

Tobacco smoking and alcohol abuse are the major established risk

factors for HNSCC [1]. The role of high-risk alpha human papillomavi-
ruses (HR a-HPVs) infection in the aetiology of oropharyngeal SCC has
increased in the last decades, being the strongest independent prog-
nostic factor for this subset of cancers [3,4]. Conversely, no robust
biological biomarkers are available for HNSCC arising from other head
and neck sites including oral cavity and larynx [1]. There is, therefore, a
strong need to have biomarkers able to stratify the risk in these patients.

Among molecular markers proposed for risk stratification of HNSCC
patients, the detection of telomerase reverse transcriptase (TERT)
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promoter mutations has attracted considerable interest given that most
HNSCCs express high levels of TERT transcripts that have proved to be
associated with worse responses to treatment and high risk of progres-
sion [5,6]. Telomerase is an enzyme that avoids the loss of telomeres at
each cell replication. It presents a catalytic subunit with reverse tran-
scriptase activity, TERT, and an RNA component which primes DNA
synthesis from telomere repeats (TERC, telomerase RNA component).
Somatic cells shorten the telomeres each cell cycle; this prevents the
unlimited cell division, whereas cells that have active telomerase possess
unlimited proliferative potential [7]. Since the acquisition of unlimited
proliferation capacity represents a critical hallmark required for cell
malignant transformation, telomere/telomerase complex is a pivotal
component in the neoplastic process [8]. TERT is normally expressed in
adult humans only in germ cells, transit-amplifying stem-like cells, and
proliferating/stimulated B and T cells, but it is estimated that in 85% of
cancers telomerase are reactivated during the process of carcinogenesis
[9]. While the mechanisms that lead TERT to be reactivated in cancer
cells have still to be completely understood, TERT reactivation can be
explained by the genetic and epigenetic factors, such as TERT amplifi-
cations, TERT structural variants, rearrangements, promoter methyl-
ation, and mutations within TERT promoter region [9,10]. TERT
promoter mutations mainly appear at nucleotides 1,295,228 (—-124 C >
T) and 1,295,250 (—146 C > T) and represent the most common non-
coding mutations in solid tumours being recorded in several cancer
types with a broad spectrum of prevalence [11-15]. These two muta-
tions occur in a mutually exclusive manner, with the —124 C > T
showing greater prevalence than —146 C > T. Both mutations increase
TERT promoter activity and augment TERT gene transcription by
creating de novo binding sites for E-twenty-six (ETS) transcription fac-
tors family [11,12,16]. In addition, recent evidence suggests that TERT
polymorphisms can also play an important role in oncogenesis [17-20].
By interacting with the Wnt/p-catenin and the NF-kB signalling path-
ways, telomerase may play non-canonical functions directly linked with
tumour progression, making it a possibly appealing prognostic marker
[21,22]. Recently, TERT promoter mutations were observed to be
associated with a highly aggressive behaviour in several cancers
including thyroid, bladder, and melanoma skin cancers [23-25]. How-
ever, results from studies evaluating the association between TERT
promoter mutations, cancer biology, and outcome in HNSCC were often
inconsistent [17,26-29].

Thus, the aim of this systematic review and meta-analysis was to
estimate the pooled prevalence of TERT promoter mutations in HNSCC
and to investigate their prognostic significance.

Materials and methods
Search strategy

The protocol for this systematic review was registered with PROS-
PERO with the code CRD42022338251. The databases Medline (via
Ovid), Embase (via Ovid), Cochrane Library, Scopus, and Web of Science
(Core Collection) were searched from inception to December 2022. The
search strategy was developed in consultation with an experienced
medical librarian (VP) using the PRESS checklist and reported according
to the PRISMA-S guidelines [30,31] (eMethod in Supplementary On-
line Content). Databases were searched separately, rather than multiple
databases being searched simultaneously on the same platform. The
search syntax was adapted for each database to account for variation
between thesaurus terms/controlled vocabulary across each database.
Exact search terms used in each database are present in supplementary
materials. Results were deduplicated using Endnote 20 software.
Endnote was set to identify articles as duplicates if they matched in the
Author, Year, Title, Short Title, and Reference Type fields, and was also
set to ignore differences in item record spacing and punctuation in these
fields when identifying duplicates. The reference lists of articles
included in this review, as well as narrative reviews published in the last
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10 years, were also manually searched to minimize the risk of missing
data. Two authors (PBR, ES) independently screened all titles and ab-
stracts generated by the search and then evaluated the full texts of all the
relevant articles identified against the inclusion criteria (Fig. 1); a third
author (DB) settled discordances when present.

Outcome measures

The primary outcome of this meta-analysis was the prevalence of
TERT promoter mutations in HNSCCs, measured as the proportion of
patients carrying the mutation, distinguishing between —124 C > T,
—146 C > T, or other non-specified TERT promoter mutations. The
secondary outcome was the influence of TERT promoter mutations on
overall survival (OS) or progression-free survival (PFS); the measure
effect of the secondary outcome was the hazard ratio (HR) of death or
recurrence, according to the mutational status.

Selection criteria

All observational studies that analysed TERT promoter mutations in
HNSCCs were included. Research letters were also considered. Inclusion
criteria were: 1) studies investigating TERT promoter mutations in pa-
tients with HNSCC; 2) patients who underwent treatment with curative
intent (i.e., surgery and/or chemo/radiotherapy); 3) studies reporting
TERT promoter mutation prevalence or HR for death or progression,
with corresponding confidence interval; 4) studies evaluating TERT
promoter mutation in surgical specimen.

The exclusion criteria were: 1) reviews and editorials; 2) studies with
fewer than five patients; 3) non-English language studies; 4) studies
containing aggregated and non-extractable data, or duplicated data
from previously published work; 5) studies including distant metastatic
cancers.

Data extraction

An electronic data-collection form was used to extract the following
data: 1) study information: first author, year of publication, cohort
characteristics, total number of patients; 2) clinical data: cancer site and
subsite, number of cancers for each location, pathology stage, treatment;
3) analysis of the mutations: total number of TERT mutations, number of
wild typed cancer, number of the single mutations studied; 4) data on
prognosis, when available: HR of PFS and/or OS with corresponding
95% CI. Two authors (JP, ES) independently assessed the quality of the
included studies with the Newcastle-Ottawa Scale (NOS) [32].

