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ABSTRACT

Enhanced expression of TERT in gliomas is a result of two hotspot mutations,
C228T and C250T, at the promoter region. GA-binding proteins selectively bind at these
positions, respectively, causing an activation of the promoter and overexpression of
TERT. GABP is a multimeric protein consisting of GABPA and GABPB with its isoforms
GABPB1, GABPB1-L, GABPB1-S, GABPB2.

In this study, we investigated the mRNA expression and association between
TERT and GABPA/B isoforms in tumor samples of different glioma grades. The
expression was determined by quantitative real-time PCR and the results were
statistically analyzed.

We present that TERT is mainly expressed in primary glioblastomas. All GA-
binding proteins progress through the glioma grades and have the highest expression
levels in secondary glioblastomas. In secondary glioblastomas after chemotherapy,
GABPB1 and GABPB1-L are expressed on a lower level than without treatment.
In high grades, TERT and GABPA, GAPB1, GABPB1-L, GABPB1-S are upregulated
compared to low grades. Between primary and secondary glioblastomas with and
without chemotherapy, TERT is elevated in the former while GABPB1 is increased in
the secondary glioblastomas. GABPA and GABPB1, GABPB1-L and GABPB1-S positive
correlate in primary glioblastomas.

The present study confirms the upregulation of TERT in primary glioblastomas
while all GABP proteins rise with the malignancy of the gliomas. Further investigations
must be made to elucidate the relation between TERT and all GABP proteins as it may
play a key role in the gliomagenesis.

INTRODUCTION

Gliomas are the most common primary tumors of
the central nervous system (CNS). They comprise the
diffuse astrocytomas and oligodendrogliomas World
Health Organization (WHO) grade II, the anaplastic
astrocytomas and oligondendrogliomas WHO grade
IIT and also the most frequent one, the glioblastoma
multiforme (GBM) WHO grade IV [1]. Primary
glioblastomas (prim. GBM) and secondary glioblastomas
(sec. GBM) differ from each other in the frequency (95%
vs. 5%), mean age of diagnosis (62 years vs. 45 years),

the time of clinical duration (6.3 vs. 16.8 months) and
the median overall survival with treatment (11.3 vs.
27.1 months) suggesting that those two tumor entities
are evolving from diverse precursor, neural cells [2-5].
The different approaches of treatment according to
grading and clinical presentation of gliomas extent from
gross total resection to radiotherapy of 50-60 Gy in
concomitance and maintenance with temozolomide as
chemotherapy [6]. While elderly patients over 70 years
can profit from hypofractionated radiotherapy alone [7],
no specific treatment has been presented for recurrent and
secondary GBMs so far [8]. Many efforts have been made
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to standardize the treatment of each glioma but still with
disappointing outcome of the prognosis.

The need of further understanding and classifying
the gliomas led to an emerging of molecular markers.
One marker that has been introduced is telomerase.
Telomerase reverse transcriptase (TERT) as the catalytic
subunit which together with an RNA template prolong
the telomeres adding hexameric 5’ -TTAGGG- 3’ repeats
on the end of the chromosomes [9]. This function is
limited in normal somatic cells and after each divisions
the telomeres are being shortened whereas cancer cells
have an increased telomerase activity contributing
to the unrestricted elongation of the telomeres and
immortalization of the cell [10]. One of the mechanisms
affecting the upregulation of telomerase are the mutational
alterations of the promoter region of TERT (pTERT) and
its transcriptional regulations [11]. Two most common
mutations in the pTERT are the C228T (1,295,228, C>T)
and C250T (1,295,250, C>T) which are located at -124
base pairs (bp) and -146 bp upstream of the TERT ATG
start codon, respectively [12]. These two point mutations
occur frequently in tumor cells that do not need a continual
regeneration such as melanomas and gliomas [13]. Among
the gliomas, 83% of the primary glioblastomas harbor
those hotspot mutations with a different distribution
between C228T and C250T (73% vs. 27%) while in lower
glioma grades they seem to be rare [13, 14]. In this way,
the mutant promoter status correlates with the elevated
mRNA levels of TERT and therefore with the increased
telomerase activation [15]. Both non-coding mutations at
the promoter generate a purine-rich GGAAG binding site
for the transcription factor GA-binding protein (GABP) of
the E-twenty-six (Ets) family [16]. It has been shown, that
the GABP is recruited to these mutations, thus binding and
activating the pTERT in glioblastomas [17]. GABP reveals
its full function as a heterodimeric- or tetrameric complex
consisting of the GABPA, as the DNA binding subunit,
and the GABPB with the actual transcription activity [18,
19]. GABPB subunit is encoded by two distinct genes:
GABPBI gene encodes the GABPB1 with its isoforms
GABPBI1-longer (GABPBI1-L) and GABPBI-shorter
(GABPBI-S) as the products of a different mRNA splicing
whereas GABPB?2 is encoded by the GABPB2 gene as a
single isoform [20]. While all of them can dimerize with
GABPA only GABPB1, GABPBIL and GABPB2 can
homodimerize and create a tetramer of two GABPA/B
heterodimers due to an leucine-zipper-like domain (LZD)
at the C-terminus end [21]. Recent studies showed that the
GABP tetramer forming isoforms, especially GABPBI1-L,
activate the mutant TERT promoter and a disruption of
BI1L generates telomeric loss in glioblastoma cell lines
introducing the importance of GABPA/B isoforms in the
mutated TERT promoter dependent gliomas [22].

Consequently, in this study we investigated the
mRNA expression level of TERT and all GABPA/B
isoforms and their correlation and interplay in the grade II,

grade III gliomas as well as in the primary and secondary
glioblastomas to understand their role in the gliomagenesis.

