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Abstract

Purpose Alterations in the promoter of the telomerase reverse transcriptase (TERT) gene are a major mechanism of upregu-
lating telomerase, which plays a crucial role in tumor development. Mutations in the TERT promoter have been observed
in a subset of brain tumors, including adult gliomas and high-grade meningiomas. In pituitary adenomas (PAs), however,
abnormalities in TERT are not fully understood. The present study aimed to investigate not only mutational but also methyla-
tion changes in the TERT promoter in PAs and to analyze their correlations with clinical variables.

Methods We retrospectively studied 70 PAs consisting of 53 primary and 17 recurrent samples. Clinical data, including age
at surgery, sex, largest tumor dimension, tumor subtype, resection rate, and progression-free survival (PFS), were obtained
from medical records. We investigated TERT promoter hotspot mutations via Sanger sequencing and quantified the methyla-
tion status of the TERT promoter using methylation-sensitive high-resolution melting analysis (MS-HRM). Additionally, we
investigated TERT mRNA expression using real-time quantitative PCR.

Results TERT promoter hotspot mutations were not observed in any PA sample, while 16% of PAs exhibited TERT promoter
methylation. PAs with methylated TERT promoters were significantly more likely to show disease progression, shorter PFS,
and higher TERT expression levels compared to those with unmethylated promoters.

Conclusions This is the first study showing that TERT promoter methylation is associated with disease progression and
shorter PFS as well as upregulated TERT expression in PAs. Our results suggest that TERT promoter methylation may be a
potential biomarker for predicting tumor recurrence in PAs.
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Introduction

Telomere lengthening is a critical step in tumorigenesis
because it provides a mechanism for overriding normal pro-
liferative limitations [1-3]. This is maintained by telomerase
activation, which is directly related to the expression of its
catalytic subunit, telomerase reverse transcriptase (TERT).
TERT upregulation has been reported in the majority of
human cancers [1]. While the underlying regulation of TERT
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expression is not fully understood in cancer cells, two potent
mechanisms have been proposed. As one of the main mecha-
nisms of TERT upregulation, two somatic promoter muta-
tions, C228T and C250T, confer enhanced TERT promoter
activity by generating binding sites for an activating E26
transformation-specific (ETS) transcription factor within
the TERT promoter region [3-5]. These specific mutational
hotspots are frequently found in malignant melanomas (71%)
[4, 5], glioblastomas (70-84%) [6, 7], and high-grade men-
ingiomas (20-28%) [8, 9]. The other mechanism is DNA
hypermethylation of the TERT promoter, which has been
reported to upregulate TERT expression in malignant pedi-
atric brain tumors [1], medulloblastomas [10], and menin-
giomas [11].

Pituitary adenomas (PAs) account for 10-15% of intrac-
ranial tumors [2, 12, 13]. Most PAs are benign in nature, but
some grow rapidly and show early postoperative recurrence
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[12, 13]. However, there are currently no specific biomarkers
for predicting PA recurrence and aggressiveness [12, 13].
Increased telomerase activity was previously observed in
13% of 30 PAs and might represent a marker of PA prog-
nosis [14]. Moreover, TERT was found via immunohisto-
chemical staining to be expressed in 28.6% of 49 PAs, and
its expression correlated with those of cellular proliferation
markers [13]. These reports suggest that activation of telom-
erase or TERT expression may be useful as a biomarker of
the clinical aggressiveness of PAs. However, it is unknown
whether TERT alterations are involved in PA recurrence,
and the underlying mechanisms of TERT upregulation in
PAs remain unclear.

While previous studies have revealed that TERT upregu-
lation contributes to telomerase activity [15, 16], genetic
or epigenetic alterations in the TERT promoter that cause
TERT upregulation may differ depending on tumor type.
There have been no previous studies that have analyzed both
mutation and methylation in the TERT promoter in a set of
PA cases with extended follow-up information. Therefore,
in this study, we aimed to examine TERT promoter hotspot
mutations and methylation along with TERT expression lev-
els in 70 PAs and to evaluate their correlations with clinical
variables.