Statistical analysis

The number of total cases and of those carrying TERT promoter
mutation, HR of death/progression and corresponding 95% CI were
extracted from each study; the standard error of the log HR was derived
from the log CIs. Summary estimate of TERT mutation prevalence and
hazard ratio (sHR), with corresponding 95% CI, were calculated ac-
cording to random-effects models of DerSimonian and Laird [33] as a
weighted average, giving each study a weight proportional to its pre-
cision and incorporating both within-and between-study variability.
Analyses were conducted separately for TERT promoter mutations —124
C > T and —146 C > T and for non-specified TERT promoter mutations.
Statistical heterogeneity among studies was evaluated using the I? and t2
statistics.[33] Prevalence analysis were stratified by cancer site and, for
oral cancer, by cancer subsite. Influence analysis was performed when
summary estimate was estimated from five or more studies: summary
estimate was calculated by omitting one study at a time. Publication bias
was assessed through a funnel plot [34]. The results of the meta-analysis
were presented graphically using forest plots, reporting the estimates
from individual studies, the summary estimates and corresponding 95%
CI. Statistical significance was claimed for p < 0.05.
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Fig. 1. PRISMA flow chart of study selection process.

Results
Search results and study selection

Once the duplicates were eliminated, 4467 items were screened,
excluding 4219 articles based on the title. The full text of the remaining
248 articles was further reviewed, and 17 articles met the inclusion
criteria for the metanalysis, as described in Fig. 1. The included articles
[13-15,17,26-29,35-43] involved 1830 patients and were published
between 2013 and 2021 (eTable in Supplementary Online Content).
As data for oral cavity cancers were included in Giunco et al. [17], only
findings for non-oral cavity HNSCCs by Boscolo-Rizzo et al. [35] were
included in the meta-analysis. Among the selected studies, 11 articles
evaluated the prognostic role of TERT promoter mutations in HNSCC,
but only 8 of those, including 1102 patients, reported HR with 95% CI
that fitted the requirements for this meta-analysis.

Characteristics and quality of the included studies

Nine articles focused on the prevalence of TERT promoter mutations
in a specific head and neck site [15,17,26,27,36-39,43]. In the seven

studies that included subjects with oropharyngeal SCC
[13,14,28,29,35,37,43], HPV status was available in 287 out of 311
cases (92.3%). Among them, 155 cases (54.0%) were HPV-positive
based on pl6 overexpression and/or presence of HPV-DNA. Among
the 11 studies that analysed prognostic impact of TERT promoter mu-
tations, seven studies analysed the OS [17,26,28,29,35,37,39] and four
studies focused on the PFS [17,29,37,39]. Overall, quality was satis-
factory, with seven out of eight studies investigating OS or PFS with
NOS > 7 (eTable in Supplementary Online Content).

Prevalence of TERT promoter mutations in HNSCC

Overall, 21% (95% CI: 12%-31%) of HNSCCs harboured TERT pro-
moter mutation (Fig. 2). Differences emerged according to cancer site (p
< 0.01): TERT promoter mutations were more frequent for cancer
arising in the oral cavity (47%, 95% CI: 33%-61%) and larynx/hypo-
pharynx (12%, 95% CI: 4%-25%), while TERT promoter mutations were
quite uncommon in oropharyngeal SCC (1%, 95% CI: 0%-4%). HNSCCs
harbouring —124 C > T TERT promoter mutation (12%; 95% CI: 4%-—
23%; Fig. 3A) were twice as frequent than those carrying —146 C > T
TERT promoter mutation (6%; 95% CI: 2%-13%; Fig. 3B). Prevalence of
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Number of Number of

Study mutated cases  patients
Oral cavity

Giunco et al, 2021 [17] 45 144
Moreira et al, 2021 [36] 76 155
Yu et al, 2021 [14] 60 74
Arantes et al, 2020 [29] 22 69
Yilmaz et al, 2020 [28] 77 102
Mundi et a/, 2019 [39] 41 135
Annunziata et al, 2018 [13] 9 15
Chang et al, 2017 [38] 130 201
Vinothkumar et al, 2016 [27] 13 41
Killela et al, 2013 [15] 12 70
Subtotal (Random effects) 495 1033
Heterogeneity: 7=94%, t=0.05, p<0.01
Oropharynx

Yu et al, 2021 [14] 0 14
Kim et al, 2021 [37] 6 80
Arantes et al, 2020 [29] 0 6
Yilmaz et al, 2020 [28] 0 22
Boscolo-Rizzo et al, 2020 [35] O 23
Dogan et al, 2019 [43] 5 157
Annunziata et al, 2018 [13] 0 9

Subtotal (Random effects) 1 31
Heterogeneity: #=51%, 1?=0.01, p=0.06

Larynx/Hypopharynx

Yu et al, 2021 [14] 3 29
Arantes et al, 2020 [29] 2 13
Boscolo-Rizzo et al, 2020 [35] 2 51
Yilmaz et al, 2020 [28] 6 65
Qu et al, 2014 [26] 64 235
Subtotal (Random effects) 77 393
Heterogeneity: #=86%, t?=0.03, p<0.01

Head and neck

Schwaederle et al, 2018 [42] 8 28
Morris et al, 2017 [40] 16 53
Cheng et al, 2015 [41] 2 12
Subtotal (Random effects) 26 93
Heterogeneity: #=0%, t>=0.00, p=0.60

Random effects model 609 1830

Heterogeneity: 7=96%, t?=0.09, p<0.01
Test for subgroup differences: p<0.01
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Fig. 2. Forest plot of prevalence of any TERT promoter mutations according to the site of HNSCC.

TERT promoter mutations was not statistically significant across
different oral cavity subsites (p = 0.64), though TERT promoter muta-
tions were more frequent in cancers of the buccal mucosa (62%; 95% CI:
21%-95%) and tongue (49%; 95% CI: 24%-74%; Fig. 4).