RESULTS

We collected 70 tumor samples and analyzed their
expression levels in control, grade II gliomas, grade
III, secondary glioblastoma (sec. GBM), secondary
glioblastoma with chemotherapy (sec. GBM + CTx),
primary glioblastoma (prim. GBM) and primary
glioblastoma with chemotherapy (prim. GBM + CTx).
Each group consisted of 10 tumor samples. Figure 1
summarizes the expression of each protein in the different
glioma grades.

TERT in gliomas

Regarding the quantitative real-time PCR results
and statistical analysis of our glioma cohorts we show that
TERT mRNA is mostly expressed in primary GBM (mean
=0.097, 95% CI=0.02-0.16) and in primary GBM which
had been treated with chemotherapy (mean = 0.139, 95%
CI = 0.02-0.25) compared to the control group (mean =
0.02, 95% CI = 0.01-0.03) with p = 0.007, respectively,
without any difference between the two prim. GBM
groups. Low grade gliomas, p = 0.003, sec. GBM with,
p = 0.03, and without chemotherapy, p = 0.01, exhibit the
lowest TERT levels compared to the normal brain tissue.
Grade III gliomas express upregulation of TERT when
compared to grade II, p = 0.009, without any significance
to the peritumoral tissue. When primary and secondary
glioblastomas each with different therapy status were
compared, the results show significant elevation in both
prim. GBM groups (prim. GBM vs. sec. GBM and sec.
GBM + CTx: p < 0.0001 and p = 0.0002, respectively,
prim. GBM + CTx vs. sec. GBM and sec. GBM + CTx: p
<0.0001 and p = 0.002, respectively) (Figure 1A).

GABPA, GABPBI1, GABPBI1-L, GABPBI1-S and
GABPB2 in gliomas

We further analyzed all GABP components
expression in the different glioma grades. The results
indicate that GABPA, -B1, -B1-L and -B1-S have the
trend to progress with the malignancy of the gliomas.
Specifically, GABPA is being gradually expressed from
control (mean = 0.057, 95% CI = 0.03—0.07) to grade II
(mean = 0.116, 95% CI = 0.1-0.3, p = 0.0002), to grade
III (mean = 0.184, 95% CI = 0.15-021, p = 0.0004) which
is elevated compared to the control with p < 0.0001.
GABPBI1 seems to follow the same pattern of expression
with grade II (mean = 0.409, 95% CI = 0.07-0.74) and III
(mean = 0.456, 95% CI = 0.35-0.55) having high levels
as to the peritumoral tissue (mean = 0.128, 95% CI =
0.09-0.16), p = 0.001 and p < 0.0001, respectively, but
with no difference between them. GABPBI-L and -B1-
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S rise from grade II to grade III, both with p < 0.0001,
and in grade III they are overexpressed compared to
the non-tumorous tissue with p < 0.0001 and p = 0.004.
GABPBI, -BIL and -B1S expression is progressing from
grade III to sec. GBM with p = 0.016, p = 0.0009 and p
=0.002. All the GABPA/B isoforms express the highest
levels in the secondary glioblastomas (GABPA: mean =
0.221, 95% CI = 0.09-0.35, p < 0.0001; GABPB1: mean
=0.66, 95% CI=0.52-0.8, p < 0.0001; GABPB1-L: mean
=0.705, 95% CI =0.48-0.92, p <0.0001 and GABPBI-S:
mean = 0.836, 95% CI = 0.46-1.2, p = 0.0004). In sec.
GBM with chemotherapy treatment GABPB1 and -B1-
L levels are downregulated (GABPB1: mean = 0.308,
95% CI = 0.16-0.45, p = 0.001 and -B1-L: mean =
0.464, 95% CI = 0.1-0.81, p = 0.035) as to sec. GBM
and overexpressed compared to the control with p = 0.01
and p = 0.035, respectively. GABPA and -B1-S are also
overexpressed when sec. GBM with chemotherapy and
peritumoral tissue are compared, with p = 0.001 and p =
0.0006, but without any significant difference among the
two sec. GBM groups. In primary glioblastomas with and
without chemotherapy GABPA, -B1, -B1-L and -B1-S are
overexpressed as to the free of tumor cells group (prim.

GBM and prim. GBM + CTx in GABPA: p = 0.0002 and p
=0.0006; GABPB1: p=10.001 and p = 0.035; GABPBI1-L:
p=20.001 and p = 0.043; GABPBI1-S: p=0.027 and p =
0.001). GABPB2 did not show any statistically significant
results in the gliomas. Figure 1B—1F shows the expression
levels of GABPA/B isoforms and their relation between
the glioma grades.

Subgrouping the different glioma groups in low and
high grade gliomas (LGG and HGGs) consisting of grade
IIT and secondary glioblastomas without chemotherapy,
not only TERT but also GABPA, -B1, -B1-L and -B1-S
were overexpressed in the HGGs (TERT: mean = 0.023,
95% CI = 0.01-0.03, p = 0.023, GABPA: mean = 0.196,
95% CI=10.15-0.23, p = 0.0005, GABPB1: mean = 0.524,
95% CI=0.44-0.6, p =0.016, GABPBI-L: mean = 0.448,
95% CI=0.34-0.55, p <0.0001 and GABPB1-S: mean =
0.538, 95% CI=0.37-0.69, p < 0.0001) (Figure 2).