Methods
Patients and methods

We studied 70 PAs, including 53 primary diagnosed and 17
recurrent tumors, which were obtained by surgical resection
or biopsy at our institution. Clinical data, including age at
surgery, sex, largest tumor dimension, PA subtype, Ki-67
labeling index, resection rate, and progression-free survival
(PFS), were obtained from medical records. The largest
tumor dimension was measured in the coronal or sagittal
view from preoperative magnetic resonance imaging (MRI).
Resection rate was calculated by comparison of the tumor
square measure between the preoperative MRI and the post-
operative MRI performed within 72 h after the surgery. PA
subtypes were determined according to clinical symptoms,
serum hormone levels, and pathological findings. PFS was
calculated from the date of surgery until disease progression
was confirmed by neuroimaging. PFS is more informative in
PA patients than overall survival, since there were no cases
of tumor-induced death in our cohort. Disease progression
was defined as evidence of one of the following: (1) 30%
increase in tumor volume, (2) 10% increase in any dimension
following incomplete resection, or (3) any detectable disease
following complete resection [17]. This retrospective study
was approved by the institutional review board of Saitama
Medical University International Medical Center.
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DNA/RNA extraction and cDNA synthesis

Genomic DNA was extracted from fresh frozen (56/70 sam-
ples) or paraffin-embedded formalin-fixed (14/70 samples)
specimens using the Maxwell® RSC Blood DNA Kit (Pro-
mega, Madison, WI, USA) or Maxwell® RSC DNA FFPE
Kit (Promega), respectively. Total RNA from tumor sam-
ples was purified using the Maxwell® RSC Simply RNA
Tissue Kit (Promega) or Maxwell® RSC RNA FFPE Kit
(Promega). Concentrations of extracted DNA and RNA were
measured using Qubit® (Thermo Fisher Scientific, Waltham,
MA, USA). cDNA was synthesized from 200 ng RNA using
the ReverTra Ace® qPCR RT Kit (Toyobo, Osaka, Japan)
according to the manufacturer’s recommendations.

Analysis of TERT promoter hotspot mutations

A Sanger sequencing assay was designed to examine the
two reported mutational hotspots in the TERT promoter at
positions 1,295,228 and 1,295,250 on the reverse strand of
chromosome 5, leading to cytidine to thymidine transitions
at these positions (C228T and C250T, respectively) [5].
The following primer pair was designed to amplify a region
including both sites: forward primer, 5'-TCCCTCGGGTTA
CCCCACAG-3’; reverse primer, S'"-AAAGGAAGGGGA
GGGGCTG-3' [18]. Each PCR run contained 2 pl genomic
DNA in a total volume of 25 pl, including 10 ul Ampli-
taq Gold® (Applied Biosystems, Carlsbad, CA, USA), 1 ul
dimethyl sulfoxide, 0.5 pl each primer (10 uM), and dis-
tilled water. Cycling conditions were 95 °C for 10 min for
initial denaturation, followed by 35 cycles of denaturation
at 95 °C for 30 s, annealing at 56 °C for 30 s, and extension
at 72 °C for 40 s, followed by final elongation at 72 °C for
7 min. Amplification products were purified and cleaned by
agarose gel electrophoresis, and then gel-extracted with the
NucleoSpin® gel and PCR clean-up kit (Macherey—Nagel,
Doren, Germany) according to the manufacturer’s protocol.
Purified products were submitted to cycle sequencing using
the BigDye® Terminator v3.1 cycle sequencing kit (Applied
Biosystems) with the forward PCR primer as a sequencing
primer. Purification was then performed using the BigDye®
Xterminator Purification Kit (Applied Biosystems). Finally,
sequences were determined using a Genetic Analyzer 3130
(Applied Biosystems).

Analysis of TERT promoter methylation

We quantified the methylation status of TERT promoter
CpG sites using methylation-sensitive high-resolution
melting (MS-HRM) analysis. Briefly, 500 ng of genomic
DNA was treated with sodium bisulfite using the Epitect
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Bisulfite Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. PCR amplification and MS-
HRM analysis were carried out sequentially on a Light-
Cycler 480 Real-time PCR system (Roche Diagnostics,
Basel, Switzerland). Primer sets for amplifying the region
upstream of the transcription start site (UTSS), the meth-
ylation of which is observed in malignant pediatric brain
tumors, were designed according to previous reports [1,
19] as follows: forward primer, 5'-CCCCGCGTCCGA
ACCT-3’; reverse primer, 5-TTCGAGGGAGGGGTT
ATGATGTG-3'. Each PCR run contained 2.5 ul bisulfite-
converted DNA in a total volume of 10 pl, including 5 pl
2 X master mix containing high-resolution melting dye
(Roche Diagnostics), 0.9 ul Mg?*, 0.2 ul each primer
(10 uM), and distilled water. Cycling conditions were
5 min at 95 °C, followed by 55 cycles of denaturation
at 95 °C for 10 s and annealing and extension at 60 °C
for 30 s. The melting step was 95 °C for 5 s and 70 °C
for 1 min, followed by continuous acquisition to 95 °C at
25 acquisitions/1 °C. As positive (100% methylated) and
negative (0% methylated) controls, we used CpGenome™
Universal Methylated and Unmethylated DNA (Chemicon,
Millipore, Billerica, MA, USA), respectively. All reactions
were performed at least in triplicate.