An analysis of TERT promoter mutations in oral cavity SCC was
conducted differentiating the studies based on the geographic area of the
included patients (eFigure in Supplementary Online Content). The
meta-analysis indicated that TERT promoter mutations were more
frequently reported in studies from Asia (59%, 95% CI 38%-77%), fol-
lowed by North America (49%, 95% CI 1%-99%), Europe (40%, 95% CI
28%-52%), and South America (32%, 95% CI 21%-44%). A significant
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(95% Cl)

(0.24-0.39)
(0.41-0.57)
(0.70-0.89)
(0.21-0.44)
(0.66-0.83)
(0.23-0.39)
(0.32-0.84)
(0.58-0.71)
(0.18-0.48)
(0.09-0.28)
(0.33-0.61)

(0.00-0.23)
(0.03-0.16)
(0.00-0.46)
(0.00-0.15)
(0.00-0.15)
(0.01-0.07)
(0.00-0.34)
(0.00-0.04)

(0.02-0.27)
(0.02-0.45)
(0.00-0.13)
(0.03-0.19)
(0.22-0.33)
(0.04-0.25)

(0.13-0.49)
(0.18-0.44)
(0.02-0.48)
(0.19-0.37)

(0.12-0.31)

heterogeneity was found among the articles (12 = 95%; p < 0.01).

Prognostic significance of TERT promoter mutations

TERT promoter mutation —124C > T was associated with a signifi-
cant higher risk of death (sHR = 2.01, 95% CI 1.25-3.23 — Fig. 5A) and
progression (sHR = 2.79, 95% CI 1.77-4.40 - Fig. 5B). Conversely, —146
C > T TERT promoter mutation did not show a significant association

with outcomes.



P. Boscolo-Rizzo et al.

A. -124 C>T TERT promoter mutation
Number of Number of

Study mutated cases patients Prevalence (95% CI)
Oral cavity
Giunco et a/, 2021 [17] 29 144 = 0.20 (0.14-0.28)
Arantes et al, 2020 [29] 5 69 0.07 (0.02-0.16)
Yilmaz et af, 2020 [28] 51 102 —F— 0.50 (0.40-0.60)
Mundi et a/, 2019 [39] 84 135 —f+—  0.62 (0.53-0.70)
Annunziata et af, 2018 [13] 3 15 —B— 0.20 (0.04-0.48)
Chang et al, 2017 [38] 104 201 —- 0.52 (0.45-0.59)
Vinothkumar et al, 2016 [27] 9 41 —H— 0.22 (0.11-0.38)
Killela et af, 2013 [15] 10 70 —H— 0.14 (0.07-0.25)
Subtotal (Random effects) 295 777 —_— 0.30 (0.16-0.46)
Heterogeneity: #=95%, 1?=0.05, p<0.01
Oropharynx
Yu et al, 2021 [14] 0 14— 0.00 (0.00-0.23)
Kim et a/, 2021 [37] 6 80 - 0.07 (0.03-0.16)
Arantes et al, 2020 [29] 0 6 —F— 0.00 (0.00-0.46)
Yilmaz et af, 2020 [28] 0 22 [—— 0.00 (0.00-0.15)
Dogan et al, 2019 [43] 4 157 [ 0.03 (0.01-0.06)
Annunziata et af, 2018 [13] 0 9 B— 0.00 (0.00-0.34)
Subtotal (Random effects) 10 288 o 0.02 (0.00-0.05)
Heterogeneity: =48%, 1?=0.01, p=0.09
Larynx/Hypopharynx
Arantes et al, 2020 [29] 1 13 FH— 0.08 (0.00-0.36)
Yilmaz et af, 2020 [28] 5 65 f— 0.08 (0.03-0.17)
Qu et al, 2014 [26] 8 235 [ 0.03 (0.01-0.07)
Subtotal (Random effects) 14 313 o 0.04 (0.02-0.07)
Heterogeneity: #=6%, 1*=0.00, p=0.34
Total (Random effects) 319 1378 - 0.12 (0.04-0.23)
T T 1T 1T T T 1

Heterogeneity: 7=96%, t?=0.09, p<0.01

Test for subgroup differences: p<0.01 0 0.1020304050607
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B. -146 C>T TERT promoter mutation
Number of Number of

Study mutated cases patients Prevalence (95% Cl)
Oral cavity

Giunco et a/, 2021 [17] 16 144 —— 0.11 (0.06-0.17)
Arantes et al, 2020 [29] 17 69 —F— 0.25 (0.15-0.36)
Yilmaz et a/, 2020 [28] 21 102 —&8— 0.21 (0.13-0.30)
Mundi et al, 2019 [39] 42 135 — B 0.31 (0.23-0.40)
Annunziata et af, 2018 [13] 2 %5 —HB— 0.13 (0.02-0.40)
Chang et a/, 2017 [38] 26 201 - 0.13 (0.09-0.18)
Vinothkumar et af, 2016 [27] 4 41 —B— 0.10 (0.03-0.23)
Killela et af, 2013 [15] 2 70 BH— 0.03 (0.00-0.10)
Subtotal (Random effects) 130 777 _ 0.15 (0.09-0.22)
Heterogeneity: =84%, t=0.01, p<0.01

Oropharynx

Yu et al, 2021 [14] 0 14 B 0.00 (0.00-0.23)
Kim et af, 2021 [37] 0 80 [ 0.00 (0.00-0.05)
Arantes et al, 2020 [29] 0 6 B———————— 0.00 (0.00-0.46)
Yilmaz et a/, 2020 [28] 0 2 F—— 0.00 (0.00-0.15)
Dogan et al, 2019 [43] 0 157 [ 0.00 (0.00-0.02)
Annunziata et af, 2018 [13] 0 9 F——"7—"— 0.00 (0.00-0.34)
Subtotal (Random effects) 0 288 ) 0.00 (0.00-0.00)
Heterogeneity: ”=0%, 1?=0.00, p=1.00

Larynx/Hypopharynx

Arantes et al, 2020 [29] 1 3 —FH— 0.08 (0.00-0.36)
Yilmaz et a/, 2020 [28] 1 65 [— 0.02 (0.00-0.08)
Qu et al, 2014 [26] 56 235 = 0.24 (0.19-0.30)
Subtotal (Random effects) 58 313 —— 0.09 (0.00-0.32)
Heterogeneity: /=94%, t=0.06, p<0.01

Total (Random effects) 188 1378 < 0.06 (0.02-0.13)
Heterogeneity: =93%, t?=0.04, p<0.01 f T T T T !