Between the primary and secondary glioblastomas
with and without chemotherapy treatment, TERT is
significantly elevated in the prim. GBMs (mean = 0.118,
95% CI = 0.05-0.17) whercas GABPBI is overexpressed
in the sec. GBMs of the same therapeutical approach
(mean = 0.484, 95% CI = 0.36-06) with p <0.0001 and p
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Figure 1: mRNA expression levels of (A) TERT, (B) GABPA, (C) GABPBI, (D) GABPBI-L, (E) GABPBI-S and (F) GABPB2 by
quantitative real — time PCR in controls, glioma grade II, grade III, secondary glioblastomas (sec. GBM), recurrent secondary glioblastomas
treated with chemotherapy (sec. GBM + CTx), primary glioblastoma (prim. GBM) and primary glioblastoma treated with chemotherapy
(prim. GBM + CTx). Columns display the mean values [arbitrary units] and error bars the standard deviations. Statistically significance is
marked with "p < 0.05, “p <0.01, *"p <0.001 and """p < 0.0001.
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= 0.043, respectively. The other transcription factors did
not show any significant results when these two groups
where compared. GABPB2 mRNA status in both sub-
groups did not show any significant results (Figure 3).

Correlation of TERT and GABP A/B isoforms in
gliomas

Analyzing the association between TERT and each
GABP component, we found that GABPBI1-S did not
show a correlation with TERT in primary glioblastomas
with and without chemotherapy treatment (» = 0.18, 95%
CI=-0.3-0.6; p = 0.48). In grade III gliomas, GABPBI
negative correlates with TERT significantly (» = —0.65,
95% CI =—-0.85-0.27; p = 0.003). We further examined
the relation between GABPA and every GABPB isoform.
We found positive correlated relationship between GABPA
and GABPBI (r = 0.6, 95% CI = 0.06-0.91; p = 0.035),
GABPBI-L (r =0, 8, 95% CI = 0.56-0.97; p = 0.0008)
and GABPBI-S (= 0.6, 95% CI = 0.02-0.9; p = 0.045)
in primary glioblastomas (Figure 4).

DISCUSSION

Cancer cells can replicate continuously overcoming
normal cell death. One of the mechanisms contributing
in immortalization and limitless progression is the

maintenance of the telomere endings of the chromosomes.
Most of the malignant cells achieve it through
upregulation of telomerase and fewer by an alternative
lengthening of telomeres (ALT) [25]. The expression of
TERT can be regulated by many molecular mechanisms
such as transacting factors, epigenetic modifications and
genetic promoter alterations which affect the activation
of telomerase [26]. In this study, we presented that TERT
mRNA expression levels are the highest in the primary
glioblastomas compared to normal brain tissue. Similar
data, regarding TERT gene expression on mRNA in
prim. GBM have been previously described highlighting
the positive association between expressional status and
telomerase activity and suggesting that the promoter
mutations are the major regulators of TERT expression
[15, 27-29]. On the other hand, a common single
nucleotide polymorphism, rs2853669 A>C, located at -246
bp upstream of the ATG start codon within a preexisting
Ets2 binding site of the promoter which can be found in
numerous GBMSs, seems to cause a two-fold reduction
of TERT transcription by disrupting the binding position
[31, 32]. Both regulatory pathways have an impact
on survival status where promoter mutations reduce
overall survival compared to wild type (median 11-12
vs. 20 months) while in co-existence with the C-variant
of rs2853669, the survival is shortened to 8—12 months
[30]. In addition, the recurrent prim. GBMs of our cohort
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Figure 2: Comparison of TERT, GAPBA, GAPB1, GABPB1-L, GABPB1-S and GABPB2 mRNA expression levels

between low grade (WHO II) and high grade gliomas (WHO III and secondary glioblastomas). (A) Overexpression of
TERT in high grade gliomas. (B-E) Increased levels of GABPA, GAPB1, GABPB1-L, GABPB1-S in high grades. (F) GABPB2 shows
no significant difference. Columns display the mean values and error bars the standard deviation. Statistical significance is marked with "p

Hkok

<0.05, ™ p <0.001 and """p < 0.0001, n.s.: no significance.
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which have undergone chemotherapy, in most cases
temozolomide, showed also elevated TERT levels. This
data could provide proof of persisting TERT and other
genomic alterations from primary to recurrent GBM as
well as unstoppable cellular replication through telomere
maintenance [10, 33]. Moreover, the transcription of
TERT in a cohort of low grade gliomas and sec. GBM
showed significant downregulation whereas grade III
gliomas did not present any difference compared to the
control. This could be explained due to the fewer amount
of grade II (44%), Il gliomas (60%) and sec. GBMs
(28%) harboring TERT promoter mutations and therefore
decreased transcriptional activation [14, 34, 35].

As we described before, the two somatic mutations
in the promoter region of TERT create a de novo binding
motif for GABP [16]. Analysis of the GABP structure
reveals a multimeric complex consisting of GABPA and
GABPB, two different proteins with different function,
but both necessary components to create a functional,
unique among the Ets family, transcription factor [18].
GABP as a tetrameric protein has been found to regulate
lineage-restricted genes well defined in myeloid cells
[36], to participate in cell cycle control while both
molecule components can be found widely expressed in
liver, muscle and brain cells [37]. The proof, that GABP