Analysis of TERT expression

The mRNA expression levels of TERT were determined
by real-time quantitative PCR (qPCR) using a LightCycler
480 Real-time PCR system (Roche Diagnostics). The fol-
lowing primer pair was used according to a previous report
[18] to amplify TERT: forward primer (located in exon
5), 5'-GCCTGAGCTGTACTTTGTC-3’; reverse primer
(located in exon 6), 5'-CGTGTTCTGGGGTTTGAT
G-3'. The expression level of H6PD (hexose-6-phosphate
dehydrogenase/glucose 1-dehydrogenase), determined
using the primer pair 5'-GATCCTGCCTTTCCGAGA
C-3" and 5'-GACCTCCGTCAGATGGTTC-3', was used
as an internal control for normalization. The qPCR reac-
tion volume of 10 ul contained 2 pl cDNA, 5 pl LightCy-
cler 480 SYBR Green I Master Mix (Roche Diagnostics),
0.5 pl each primer (10 pM), and distilled water. Cycling
conditions were 5 min at 95 °C, followed by 45 cycles
of denaturation at 95 °C for 10 s, annealing at 56 °C for
20 s, and extension at 72 °C for 10 s. The melting step was
95 °C for 5 s and 65 °C for 1 min, followed by continuous
acquisition to 95 °C at 30 acquisitions/1 °C. Expression
was measured relative to that of human total brain RNA
(Takara Bio, Shiga, Japan). Relative quantification levels
were analyzed using the LightCycler 480 software version
1.5.1 (Roche Diagnostics). All reactions were performed
at least in triplicate.

Statistical analysis

We performed Fisher’s exact tests or Fisher-Freeman-Hal-
ton test to investigate associations between methylation
status and clinical variables [sex, largest tumor dimen-
sion, tumor subtype, resection rate, tumor status (pri-
mary or recurrent tumor), and disease progression]. The
Mann-Whitney U test was performed to compare TERT
methylation status by age or Ki-67 labeling index. PFS was
calculated using Kaplan—Meier estimates and compared
between methylated with unmethylated PAs using the log-
rank test. The Mann—Whitney U test was performed to
compare TERT mRNA levels with TERT promoter meth-
ylation status or disease progression. PFS was evaluated
using uni- and multivariate analyses with the Cox propor-
tional hazards model, including the following variables:
age, sex, largest tumor dimension, resection rate, tumor
status and methylation status. A monotonic trend between
the degree of TERT methylation and tumor progression
was assessed by the Cochran-Armitage test for trend. A
p-value below 0.05 was considered statistically significant.
SPSS Statistics, version 25 (SPSS Inc., Chicago, IL, USA)
was used for statistical calculations.

Results
Baseline clinical data

The clinicopathological characteristics of the investigated
samples are summarized in Table 1. The median age at
surgery was 59 years old, ranging from 22 to 81 years old,
and cases were predominantly male (61%). The largest
tumor dimension was more than 4 cm (giant adenoma) in
12 cases (17%) and 4 cm or less in 58 cases (83%). Among
the 70 PAs, 59 were non-functioning adenomas (NFAs),
eight were growth hormone-producing adenomas (GHo-
mas), one was an adrenocorticotroph hormone-producing
adenoma (ACTHoma), one was a thyrotroph stimulating
hormone-producing adenoma (TSHoma), and one was a
prolactin-producing adenoma (PRLoma). Disease progres-
sion, confirmed by follow-up neuroimaging, occurred in
18 cases among 70 PAs (26%). We also examined the
Ki-67 labeling index in 38 out of the 70 samples. The
median value was 1.0%, ranging from 0.1 to 5.1%.