Test for subgroup differences: p<0.01 0 01 02 03 04 05

Fig. 3. Forest plot of prevalence of mutation —124 C > T (A) and 146 C > T TERT promoter mutations (B) according to cancer site.

Discussion

From this systematic review and meta-analysis, it emerged that TERT
promoter mutations were identified in 21% of HNSCCs. However, these
mutually exclusive mutations, i.e. —124 C > T and —146 C > T, were by
far more prevalent in SCCs of the oral cavity compared to the other head
and neck sites. Nearly half of oral cavity carcinomas harboured, indeed,
mutations in the TERT promoter. Conversely, only 1% and 12% of the
SCCs arising from the oropharynx and larynx/hypopharynx harboured
TERT mutations respectively. Confirming data collected by analysing
different types of malignancies and human cell lines [44], —124 C > T
mutation was the most commonly found. Despite the high heterogeneity
across studies, all but one of the those analysing the prevalence of TERT
mutations in the oral cavity consistently report rates > 30%, while all
but one of the studies investigating the prevalence of these mutations in
laryngeal/hypopharyngeal cancers reported prevalence rates < 15%. No
heterogeneity was observed in prevalence data of TERT promoter mu-
tations in oropharyngeal cancers with most of studies consistently
reporting no mutations in these malignancies. Furthermore, although
not statistically significant, we observed differences in prevalence ac-
cording to the subsite of origin of the tumour within the oral cavity and
according to the geographical area.

We have no mechanistic explanations for these observations. Reac-
tivation of TERT through promoter mutations has been observed to
occur more frequently in tumours originating from tissues with relative
low rates of self-renewal [15,44]. Highly proliferative tissues retain,
indeed, a pool of telomerase positive cells necessary for their long-term
self-renewal capacity and ability to maintain tissue homeostasis [45]. It
has been postulated that mutations of the TERT promoter in tumours
originating from these tissues do not confer a direct proliferative benefit
as telomeres are still long enough or telomerase is active [45]. However,
the epithelium lining the oral cavity has a relatively high rate of self-
renewal with this rate being not significantly different from that of
other head and neck sites [46] and is provided by a compartment of stem
cells expressing detectable levels of TERT mRNA [47].

Another hypothesis is that exposure to particular risk factors may
account for sites and subsites topographic differences, as well as for
geographical differences. A substantial and increasing proportion of
oropharyngeal SCCs, around 60%-70% in Western populations [48,49],
are known to be caused by transforming HR o-HPV infection, mainly
HPV type 16 [50]. HR a-HPV-driven oropharyngeal SCCs express very

high TERT levels [47]. It has been demonstrated that HPV16 E6 onco-
protein physically and functionally interacts with telomerase complex
and increases TERT catalytic activity, thus contributing to cell immor-
talization and transformation [51]. Consequently, in HPV-driven
oropharyngeal SCCs, TERT reactivation mechanisms would be inde-
pendent of the promoter mutations and there would be no selective
pressure towards neoplastic clones possibly harbouring TERT promoter
mutations. Most of cases of oropharyngeal SCC included in the present
series were tested for HPV with 54% of them being HPV-positive Thus,
HPV-induced carcinogenesis in the oropharynx may only partially
explain the very low rate of TERT promoter mutations found in these
tumours.

While laryngeal, hypopharyngeal, and non-HPV-driven oropharyn-
geal SCCs are mostly attributable to exposure to tobacco smoke and
alcohol, several other risk factors, including smokeless tobacco, betel
quid chewing, areca nut, poor dentition, poor oral health, and trauma
due to sharp or broken tooth were described for cancer of the oral cavity
[1]. Interestingly, a study conducted in a case series from Taiwan
identified betel nut chewing as the main risk factor for TERT promoter
mutations [38]. Thus, specific risk factors could target the TERT pro-
moter region and explain both the peculiar topographical restriction and
the different geographic distribution of tumours harbouring TERT pro-
moter mutations. An indirect support to this hypothesis also comes from
the observation that, while skin melanomas frequently harbour muta-
tions of the TERT promoter, uveal melanomas do not show such muta-
tions [44]. As an alternative explanation, retaining a sufficient
proliferative capability in response to chronic damage related to
persistent exposure to particular risk factors could be challenged by the
telomere-dependent proliferative barrier, despite the high rate of self-
renewal of the oral cavity epithelium. In this context, TERT promoter
mutations could provide an immediate and strong proliferative advan-
tage on these cells [45].

With respect to oncological outcomes, an important finding
emerging from this meta-analysis is that HNSCC patients with tumours
harbouring —124 C > T TERT promoter mutation had a poor prognosis
showing a more than doubled risk of death and progression than patients
with tumours not harbouring this mutation. To our knowledge, this is
the first meta-analysis that has attempted to summarize the scientific
evidence on the association between the presence of a specific somatic
mutation of the TERT gene promoter, i.e., —124 C > T, and the onco-
logical clinical outcomes in HNSCC patients. The importance of our
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Fig. 4. Forest plot of prevalence of any TERT promoter mutations in oral SCC according to oral cavity subsite.

finding emerged when the association analyses were carried out
considering non-specified TERT promoter mutations. In this case, the
presence of —124 C > T, or —146 C > T or other less frequent and
functionally not characterized TERT promoter mutations, such as —124
C > A [28], had no predictive effect on OS and PFS, highlighting the
relevance of evaluating the impact of —124 C > T TERT hotspot on
clinical behaviour independently.