is recruited to the hotspot mutations of the promoter,
thus reactivating and inducing TERT expression in
glioblastoma cell lines, gave a significant role to GABP
as an transcription regulator in a TERT dependent manner
and provides evidence of specific cancer interaction in
the promoter core which may lead to limitless replication
[17]. Many molecular alterations have been found to
occur during gliomagenesis and glioma progression.
Isocitrate dehydrogenase 1/2 (IDH1/2) mutations occur
at 70% of grade II and III gliomas as an early event with
better prognostic survival [3]. Secondary GBMs seem to
have more than 80% of IDH1 mutations indicating the
progression from diffuse gliomas and primary GBMs
harbor fewer than 5% of IDH1 missense mutations and are
identified as de novo tumors [5]. TP53 mutations in 94%
and loss of a-thalassemia/mental-retardation-syndrome-
X-linked (ATRX) in 33% of IDH mutant astrocytomas
grade II/III and 1p/19q codeletions with IDH mutations
classify the diffuse and anaplastic oligodendrogliomas
[38—40]. We are the first to present an upregulation of
all GABP components in the different glioma grades
and GABPA, -B1, -B1-L, -B1-S are gradually expressed
during malignancy progression from lower to higher grade
while the most expression is observed in the sec. GBMs.
This data may suggest that the different GABP proteins
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Figure 3: TERT and GABPA/B isoforms mRNA expressional status between primary and secondary glioblastomas
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could be new glioma specific markers of carcinogenesis.
GABPB isoforms can heterodimerize with GABPA and
function as dimers while all component interact with each
other and can be modulated by different proteins which
could affect their expression [36]. This can be confirmed
also by our studies where the expression of GAPBA
and GABPB isoforms positive correlates in the prim.
GBMs. Furthermore, GABPA/B1, B1-L, B1-S proteins
in the primary GBMs of our cohort exhibit a significant
upregulation compared to the normal brain tissue which
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can confirm at some point the finding of Mancini et al.
He proved, that the B1L isoform is the main regulator
of TERT expression in promoter mutated glioblastomas
and there is a positive association between TERT and
B1L mRNA expression, unlike our correlation results
[22]. At this point it should be mentioned, that we did not
investigate the samples for the mutational status of TERT
promoter. Also, another important finding of Mancini
and his group was that siRNA inhibition of B1L leads to
reduction of TERT expression, thus inducing telomeric
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Figure 4: Correlation of TERT vs. GABPB1/-S and GABPB1, GABPB1-L, GABPB1-S and GABPB2 vs. GABPBA
mRNA expression in gliomas. Black line indicates trend-line and Pearson’s rank order correlation was used to generate Pearson rho
and p-values for each correlation. (A) No correlation between TERT and moreover, in primary glioblastomas (» = 0.18). (B) negative linear
correlation between TERT and in addition, in grade III gliomas (» = —0.65, p = 0.003). (C—E) GABPA correlates positive with GABPBI,
GABPBI1-L and GABPBI-S in primary glioblastomas with p = 0.035, 0.0008 and 0.045, respectively. (F) GABPA and GABPB?2 have the
tendency to slightly positive correlate in primary glioblastomas, without any statistical significance, n.s.: no significance.
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Table 1: Oligosequences for primers

Protein Oligoname  Function Sequence 5'—3' Sequence 3'—5'
(Forward) (Reverse)
Telomerase reverse TERT Catalytic enzyme of CGGCGACATGGAGAACAAG CCAACAAGAAATCATCCACCAAA
transcriptase telomerase
GA-binding protein A GABPA Transcription factor ~ CCTGAACTGGTTGCACAGAA ACAAATCATGTCCCCATCG
GA-binding protein B1 GABPBI1 Transcription factor ~ GGCTGAAGCGCTAGAAATGG GGAGAGAGGGGAAAGAGGGT
GA-binding protein Bl Long ~ GABPBI1-L  Transcription factor =~ AACCAGTGGAATTGGTCAGC TGTAGGCCTCTGCTTCCTGT
isoform
GA-binding protein B1 Short ~ GABPBI1-S  Transcription factor ~AACCAGTGGAATTGGTCAGC ACCGGGTAAAAGACTCCTTAC
isoform
GA-binding protein B2 GABPB2 Transcription factor ~AGCAAGTAATGGGGAGTGGA AACCTTACCAGCAGGTACAG

loss and cellular death [22]. Our findings propose that
chemotherapy treatment in sec. GBMs decreases GABPB1
and GABPB1L mRNA levels and it could be used as a
potential therapeutical approach together with targeting
therapy in TERT and GABP dependent glioblastomas.

MATERIALS AND METHODS

Patients

For this study we obtained the surgical specimen
from 80 patients that had been treated at the Department
of Neurosurgery of the University Hospital of Cologne
from 1990 to 2012. We analyzed 70 tumor tissue
samples altogether. Ten patients were followed for
progression during the disease. Each sample was than
histopathologically graded according to the WHO
classification of the CNS tumors 2016 [23] from two
independent neuropathologists. All patients gave their
informed written consent to use the samples as stated by
the Declaration of Helsinki and the study was approved
by the local ethic committee of the University of Cologne
(Application No. 03-170).

Glioma samples

The tumor samples were extracted during
neurosurgery and snap-frozen in liquid nitrogen at —80°C
and stored at our tumor bank after the neuropathologist’s
examination and prior to the RNA isolation. Ten
micrometers cryostat sections were taken of each sample
and stained with hematoxylin & ecosin. Each group
consists of ten tissue samples and peritumoral tissue free
of tumoral cells was used as the control.

RNA extraction, cDNA synthesis and primers

RNA was isolated from the fresh frozen tissue
using the RNeasy Mini Kit (Qiagen, Hilden, Germany).
The quantity and purity of the isolated RNA was assessed
spectrophotometrically at 260 and 280 nm. The cDNA-
synthetization was performed with QuantiTect Reverse
Transcription Kit (Qiagen, Hilden, Germany). The

primers for telomerase reverse transcriptase (TERT) and
the GA-binding protein A and B isoforms (GABPA/B
isoforms) were designed and purchased from Eurofins,
Genomics (Ebensberg, Germany). We used the succinate
dehydrogenase complex, subunit A, flavoprotein variant
(SDHA) as the housekeeping gene [24] (QuantiTect
PrimerAssay; Qiagen, Hilden, Germany) (Table 1).