No PA samples harbored TERT promoter hotspot
mutations

All 70 samples were analyzed for the TERT promoter
hotspot mutations C228T and C250T using Sanger
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Table 1 Clinicopathological and TERT characteristics of methylated and unmethylated pituitary adenomas

Total (n=70) Methylated (n=11) Unmethylated (n=59) p-value*
Tumor status 0.003
Primary tumor 53 (76%) 4 (36%) 49 (83%)
Recurrent tumor 17 (24%) 7 (64%) 10 (17%)
Age (median, range) 59 years (22-81) 62 years (32-81) 58 years (22-81) 0.29
Sex 0.68
Male 43 (61%) 7 (64%) 36 (61%)
Female 27 (39%) 4 (36%) 23 (39%)
Largest tumor dimension >0.99
>4 cm 12 (17%) 1 (9%) 11 (19%)
<4cm 58 (83%) 10 (91%) 48 (81%)
Tumor subtype 0.77
NFA 59 (84%) 9 (82%) 50 (84%)
GHoma 8 (11%) 2 (18%) 6 (10%)
ACTHoma 1(1%) 1 2%)
TSHoma 1(1%) 1 2%)
PRLoma 1(1%) 1 2%)
Resection rate 0.11
> 90% 28 (40%) 2 (18%) 26 (44%)
50-90% 36 (51%) 9 (82%) 27 (46%)
<50% 6 (9%) 6 (10%)
Disease progression 18 (26%) 6 (55%) 12 (20%) 0.03
Ki-67 labeling index (median, range) 1.0% (0.1-5.1) 0.5% (0.5-1.7) 1.05% (0.1-5.1) 0.15

ACTHoma adrenocorticotroph hormone-producing adenoma, GHoma growth hormone-producing adenoma, NFA non-functioning adenoma,
PRLoma prolactin-producing adenoma, 7SHoma thyrotroph stimulating hormone-producing adenoma

*p-values are for the comparison between methylated and unmethylated pituitary adenomas. The p-value for the age of the patients and Ki-67
labeling index were determined by the Mann—Whitney U test. The p-values for other variables were calculated with Fisher’s exact test or the

Fisher-Freeman-Halton test

sequencing. Neither of these mutations were found in any
of the samples.

TERT promoter methylation was more common
in recurrent PAs and correlated with shorter PFS

We performed MS-HRM analysis to quantitatively evalu-
ate TERT promoter methylation status in PAs. Melting data
collected using the LightCycler 480 was analyzed using the
““T'm (Melting Temperature) calling’’ algorithm, which con-
verts melting profiles into derivative plots, allowing methyl-
ated and unmethylated samples to be distinguished. Products
amplified from methylated DNA have a higher Tm due to
the presence of CpGs in the amplicon. In contrast, products
amplified from unmethylated DNA have a lower Tm due
to the conversion of unmethylated cytosine to uracil in the
bisulfite-modified DNA sample, which results in thymine
in the amplicon [20]. If the sample contains a mixture of
methylated and unmethylated DNA, two peaks are displayed
[20]. We generated standard curves using serial samples
with known ratios of methylated to unmethylated template
(Fig. 1). The TERT methylation level of an unknown sample
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could then be estimated from these standard curves. Samples
were analyzed at least in triplicate, and the methylation level
was calculated as the average value of the experiments. We
defined a methylation level of more than 10% as methylated
and a level of 10% or less as unmethylated. This cut-off was
used because a low level of TERT promoter methylation (less
than 10%) was observed in certain normal tissues [21], and a
previous study that investigated TERT promoter methylation
using MS-HRM used the same threshold [19].

All 70 samples were successfully analyzed by MS-HRM.
The TERT promoter was determined to be methylated in
11 samples (16%) and unmethylated in 59 samples (84%).
Age, sex, largest tumor dimension, subtype, Ki-67 labeling
index and resection rate did not differ significantly between
methylated and unmethylated cases (Table 1). Recurrent PAs
were significantly more likely to be methylated (7 out of 17
samples) than primary PAs (4 out of 53 samples) (p=0.003,
Table 1). Disease progression occurred significantly more
frequently in methylated PAs (55%) than in unmethylated
PAs (20%) (p=0.03, Table 1). Next, the impact of TERT
promoter methylation on PFS was assessed. Compared
to PAs with unmethylated TERT promoters, those with
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Fig. 1 Methylation-sensitive high-resolution melting (MS-HRM)
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Fig.2 Kaplan—Meier plots of progression-free survival (PFS) in pitu-
itary adenomas with methylated and unmethylated TERT promoters.
PES is shorter in methylated PAs than in unmethylated PAs (34 vs.
109 months, p=0.002 according to log-rank test)

methylated TERT promoters exhibited significantly shorter
PFS (median: 34 vs. 109 months, p=0.002, Fig. 2). Among
primary PA samples, PFS was also significantly shorter in
methylated PAs (median: 30 vs. 133 months, p=0.002). Cox