Through the creation de novo binding site for transcription factors,
the presence of —124 C > T or —146 C > T TERT promoter mutations is
considered a reliable indicator of sustained telomerase expression that
drives cancer cell immortalization and progression and has been pro-
posed as a potential biomarker for cancer prognosis associated with
clinically aggressive behaviour [16]. However, the clinicopathological
association of TERT promoter mutations is cancer-dependent, and

studies on different tumour types, including head and neck cancers, have
reported contradicting clinical effects of TERT promoter mutations,
ranging from poorer survival associated with the —124 C > T or —146 C
> T TERT promoter mutation to unchanged clinical outcome
[17,25-29,38]. Although both the —124 C > T and —146 C > T muta-
tions create an identical 11-base sequence for binding the ETS tran-
scription factor, promoting a similar increase of TERT transcription in
vitro [52,53], previous reports demonstrated that these mutations are
functionally distinct. The —146 C > T mutation, unlike —124 C > T,
activated TERT transcription by binding the p52/ETS complex, thereby
stimulating TERT expression via non-canonical NF-kB signalling
[54,55]. In addition, in vivo, the —124 C > T mutation was associated
with higher TERT expression/telomerase activity compared to —146 C
> T [53,56]. These functional differences might partially account for the
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Fig. 5. Forest plot visualizing the association of TERT promoter mutations and overall survival (A) and progression-free survival (B).

conflicting results obtained when specified or non-specified TERT pro-
moter mutations were evaluated in clinicopathological associations. In
particular, the higher TERT expression conferred by the —124 C > T
TERT promoter mutation could explain its association with the more
aggressive clinical phenotype that emerged from this meta-analysis,
considering that consistent evidence stemming from a substantial
number of studies reports worse clinical course and/or shorter survival
of HNSCC patients with high tumour TERT mRNA expression and/or
telomerase activity [5,6,35,47]. In accordance with this line of
reasoning, it is not surprising that a recent meta-analysis evaluating the
prognostic role of TERT upregulation alterations in patients with SCC of
the oral cavity failed to find any association between non-specified TERT
promoter mutations with OS or PFS while TERT protein overexpression
resulted as a prognostic indicator of poor survival in these patients [57].

The biological bridge between high TERT/telomerase expression and
the more aggressive tumour phenotype is still partially unidentified and
seems not to be attributable only to TERT’s ability to maintain telomere
length. Indeed, growing evidence indicates that TERT may promote
tumorigenesis through telomere-length independent functions,
including enhancement of proliferation, resistance to apoptosis,
inflammation, invasion and metastasis [22,58] ultimately contributing
to all the major characteristics of the cancer phenotype [8].

Finally, it must also be kept in mind that the effect of the TERT
promoter mutations on TERT expression, and in turn on clinical prog-
nosis, may be further complicated by the presence of the rs2853669
single nucleotide polymorphism (SNP). The minor C-variant allele dis-
rupts a pre-existing ETS binding site at —245 bp in the TERT promoter
region, thus counteracting the transactivation activity of the TERT
hotspots [59,60]. Only one study among those included in our meta-
analysis examined the clinical impact and the prognostic importance
of the rs2853669 polymorphism [17]. The results of this study showed
that patients’ non-carrier of the SNP had an increased risk of disease
progression and the coexistence of the T/T genotype of rs2853669 and
the —124 C > T TERT promoter mutation increased the risk of adverse
clinical outcome conferred by this mutation [17]. Greater attention to

this SNP might substantially improve the HNSCC patients’ risk stratifi-
cation allowing a greater personalization of care for these patients in
terms of planning follow-up protocols and selecting patients more at risk
of disease progression.

Conclusion

In conclusion, TERT promoter mutations are mainly topographically
restricted to oral cavity SCC. The presence of —124 C > T mutation in the
TERT gene promoter is associated with a worse prognosis of HNSCC
patients. Therefore, this mutation appears as a promising biomarker to
stratify the prognosis in patients with oral SCC for whom no other bio-
markers capable of predicting outcome are currently available. How-
ever, these findings should be taken with caution as they are based on a
still limited number of studies. We recommend that future research fo-
cuses on the different prognostic impact of each TERT promoter muta-
tions to obtain a more precise risk stratification in HNSCC, thus helping
clinicians to better predict patient outcome and consequently tailor
treatment decisions.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.oraloncology.2023.106398.

References

[1] Johnson DE, Burtness B, Leemans CR, Lui VWY, Bauman JE, Grandis JR. Head and
neck squamous cell carcinoma. Nat Rev Dis Primer 2020;6:92. https://doi.org/
10.1038/541572-020-00224-3.


https://doi.org/10.1016/j.oraloncology.2023.106398
https://doi.org/10.1016/j.oraloncology.2023.106398
https://doi.org/10.1038/s41572-020-00224-3
https://doi.org/10.1038/s41572-020-00224-3

P. Boscolo-Rizzo et al.

[2]
[3]

[4]

[5

fad}

[6

s}

[7

—

[8

—

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Cancer today n.d. http://gco.iarc.fr/today/home (accessed May 29, 2022).

Mody MD, Rocco JW, Yom SS, Haddad RI, Saba NF. Head and neck cancer. Lancet
2021;398:2289-99. https://doi.org/10.1016/50140-6736(21)01550-6.

Tosi A, Parisatto B, Menegaldo A, Spinato G, Guido M, Del Mistro A, et al. The
immune microenvironment of HPV-positive and HPV-negative oropharyngeal
squamous cell carcinoma: a multiparametric quantitative and spatial analysis
unveils a rationale to target treatment-naive tumors with immune checkpoint
inhibitors. J Exp Clin Cancer Res CR 2022;41(1). https://doi.org/10.1186/s13046-
022-02481-4.

Boscolo-Rizzo P, Rampazzo E, Polesel J, Giunco S, Menegaldo A, Mantovani M,
et al. Predictive and prognostic significance of telomerase levels/telomere length in
tissues and peripheral blood in head and neck squamous cell carcinoma. Sci Rep
2019;9(1). https://doi.org/10.1038/s41598-019-54028-x.

Boscolo-Rizzo P, Da Mosto MC, Rampazzo E, Giunco S, Del Mistro A, Menegaldo A,
et al. Telomeres and telomerase in head and neck squamous cell carcinoma: from
pathogenesis to clinical implications. Cancer Metastasis Rev 2016;35(3):457-74.
Huffman KE, Levene SD, Tesmer VM, Shay JW, Wright WE. Telomere Shortening Is
Proportional to the Size of the G-rich Telomeric 3'-Overhang *. J Biol Chem 2000;
275:19719-22. https://doi.org/10.1074/jbc.M002843200.

Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell 2011;
144:646-74. https://doi.org/10.1016/j.cell.2011.02.013.

Akincilar SC, Unal B, Tergaonkar V. Reactivation of telomerase in cancer. Cell Mol
Life Sci 2016;73:1659-70. https://doi.org/10.1007/500018-016-2146-9.

Leao R, Apolénio JD, Lee D, Figueiredo A, Tabori U, Castelo-Branco P. Mechanisms
of human telomerase reverse transcriptase (hTERT) regulation: clinical impacts in
cancer. J Biomed Sci 2018;25:22. https://doi.org/10.1186/512929-018-0422-8.
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(6122):959-61.
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. https://
doi.org/10.1126/science.1229259.

Annunziata C, Pezzuto F, Greggi S, Ionna F, Losito S, Botti G, et al. Distinct profiles
of TERT promoter mutations and telomerase expression in head and neck cancer
and cervical carcinoma. Int J Cancer 2018;143(5):1153-61.

Yu Y, Fan D, Song X, Zakeri K, Chen L, Kang J, et al. TERT Promoter Mutations Are
Enriched in Oral Cavity Cancers and Associated With Locoregional Recurrence.
JCO Precis Oncol 2021;(5):1259-69.

Killela PJ, Reitman ZJ, Jiao Y, Bettegowda C, Agrawal N, Diaz LA, et al. 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 U S A 2013;110(15):
6021-6.

Hafezi F, Jaxel L, Lemaire M, Turner JD, Perez-Bercoff D. TERT Promoter
Mutations Increase Sense and Antisense Transcription from the TERT Promoter.
Biomedicines 2021;9:1773. https://doi.org/10.3390/biomedicines9121773.
Giunco S, Boscolo-Rizzo P, Rampazzo E, Tirelli G, Alessandrini L, Di Carlo R, et al.
TERT Promoter Mutations and rs2853669 Polymorphism: Useful Markers for
Clinical Outcome Stratification of Patients With Oral Cavity Squamous Cell
Carcinoma. Front Oncol 2021;11:782658. https://doi.org/10.3389/
fonc.2021.782658.

Zhang X, Chen Y, Yan D, Han J, Zhu L. TERT Gene rs2736100 and rs2736098
Polymorphisms are Associated with Increased Cancer Risk: A Meta-Analysis.
Biochem Genet 2022;60:241-66. https://doi.org/10.1007/510528-021-10097-0.
Liu Z, Ma H, Wei S, Li G, Sturgis EM, Wei Q. Telomere length and TERT functional
polymorphisms are not associated with risk of squamous cell carcinoma of the head
and neck. Cancer Epidemiol Biomark Prev Publ Am Assoc Cancer Res Cosponsored
Am Soc Prev Oncol 2011;20:2642-5. https://doi.org/10.1158/1055-9965.EPI-11-
0890.

Yu J, Li X, Zhou B, Yan A. Polymorphisms of the TERT-CLPTM1L Gene Are
Associated with Pharynx-Larynx Cancer. DNA Cell Biol 2019;38:915-21. https://
doi.org/10.1089/dna.2019.4744.

Li Y, Tergaonkar V. Noncanonical functions of telomerase: implications in
telomerase-targeted cancer therapies. Cancer Res 2014;74:1639-44. https://doi.
org/10.1158/0008-5472.CAN-13-3568.

Ségal-Bendirdjian E, Geli V. Non-canonical Roles of Telomerase: Unraveling the
Imbroglio. Front Cell Dev Biol 2019;7:332. https://doi.org/10.3389/
fcell.2019.00332.

Wan S, Liu X, Hua W, Xi M, Zhou Y, Wan Y. The role of telomerase reverse
transcriptase (TERT) promoter mutations in prognosis in bladder cancer.
Bioengineered 2021;12:1495-504. https://doi.org/10.1080/
21655979.2021.1915725.

Mao J, Huang X, Okla MK, Abdel-Maksoud MA, Mubarak A, Hameed Z, et al. Risk
Factors for TERT Promoter Mutations with Papillary Thyroid Carcinoma Patients:
A Meta-Analysis and Systematic Review. Comput Math Methods Med 2022;2022:
1-11.

Del Bianco P, Stagni C, Giunco S, Fabozzi A, Elefanti L, Pellegrini S, et al. TERT
Promoter Mutations Differently Correlate with the Clinical Outcome of MAPK
Inhibitor-Treated Melanoma Patients. Cancers 2020;12(4):946.

QuY, Dang S, Wu K, Shao Y, Yang Qi, Ji M, et al. TERT promoter mutations predict
worse survival in laryngeal cancer patients. Int J Cancer 2014;135(4):1008-10.
Vinothkumar V, Arunkumar G, Revathidevi S, Arun K, Manikandan M, Rao AKDM,
et al. TERT promoter hot spot mutations are frequent in Indian cervical and oral
squamous cell carcinomas. Tumor Biol 2016;37(6):7907-13.

Yilmaz I, Erkul BE, Ozturk Sari S, Issin G, Tural E, Terzi Kaya Terzi N, et al.
Promoter region mutations of the telomerase reverse transcriptase (TERT) gene in
head and neck squamous cell carcinoma. Oral Surg Oral Med Oral Pathol. Oral
Radiol 2020;130(1):63-70.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Oral Oncology 140 (2023) 106398

Arantes LMRB, Cruvinel-Carloni A, de Carvalho AC, Sorroche BP, Carvalho AL,
Scapulatempo-Neto C, et al. TERT Promoter Mutation C228T Increases Risk for
Tumor Recurrence and Death in Head and Neck Cancer Patients. Front Oncol 2020;
10:1275. https://doi.org/10.3389/fonc.2020.01275.

McGowan J, Sampson M, Salzwedel DM, Cogo E, Foerster V, Lefebvre C. PRESS
Peer Review of Electronic Search Strategies: 2015 Guideline Statement. J Clin
Epidemiol 2016;75:40-6. https://doi.org/10.1016/].jclinepi.2016.01.021.

Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, et al. Preferred
reporting items for systematic review and meta-analysis protocols (PRISMA-P)
2015 statement. Syst Rev 2015;4(1). https://doi.org/10.1186/2046-4053-4-1.
Wells G, Shea B, O’Connell D, Peterson je, Welch V, Losos M, et al. The
Newcastle-Ottawa Scale (NOS) for Assessing the Quality of Non-Randomized
Studies in Meta-Analysis. 2000;.

Normand S-LT. Meta-analysis: formulating, evaluating, combining, and reporting.
Stat Med 1999;18:321-59. https://doi.org/10.1002/(SICI)1097-0258(19990215)
18:3<321::AID-SIM28>3.0.CO;2-P.

Funnel plots for detecting bias in meta-analysis - Journal of Clinical Epidemiology
n.d. https://www.jclinepi.com/article/S0895-4356(01)00377-8/fulltext (accessed
July 21, 2022).

Boscolo-Rizzo P, Giunco S, Rampazzo E, Brutti M, Spinato G, Menegaldo A, et al.
TERT promoter hotspot mutations and their relationship with TERT levels and
telomere erosion in patients with head and neck squamous cell carcinoma.

J Cancer Res Clin Oncol 2020;146(2):381-9.

Moreira A, Poulet A, Masliah-Planchon J, Lecerf C, Vacher S, Larbi Chérif L, et al.
Prognostic value of tumor mutational burden in patients with oral cavity squamous
cell carcinoma treated with upfront surgery. ESMO Open 2021;6(4):100178.

Kim H, Kwon MJ, Park B, Choi HG, Nam ES, Cho SJ, et al. Negative Prognostic
Implication of TERT Promoter Mutations in Human Papillomavirus-Negative
Tonsillar Squamous Cell Carcinoma Under the New 8th AJCC Staging System.
Indian J Surg Oncol 2021;12(S1):134-43.

Chang K-P, Wang C-I, Pickering CR, Huang Y, Tsai C-N, Tsang N-M, et al.
Prevalence of promoter mutations in the TERT gene in oral cavity squamous cell
carcinoma: Promoter mutations in TERT gene in oral cavity SCC. Head Neck 2017;
39(6):1131-7.

Mundi N, Prokopec SD, Ghasemi F, Warner A, Patel K, MacNeil D, et al. Genomic
and human papillomavirus profiling of an oral cancer cohort identifies TP53 as a
predictor of overall survival. Cancers Head Neck 2019;4(1). https://doi.org/
10.1186/541199-019-0045-0.

Morris LGT, Chandramohan R, West L, Zehir A, Chakravarty D, Pfister DG, et al.
The Molecular Landscape of Recurrent and Metastatic Head and Neck Cancers:
Insights From a Precision Oncology Sequencing Platform. JAMA Oncol 2017;3(2):
244,

Cheng KA, Kurtis B, Babayeva S, Zhuge J, Tantchou I, Cai D, et al. Heterogeneity of
TERT promoter mutations status in squamous cell carcinomas of different
anatomical sites. Ann Diagn Pathol 2015;19(3):146-8.

Schwaederle M, Krishnamurthy N, Daniels GA, Piccioni DE, Kesari S, Fanta PT,
et al. Telomerase reverse transcriptase promoter alterations across cancer types as
detected by next-generation sequencing: A clinical and molecular analysis of 423
patients: TERT Promoter Alterations in Cancers. Cancer 2018;124(6):1288-96.
Dogan S, Xu B, Middha S, Vanderbilt CM, Bowman AS, Migliacci J, et al.
Identification of prognostic molecular biomarkers in 157 HPV-positive and HPV-
negative squamous cell carcinomas of the oropharynx. Int J Cancer 2019;145(11):
3152-62.

Vinagre J, Almeida A, Pépulo H, Batista R, Lyra J, Pinto V, et al. Frequency of TERT
promoter mutations in human cancers. Nat Commun 2013;4(1). https://doi.org/
10.1038/ncomms3185.

Chiba K, Johnson JZ, Vogan JM, Wagner T, Boyle JM, Hockemeyer D. Cancer-
associated TERT promoter mutations abrogate telomerase silencing. Elife 2015;4:
e07918.

Tomasetti C, Li L, Vogelstein B. Stem cell divisions, somatic mutations, cancer
etiology, and cancer prevention. Science 2017;355:1330-4. https://doi.org/
10.1126/science.aaf9011.

Boscolo-Rizzo P, Rampazzo E, Perissinotto E, Piano MA, Giunco S, Baboci L, et al.
Telomere shortening in mucosa surrounding the tumor: biosensor of field
cancerization and prognostic marker of mucosal failure in head and neck squamous
cell carcinoma. Oral Oncol 2015;51(5):500-7.

Faraji F, Rettig EM, Tsai H-L, El Asmar M, Fung N, Eisele DW, et al. The prevalence
of human papillomavirus in oropharyngeal cancer is increasing regardless of sex or
race, and the influence of sex and race on survival is modified by human
papillomavirus tumor status. Cancer 2019;125(5):761-9.

Zamani M, Grgnhgj C, Jensen DH, Carlander AF, Agander T, Kiss K, et al. The
current epidemic of HPV-associated oropharyngeal cancer: An 18-year Danish
population-based study with 2,169 patients. Eur J Cancer Oxf Engl 2020;134:52-9.
Lechner M, Liu J, Masterson L, Fenton TR. HPV-associated oropharyngeal cancer:
epidemiology, molecular biology and clinical management. Nat Rev Clin Oncol
2022;19:306-27. https://doi.org/10.1038/541571-022-00603-7.

Liu X, Dakic A, Zhang Y, Dai Y, Chen R, Schlegel R. HPV E6 protein interacts
physically and functionally with the cellular telomerase complex. Proc Natl Acad
Sci 2009;106:18780-5. https://doi.org/10.1073/pnas.0906357106.

Bell RJA, Rube HT, Kreig A, Mancini A, Fouse SD, Nagarajan RP, et al. The
transcription factor GABP selectively binds and activates the mutant TERT
promoter in cancer. Science 2015;348(6238):1036-9.