Quantitative real time-PCR

The quantitative real time polymerase chain reaction
was done in triplicates. We used the final volume of 20 pl
consisting of 1x Rotor Gene SYBR Green PCR Kit (Qiagen,
Hilden, Germany), 10 pl Master Mix (Qiagen, Hilden,
Germany), 5 pl of each primer and 5 pl of cDNA diluted
in 1:50. The amplification was performed on a Rotor-Gene
Q cycler (Qiagen, Hilden, Germany) in a two-step cycling
protocol and the cycling conditions are the following: initial
denaturation for 5 min in 95°C, followed by 95°C for 5 sec,
followed by 60°C for 10 sec, each 3545 cycles depending
on the gene. After each run a melting curve was added.

Statistical analysis

The analysis was performed using Graph Pad, Prism
Version 8 (La Jolla, San Diego, California, USA). To
determine the significant differences between the groups,
we used the Kruskal-Wallis-Test as a non-parametric
alternative to one-way Analysis of variance (ANOVA).
Mann-Whitney-U Test was carried out to compare the
mRNA expression levels between the different glioma
groups and the control subjects by not normally distributed
variables. To measure the linear relationship between
TERT and GABPA/B isoforms, Pearson’s correlation
was performed. P-value of 0.05 or smaller was set as the
statistically significant level.

CONCLUSIONS

In conclusion, the present study confirms the
transcriptional status of TERT which is upregulated in
the prim. GBMs while the other glioma grades exhibit
no elevated activation. We further expanded our analysis
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by investigating all molecular components of GABP and
proved their enhanced expression among the glioma grades
which exhibit a similar pattern of activation. We therefore
can propose that GABP might be a potential biomarker in
glioma classification, but further investigations must be
made in order to elucidate the actual relationship between
TERT and GABPA/B isoforms in gliomas, aiming for
targeted therapy in the future.

Abbreviations

GBM: Glioblastoma; GII: WHO grade II; GIII:
WHO grade III; GABP: GA-binding protein; Ets:
E-twenty-six; OS: overall survival; PFS: progression-free
survival; rt-PCR: real-time polymerase chain reaction;
SDHA: Succinate dehydrogenase complex, subunit
A, flavoprotein variant; TERT: Telomerase reverse
transcriptase; WHO: World Health Organization.

Author contributions

Efthymios Papazacharias: performed most
experiments, wrote manuscript; Saskia Kuhl: performed
experiments, helped with statistics; Gabriele Rohn:
analysis of experiments; Lukas Gortz: statistics; Roland
Goldbrunner: wrote manuscript; Marco Timmer: idea,
wrote manuscript, statistics.

CONFLICTS OF INTEREST

The authors declare that the article content was
composed in the absence of any commercial or financial
relationships that could be construed as a potential
conflicts of interest.

REFERENCES

1. Louis DN, Perry A, Reifenberger G, von Deimling A,
Figarella-Branger D, Cavenece WK, Ohgaki H, Wiestler
OD, Kleihues P, Ellison DW. The 2016 World Health
Organization Classification of Tumors of the Central
Nervous System: a summary. Acta Neuropathol. 2016;
131:803-20. https://doi.org/10.1007/s00401-016-1545-1.
[PubMed]

2. Ohgaki H, Dessen P, Jourde B, Horstmann S, Nishikawa T,
Di Patre PL, Burkhard C, Schiiler D, Probst-Hensch NM,
Maiorka PC, Baeza N, Pisani P, Yonekawa Y, et al. Genetic
pathways to glioblastoma: a population-based study. Cancer
Res. 2004; 64:6892-99. https://doi.org/10.1158/0008-5472.
CAN-04-1337. [PubMed]

3. Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA,
Yuan W, Kos I, Batinic-Haberle I, Jones S, Riggins GJ,
Friedman H, Friedman A, Reardon D, et al. IDH1 and IDH2
mutations in gliomas. N Engl J Med. 2009; 360:765-73.
https://doi.org/10.1056/NEJM0a0808710. [PubMed]

4. Nobusawa S, Watanabe T, Kleihues P, Ohgaki H. IDH1
mutations as molecular signature and predictive factor of
secondary glioblastomas. Clin Cancer Res. 2009; 15:6002—07.
https://doi.org/10.1158/1078-0432.CCR-09-0715. [PubMed]

5. Ohgaki H, Kleihues P. The definition of primary and
secondary glioblastoma. Clin Cancer Res. 2013; 19:764-72.
https://doi.org/10.1158/1078-0432.CCR-12-3002. [PubMed]

6. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher
B, Taphoorn MJ, Belanger K, Brandes AA, Marosi C,
Bogdahn U, Curschmann J, Janzer RC, Ludwin SK, et al,
and European Organisation for Research and Treatment

of Cancer Brain Tumor and Radiotherapy Groups, and
National Cancer Institute of Canada Clinical Trials Group.
Radiotherapy plus concomitant and adjuvant temozolomide
for glioblastoma. N Engl J Med. 2005; 352:987-96. https://
doi.org/10.1056/NEJMo0a043330. [PubMed]

7. Malmstrom A, Grenberg BH, Marosi C, Stupp R, Frappaz
D, Schultz H, Abacioglu U, Tavelin B, Lhermitte B, Hegi
ME, Rosell J, Henriksson R, and Nordic Clinical Brain
Tumour Study Group (NCBTSG). Temozolomide versus

standard 6-week radiotherapy versus hypofractionated
radiotherapy in patients older than 60 years with
glioblastoma: the Nordic randomised, phase 3 trial. Lancet
Oncol. 2012; 13:916-26. https://doi.org/10.1016/S1470-
2045(12)70265-6. [PubMed]

8. Weller M, van den Bent M, Tonn JC, Stupp R, Preusser M,
Cohen-Jonathan-Moyal E, Henriksson R, Le Rhun E, Balana
C, Chinot O, Bendszus M, Reijneveld JC, Dhermain F, et al,
and European Association for Neuro-Oncology (EANO) Task
Force on Glioma. European Association for Neuro-Oncology
(EANO) guideline on the diagnosis and treatment of adult
astrocytic and oligodendroglial gliomas. Lancet Oncol. 2017;
18:¢315-29. https://doi.org/10.1016/S1470-2045(17)30194-8.
[PubMed]