79 0 81 82 33
Tm (methylated)

of an unknown sample can be estimated from these standard curves.
Data were analyzed using the Tm calling software module

proportional hazards regression analysis confirmed that PFS
was correlated with methylation status (hazard ratio: 5.804,
95% confidence interval: 1.407-23.940, p=0.02, Table 2).
Finally, a trend between the degree of TERT methylation
and tumor progression was assessed. Tumor progression
occurred in 7 out of 45 PAs with 0% methylation; 5 out of 14
PAs with 1-10% methylation; 2 out of 4 PAs with 10-25%
methylation; all 3 PAs with 25-50% methylation; and 1 out
of 4 PAs with 50-100% methylation. The Cochran-Armitage
test for trend showed that there was a statistically significant
trend for a monotonic increase in the proportions of tumor
progression cases dependent on the degree of TERT meth-
ylation (p =0.007).

TERT expression was higher in PAs with methylated
TERT promoters

To assess the influence of TERT promoter methylation on
TERT expression in PAs, relative quantification analysis
was performed to determine TERT mRNA expression lev-
els using real-time qPCR. Samples were analyzed at least
in triplicate, and expression levels were based on the aver-
age value of the experiments. The mean expression levels
of TERT were 1.5 times and 37 times higher in unmethyl-
ated and methylated samples, respectively, than in normal

Table 2 Uni- and multivariate analyses with the Cox proportional hazards model for PFS

Univariate analysis

Multivariate analysis

Crude HR (95% CI)

Age
Sex (male/female)
Largest tumor dimension (> 4 cm/< 4 cm)
Resection rate
> 90%/50-90%
> 90%/< 50%
50-90%/< 50%
Tumor status (primary/recurrent)

Methylation status (methylated/unmethylated)

1.002 (0.971-1.036)
0.663 (0.255-1.728)
0.213 (0.028-1.620)

1.204 (0.406-3.571)
1.087 (0.206-5.740)
0.903 (0.197-4.144)
1.326 (0.460-3.818)
4.284 (1.534-11.965)

p-value Adjusted HR (95% CI) p-value
0.90 1.001 (0.961-1.039) 0.97
0.40 0.641 (0.211-1.954) 0.43
0.14 0.273 (0.030-2.473) 0.25
0.94 0.52

1.762 (0.471-6.597)

0.703 (0.118-4.187)

0.399 (0.068-2.328)
0.60 0.657 (0.176-2.454) 0.53
0.006 5.804 (1.407-23.940) 0.02
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Fig.3 TERT expression levels in unmethylated and methylated pitu-
itary adenomas. Mean expression levels are 1.5 times and 37 times
higher in unmethylated and methylated samples, respectively, than
in human total brain tissue. The mean expression level is signifi-
cantly higher in the methylated group than in the unmethylated group
(»=0.008)

brain tissue (Fig. 3). The expression level was significantly
higher in the methylated group than in the unmethylated
group (p =0.008). The Mann—Whitney U test revealed that
higher TERT mRNA levels correlated with increased disease
progression (p =0.04).

Discussion

TERT upregulation due to TERT promoter alterations has
been implicated in various human cancers [1, 10, 11, 18].
Recent studies have identified TERT promoter hotspot muta-
tions at C228T or C250T in various brain tumors [3, 6, 7,
9, 16, 22, 23]. These mutations increase the transcriptional
activity of the TERT promoter [3-5]. However, TERT pro-
moter mutations are primarily seen in malignant tumors [3],
and therefore, TERT promoter mutations in PAs, which are
mainly classified as benign tumors, have not been thoroughly
investigated. To our knowledge, there have been only two
reports of TERT promoter mutations in PAs [23, 24], which
revealed the absence of TERT promoter hotspot mutations in
11 and 15 PA cases. None of our 70 PAs exhibited mutations
in the TERT promoter, confirming these previous results.
Therefore, it appears that TERT promoter mutations are
uncommon in PAs.