Huang D-S, Wang Z, He X-J, Diplas BH, Yang R, Killela PJ, et al. Recurrent TERT
promoter mutations identified in a large-scale study of multiple tumour types are
associated with increased TERT expression and telomerase activation. Eur J Cancer
Oxf Engl 2015;51(8):969-76.


https://doi.org/10.1016/S0140-6736(21)01550-6
https://doi.org/10.1186/s13046-022-02481-4
https://doi.org/10.1186/s13046-022-02481-4
https://doi.org/10.1038/s41598-019-54028-x
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0030
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0030
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0030
https://doi.org/10.1074/jbc.M002843200
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1007/s00018-016-2146-9
https://doi.org/10.1186/s12929-018-0422-8
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0055
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0055
https://doi.org/10.1126/science.1229259
https://doi.org/10.1126/science.1229259
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0065
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0065
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0065
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0070
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0070
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0070
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0075
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0075
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0075
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0075
https://doi.org/10.3390/biomedicines9121773
https://doi.org/10.3389/fonc.2021.782658
https://doi.org/10.3389/fonc.2021.782658
https://doi.org/10.1007/s10528-021-10097-0
https://doi.org/10.1089/dna.2019.4744
https://doi.org/10.1089/dna.2019.4744
https://doi.org/10.3389/fcell.2019.00332
https://doi.org/10.3389/fcell.2019.00332
https://doi.org/10.1080/21655979.2021.1915725
https://doi.org/10.1080/21655979.2021.1915725
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0120
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0120
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0120
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0120
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0125
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0125
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0125
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0130
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0130
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0135
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0135
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0135
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0140
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0140
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0140
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0140
https://doi.org/10.3389/fonc.2020.01275
https://doi.org/10.1016/j.jclinepi.2016.01.021
https://doi.org/10.1186/2046-4053-4-1
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0175
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0175
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0175
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0175
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0180
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0180
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0180
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0185
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0185
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0185
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0185
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0190
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0190
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0190
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0190
https://doi.org/10.1186/s41199-019-0045-0
https://doi.org/10.1186/s41199-019-0045-0
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0200
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0200
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0200
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0200
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0205
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0205
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0205
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0210
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0210
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0210
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0210
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0215
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0215
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0215
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0215
https://doi.org/10.1038/ncomms3185
https://doi.org/10.1038/ncomms3185
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0225
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0225
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0225
https://doi.org/10.1126/science.aaf9011
https://doi.org/10.1126/science.aaf9011
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0235
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0235
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0235
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0235
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0240
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0240
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0240
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0240
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0245
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0245
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0245
https://doi.org/10.1038/s41571-022-00603-7
https://doi.org/10.1073/pnas.0906357106
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0260
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0260
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0260
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0265
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0265
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0265
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0265

P. Boscolo-Rizzo et al.

[54]

[55]

[56]

[57]

Li Y, Zhou Q-L, Sun W, Chandrasekharan P, Cheng HS, Ying Z, et al. Non-canonical
NF-kB signalling and ETS1/2 cooperatively drive C250T mutant TERT promoter
activation. Nat Cell Biol 2015;17:1327-38. https://doi.org/10.1038/ncb3240.

Xu X, Li Y, Bharath SR, Ozturk MB, Bowler MW, Loo BZL, et al. Structural basis for
reactivating the mutant TERT promoter by cooperative binding of p52 and ETS1.
Nat Commun 2018;9(1). https://doi.org/10.1038/541467-018-05644-0.
Heidenreich B, Rachakonda PS, Hosen I, Volz F, Hemminki K, Weyerbrock A, et al.
TERT promoter mutations and telomere length in adult malignant gliomas and
recurrences. Oncotarget 2015;6:10617-33. https://doi.org/10.18632/
oncotarget.3329.

Gonzélez-Moles MA, Moya-Gonzalez E, Garcia-Ferrera A, Nieto-Casado P, Ramos-
Garcia P. Prognostic and Clinicopathological Significance of Telomerase Reverse

[58]

[59]

[60]

Oral Oncology 140 (2023) 106398

Transcriptase Upregulation in Oral Cancer: A Systematic Review and Meta-
Analysis. Cancers 2022;14:3673. https://doi.org/10.3390/cancers14153673.
Martinez P, Blasco MA. Telomeric and extra-telomeric roles for telomerase and the
telomere-binding proteins. Nat Rev Cancer 2011;11:161-76. https://doi.org/
10.1038/nrc3025.

Rachakonda PS, Hosen I, de Verdier PJ, Fallah M, Heidenreich B, Ryk C, et al. TERT
promoter mutations in bladder cancer affect patient survival and disease
recurrence through modification by a common polymorphism. Proc Natl Acad Sci
U S A 2013;110(43):17426-31.

Hsu C-P, Hsu N-Y, Lee L-W, Ko J-L. Ets2 binding site single nucleotide
polymorphism at the hTERT gene promoter—effect on telomerase expression and
telomere length maintenance in non-small cell lung cancer. Eur J Cancer Oxf Engl
1990;2006(42):1466-74. https://doi.org/10.1016/j.ejca.2006.02.014.


https://doi.org/10.1038/ncb3240
https://doi.org/10.1038/s41467-018-05644-0
https://doi.org/10.18632/oncotarget.3329
https://doi.org/10.18632/oncotarget.3329
https://doi.org/10.3390/cancers14153673
https://doi.org/10.1038/nrc3025
https://doi.org/10.1038/nrc3025
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0295
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0295
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0295
http://refhub.elsevier.com/S1368-8375(23)00094-5/h0295
https://doi.org/10.1016/j.ejca.2006.02.014

	TERT promoter mutations in head and neck squamous cell carcinoma: A systematic review and meta-analysis on prevalence and p ...
	Introduction
	Materials and methods
	Search strategy
	Outcome measures
	Selection criteria
	Data extraction
	Statistical analysis

	Results
	Search results and study selection
	Characteristics and quality of the included studies
	Prevalence of TERT promoter mutations in HNSCC
	Prognostic significance of TERT promoter mutations

	Discussion
	Conclusion
	Declaration of Competing Interest
	Appendix A Supplementary data
	References