9. Cohen SB, Graham ME, Lovrecz GO, Bache N, Robinson PJ,
Reddel RR. Protein composition of catalytically active human

telomerase from immortal cells. Science. 2007; 315:1850-53.
https://doi.org/10.1126/science.1138596. [PubMed]

Kim NW, Piatyszek MA, Prowse KR, Harley CB, West
MD, Ho PL, Coviello GM, Wright WE, Weinrich SL, Shay
JW. Specific association of human telomerase activity with
immortal cells and cancer. Science. 1994; 266:2011-15.
https://doi.org/10.1126/science.7605428. [PubMed]

11. Kyo S, Takakura M, Fujiwara T, Inoue M. Understanding
and exploiting hTERT promoter regulation for diagnosis and
treatment of human cancers. Cancer Sci. 2008; 99:1528-38.
https://doi.org/10.1111/1.1349-7006.2008.00878.x. [PubMed]

12. 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

10.

sporadic melanoma. Science. 2013; 339:959-61. https://
doi.org/10.1126/science.1230062. [PubMed]

13. Killela PJ, Reitman ZJ, Jiao Y, Bettegowda C, Agrawal
N, Diaz LA Jr, Friedman AH, Friedman H, Gallia GL,
Giovanella BC, Grollman AP, He TC, He Y, et al. TERT

www.oncotarget.com

1278

Oncotarget


https://doi.org/10.1007/s00401-016-1545-1
https://pubmed.ncbi.nlm.nih.gov/27157931
https://doi.org/10.1158/0008-5472.CAN-04-1337
https://doi.org/10.1158/0008-5472.CAN-04-1337
https://pubmed.ncbi.nlm.nih.gov/15466178
https://doi.org/10.1056/NEJMoa0808710
https://pubmed.ncbi.nlm.nih.gov/19228619
https://doi.org/10.1158/1078-0432.CCR-09-0715
https://pubmed.ncbi.nlm.nih.gov/19755387
https://doi.org/10.1158/1078-0432.CCR-12-3002
https://pubmed.ncbi.nlm.nih.gov/23209033
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1056/NEJMoa043330
https://pubmed.ncbi.nlm.nih.gov/15758009
https://doi.org/10.1016/S1470-2045(12)70265-6
https://doi.org/10.1016/S1470-2045(12)70265-6
https://pubmed.ncbi.nlm.nih.gov/22877848
https://doi.org/10.1016/S1470-2045(17)30194-8
https://pubmed.ncbi.nlm.nih.gov/28483413
https://doi.org/10.1126/science.1138596
https://pubmed.ncbi.nlm.nih.gov/17395830
https://doi.org/10.1126/science.7605428
https://pubmed.ncbi.nlm.nih.gov/7605428
https://doi.org/10.1111/j.1349-7006.2008.00878.x
https://pubmed.ncbi.nlm.nih.gov/18754863
https://doi.org/10.1126/science.1230062
https://doi.org/10.1126/science.1230062
https://pubmed.ncbi.nlm.nih.gov/23348503

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

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; 110:6021-26.
https://doi.org/10.1073/pnas.1303607110. [PubMed]
Nonoguchi N, Ohta T, Oh JE, Kim YH, Kleihues P, Ohgaki
H. TERT promoter mutations in primary and secondary
glioblastomas. Acta Neuropathol. 2013; 126:931-37.
https://doi.org/10.1007/s00401-013-1163-0. [PubMed]
Spiegl-Kreinecker S, Létsch D, Ghanim B, Pirker C,
Mohr T, Laaber M, Weis S, Olschowski A, Webersinke G,
Pichler J, Berger W. Prognostic quality of activating TERT

promoter mutations in glioblastoma: interaction with the
1s2853669 polymorphism and patient age at diagnosis.
Neuro Oncol. 2015; 17:1231-40. https://doi.org/10.1093/
neuonc/nov010. [PubMed]

Huang FW, Hodis E, Xu MJ, Kryukov GV, Chin L,
Garraway LA. Highly recurrent TERT promoter mutations

in human melanoma. Science. 2013; 339:957-59. https://
doi.org/10.1126/science.1229259. [PubMed]

Bell RJA, 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
transcription factor GABP selectively binds and activates
the mutant TERT promoter in cancer. Science. 2015;
348:1036-39.  https://doi.org/10.1126/science.aab0015.
[PubMed]

Rosmarin AG, Resendes KK, Yang Z, McMillan JN, Fleming
SL. GA-binding protein transcription factor: a review of

GABP as an integrator of intracellular signaling and protein-
protein interactions. Blood Cells Mol Dis. 2004; 32:143-54.
https://doi.org/10.1016/j.bcmd.2003.09.005. [PubMed]

Sawada J, Goto M, Sawa C, Watanabe H, Handa H.
Transcriptional activation through the tetrameric complex
formation of E4TF1 subunits. EMBO J. 1994; 13:1396—
402. [PubMed]

Wu H, Xiao Y, Zhang S, Ji S, Wei L, Fan F, Geng J,
Tian J, Sun X, Qin F, Jin C, Lin J, Yin ZY, et al. The Ets
transcription factor GABP is a component of the hippo
pathway essential for growth and antioxidant defense.
Cell Rep. 2013; 3:1663-77. https://doi.org/10.1016/].
celrep.2013.04.020. [PubMed]

de la Brousse FC, Birkenmeier EH, King DS, Rowe LB,
McKnight SL. Molecular and genetic characterization
of GABP beta. Genes Dev. 1994; 8:1853—65. https://doi.
org/10.1101/gad.8.15.1853. [PubMed]