Accumulating evidence has indicated a positive associa-
tion between TERT promoter methylation and TERT upregu-
lation in several tumors, such as malignant pediatric brain
tumors [1], medulloblastomas [10], and high-grade meningi-
omas [11]. We quantitatively assessed TERT promoter meth-
ylation status using MS-HRM, and our results showed that
16% of PAs exhibited methylation of the TERT promoter,
which was predominantly found in recurrent samples. There
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are several methods for analyzing TERT promoter methyla-
tion [25]. Kochling et al. [2] reported that 27% of primary
PAs demonstrated TERT promoter methylation according
to methylation-specific PCR (MSP), and the frequency of
TERT promoter methylation was similar between primary
and recurrent PAs. While MSP is sensitive, a qualitative
method is needed to examine epigenetic gene alterations, so
it cannot distinguish between high and low levels of meth-
ylation [25]. In contrast, the assay used in the present study,
MS-HRM, can detect 1.0% methylated DNA over a back-
ground of unmethylated DNA and is capable of better dis-
tinguishing between high and low levels of TERT promoter
methylation [20, 25]. This is likely why the TERT promoter
methylation frequencies in our primary PAs were lower than
those found in the previous study using MSP [2]. Moreover,
because a low level of TERT promoter methylation (less than
10%) has been observed in certain normal tissues [19, 21],
the MSP method may overestimate the tumor-related fre-
quency of TERT promoter methylation.

We first showed that disease progression occurred sig-
nificantly more frequently in PAs with methylated TERT
promoters than in PAs with unmethylated ones. Disease
progression occurred in 55% of PAs with methylated TERT
promoter. Moreover, PFS was significantly shorter in meth-
ylated PAs than in unmethylated PAs, and multivariate anal-
yses confirmed that PFS was correlated with methylation
status alone. These results were obtained using a quantita-
tive method that more accurately evaluates TERT promoter
methylation status. While most PAs are benign in nature,
some cases exhibit clinically aggressive behavior and display
early postoperative recurrence [12, 26]. Although prolifera-
tion potential or angiogenesis may reflect the aggressiveness
of PAs, no molecular marker has yet been identified as a
reliable predictor, including Ki-67, CD34, epidermal growth
factors, and vascular endothelial growth factors [12, 13, 26].
Although we investigated the Ki-67 labeling index in 38 out
of the 70 samples, all samples exhibited a staining index of
less than approximately 5%, and this was not associated with
recurrence or TERT methylation status (Table 1). Therefore,
based on our results, TERT promoter methylation may have
potential for development into a sensitive predictive marker.

The effect of promoter methylation on gene expres-
sion differs depending on the type of tumor and the gene
involved. Promoter hypermethylation of O%-methylguanine-
DNA methyltransferase (MGMT), a DNA repairing enzyme,
induces loss of its expression [6]. Cyclin-dependent kinase
inhibitor 2A/p16 (CDKNZ2A) shows decreased expres-
sion following methylation, and its methylation status is
reported to be a poor prognostic marker in gliomas [27].
Conversely, TERT promoter methylation and TERT expres-
sion is reported to be positively correlated in malignant brain
tumors [1, 10, 11], although TERT expression is not related
to TERT promoter methylation in some tumors, such as adult
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gliomas [18, 21]. This study is the first to investigate and
identify a correlation between TERT promoter methylation
and TERT expression in PAs. TERT promoter methylation
may prevent the binding of transcriptional repressors that
normally prevent TERT expression, promoting TERT upreg-
ulation [21]. TERT methylation thus subsequently elevates
telomerase activity and may lead to PA tumor recurrence.
There are likely to be numerous genetic and epigenetic fac-
tors involved in the aggressiveness of PAs. However, to
our knowledge, this is the first study showing that TERT
promoter methylation upregulates TERT expression and is
associated with disease progression in PAs. Further inves-
tigations with larger sample sizes are needed to clarify the
mechanisms of PA pathogenesis.

Conclusions

In this study, we found that no PA samples exhibited TERT
promoter hotspot mutations, whereas TERT promoter meth-
ylation was found in 16% out of 70 PAs. PAs with methyl-
ated TERT promoters were significantly more likely to show
disease progression and shorter PFS compared to those with
unmethylated promoters. Moreover, we found that TERT
promoter methylation upregulated TERT expression and
was associated with disease progression in PAs. Our results
suggest that TERT promoter methylation may be a potential
biomarker for predicting disease progression in a subset of
PAs.
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