Mancini A, Xavier-Magalhdes A, Woods WS, Nguyen
KT, Amen AM, Hayes JL, Fellmann C, Gapinske M,
McKinney AM, Hong C, Jones LE, Walsh KM, Bell RJ,
et al. Disruption of the B1L Isoform of GABP Reverses
Glioblastoma Replicative Immortality in a TERT Promoter
Mutation-Dependent Manner. Cancer Cell. 2018; 34:513-28.
8. https://doi.org/10.1016/j.ccell.2018.08.003. [PubMed]

Wen PY, Huse JT. 2016 World Health Organization
Classification of Central Nervous System Tumors.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Continuum (Minneap Minn). 2017; 23:1531-47. https:/
doi.org/10.1212/CON.0000000000000536. [PubMed]

Rohn G, Koch A, Krischek B, Stavrinou P, Goldbrunner R,
Timmer M. ACTB and SDHA Are Suitable Endogenous
Reference Genes for Gene Expression Studies in Human
Astrocytomas Using Quantitative RT-PCR. Technol Cancer
Res Treat. 2018; 17:1533033818802318. https://doi.
org/10.1177/1533033818802318. [PubMed]

Cesare AJ, Reddel RR. Alternative lengthening of telomeres:

models, mechanisms and implications. Nat Rev Genet. 2010;
11:319-30. https://doi.org/10.1038/nrg2763. [PubMed]

Ramlee MK, Wang J, Toh WX, Li S. Transcription
Regulation of the Human Telomerase Reverse Transcriptase
(hTERT) Gene. Genes (Basel). 2016; 7:50. https://doi.
0rg/10.3390/genes7080050. [PubMed]

Boldrini L, Pistolesi S, Gisfredi S, Ursino S, Ali G, Pieracci
N, Basolo F, Parenti G, Fontanini G. Telomerase activity and
hTERT mRNA expression in glial tumors. Int J Oncol. 2006;
28:1555-60. https://doi.org/10.3892/ij0.28.6.1555. [PubMed]
Arita H, Narita Y, Fukushima S, Tateishi K, Matsushita Y,
Yoshida A, Miyakita Y, Ohno M, Collins VP, Kawahara N,
Shibui S, Ichimura K. Upregulating mutations in the TERT

promoter commonly occur in adult malignant gliomas
and are strongly associated with total 1p19q loss. Acta
Neuropathol. 2013; 126:267-76. https://doi.org/10.1007/
s00401-013-1141-6. [PubMed]

Park CK, Lee SH, Kim JY, Kim JE, Kim TM, Lee
ST, Choi SH, Park SH, Kim IH. Expression level of
hTERT is regulated by somatic mutation and common

single nucleotide polymorphism at promoter region in
glioblastoma. Oncotarget. 2014; 5:3399-407. https://doi.
org/10.18632/oncotarget.1975. [PubMed]

Mosrati MA, Malmstrom A, Lysiak M, Krysztofiak A,
Hallbeck M, Milos P, Hallbeck AL, Bratthéll C, Strandéus
M, Stenmark-Askmalm M, Soderkvist P. TERT promoter
mutations and polymorphisms as prognostic factors in
primary glioblastoma. Oncotarget. 2015; 6:16663-73.
https://doi.org/10.18632/oncotarget.4389. [PubMed]

Rachakonda PS, Hosen I, de Verdier PJ, Fallah M,
Heidenreich B, Ryk C, Wiklund NP, Steineck G, Schadendorf
D, Hemminki K, Kumar R. TERT promoter mutations in

bladder cancer affect patient survival and disease recurrence
through modification by a common polymorphism. Proc
Natl Acad Sci U S A. 2013; 110:17426-31. https://doi.
org/10.1073/pnas.1310522110. [PubMed]

Labussiére M, Di Stefano AL, Gleize V, Boisselier B, Giry
M, Mangesius S, Bruno A, Paterra R, Marie Y, Rahimian
A, Finocchiaro G, Houlston RS, Hoang-Xuan K, et al.
TERT promoter mutations in gliomas, genetic associations

and clinico-pathological correlations. Br J Cancer. 2014;
111:2024-32. https://doi.org/10.1038/bjc.2014.538. [PubMed]
Neilsen BK, Sleightholm R, McComb R, Ramkissoon SH,
Ross JS, Corona RJ, Miller VA, Cooke M, Aizenberg MR.
Comprehensive genetic alteration profiling in primary and

www.oncotarget.com

1279

Oncotarget


https://doi.org/10.1073/pnas.1303607110
https://pubmed.ncbi.nlm.nih.gov/23530248
https://doi.org/10.1007/s00401-013-1163-0
https://pubmed.ncbi.nlm.nih.gov/23955565
https://doi.org/10.1093/neuonc/nov010
https://doi.org/10.1093/neuonc/nov010
https://pubmed.ncbi.nlm.nih.gov/25681309
https://doi.org/10.1126/science.1229259
https://doi.org/10.1126/science.1229259
https://pubmed.ncbi.nlm.nih.gov/23348506
https://doi.org/10.1126/science.aab0015
https://pubmed.ncbi.nlm.nih.gov/25977370
https://doi.org/10.1016/j.bcmd.2003.09.005
https://pubmed.ncbi.nlm.nih.gov/14757430
https://pubmed.ncbi.nlm.nih.gov/8137823
https://doi.org/10.1016/j.celrep.2013.04.020
https://doi.org/10.1016/j.celrep.2013.04.020
https://pubmed.ncbi.nlm.nih.gov/23684612
https://doi.org/10.1101/gad.8.15.1853
https://doi.org/10.1101/gad.8.15.1853
https://pubmed.ncbi.nlm.nih.gov/7958862
https://doi.org/10.1016/j.ccell.2018.08.003
https://pubmed.ncbi.nlm.nih.gov/30205050
https://doi.org/10.1212/CON.0000000000000536
https://doi.org/10.1212/CON.0000000000000536
https://pubmed.ncbi.nlm.nih.gov/29200109
https://doi.org/10.1177/1533033818802318
https://doi.org/10.1177/1533033818802318
https://pubmed.ncbi.nlm.nih.gov/30259794
https://doi.org/10.1038/nrg2763
https://pubmed.ncbi.nlm.nih.gov/20351727
https://doi.org/10.3390/genes7080050
https://doi.org/10.3390/genes7080050
https://pubmed.ncbi.nlm.nih.gov/27548225
https://doi.org/10.3892/ijo.28.6.1555
https://pubmed.ncbi.nlm.nih.gov/16685456
https://doi.org/10.1007/s00401-013-1141-6
https://doi.org/10.1007/s00401-013-1141-6
https://pubmed.ncbi.nlm.nih.gov/23764841
https://doi.org/10.18632/oncotarget.1975
https://doi.org/10.18632/oncotarget.1975
https://pubmed.ncbi.nlm.nih.gov/24930669
https://doi.org/10.18632/oncotarget.4389
https://pubmed.ncbi.nlm.nih.gov/26143636
https://doi.org/10.1073/pnas.1310522110
https://doi.org/10.1073/pnas.1310522110
https://pubmed.ncbi.nlm.nih.gov/24101484
https://doi.org/10.1038/bjc.2014.538
https://pubmed.ncbi.nlm.nih.gov/25314060

34.

35.

36.

37.

recurrent glioblastoma. J Neurooncol. 2019; 142:111-18.
https://doi.org/10.1007/s11060-018-03070-2. [PubMed]

Liu J, Zhang X, Yan X, Sun M, Fan Y, Huang Y.
Significance of TERT and ATRX mutations in glioma.
Oncol Lett. 2019; 17:95-102. https://doi.org/10.3892/
01.2018.9634. [PubMed]

Yang P, Cai J, Yan W, Zhang W, Wang Y, Chen B, Li
G, Li S, Wu C, Yao K, Li W, Peng X, You Y, et al, and
CGGA Project. Classification based on mutations of TERT
promoter and IDH characterizes subtypes in grade II/III
gliomas. Neuro Oncol. 2016; 18:1099-108. https://doi.
org/10.1093/neuonc/now021. [PubMed]

Rosmarin AG, Caprio DG, Kirsch DG, Handa H, Simkevich
CP. GABP and PU.1 Compete for Binding, yet Cooperate
to Increase CD18 (B 2 Leukocyte Integrin) Transcription. J
Biol Chem. 1995; 270:23627-33. https://doi.org/10.1074/
jbc.270.40.23627. [PubMed]

LaMarco K, Thompson C, Byers B, Walton EM, McKnight
SL. Identification of Ets- and notch-related subunits in GA
binding protein. Science. 1991; 253:789-92. https://doi.
org/10.1126/science.1876836. [PubMed]

38.

39.

40.

van den Bent MJ, Bromberg JE, Buckner J. Low-grade and
anaplastic oligodendroglioma. Handb Clin Neurol. 2016;
134:361-80. https://doi.org/10.1016/B978-0-12-802997-
8.00022-0. [PubMed]

Brat DJ, Verhaak RGW, Aldape KD, Yung WK, Salama SR,
Cooper LA, Rheinbay E, Miller CR, Vitucci M, Morozova
O, Robertson AG, Noushmehr H, Laird PW, et al, and
Cancer Genome Atlas Research Network. Comprehensive,
Integrative Genomic Analysis of Diffuse Lower-Grade
Gliomas. N Engl J Med. 2015; 372:2481-98. https://doi.
org/10.1056/NEJMoal402121. [PubMed]

Liu XY, Gerges N, Korshunov A, Sabha N, Khuong-
Quang DA, Fontebasso AM, Fleming A, Hadjadj D,
Schwartzentruber J, Majewski J, Dong Z, Siegel P, Albrecht
S, et al. Frequent ATRX mutations and loss of expression
in adult diffuse astrocytic tumors carrying IDH1/IDH2 and
TP53 mutations. Acta Neuropathol. 2012; 124:615-25.
https://doi.org/10.1007/s00401-012-1031-3. [PubMed]

www.oncotarget.com

1280

Oncotarget


https://doi.org/10.1007/s11060-018-03070-2
https://pubmed.ncbi.nlm.nih.gov/30535594
https://doi.org/10.3892/ol.2018.9634
https://doi.org/10.3892/ol.2018.9634
https://pubmed.ncbi.nlm.nih.gov/30655743
https://doi.org/10.1093/neuonc/now021
https://doi.org/10.1093/neuonc/now021
https://pubmed.ncbi.nlm.nih.gov/26957363
https://doi.org/10.1074/jbc.270.40.23627
https://doi.org/10.1074/jbc.270.40.23627
https://pubmed.ncbi.nlm.nih.gov/7559529
https://doi.org/10.1126/science.1876836
https://doi.org/10.1126/science.1876836
https://pubmed.ncbi.nlm.nih.gov/1876836
https://doi.org/10.1016/B978-0-12-802997-8.00022-0
https://doi.org/10.1016/B978-0-12-802997-8.00022-0
https://pubmed.ncbi.nlm.nih.gov/26948366
https://doi.org/10.1056/NEJMoa1402121
https://doi.org/10.1056/NEJMoa1402121
https://pubmed.ncbi.nlm.nih.gov/26061751
https://doi.org/10.1007/s00401-012-1031-3
https://pubmed.ncbi.nlm.nih.gov/22886134

