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The neurotrophin nerve growth factor (NGF) modulates the growth of human gliomas and
is able to induce cell differentiation through the engagement of tropomyosin receptor
kinase A (TrkA) receptor, although the role played in controlling glioma survival has proved
controversial. Unfortunately, the slow growth rate of low-grade gliomas (LGG) has made it
difficult to investigate NGF effects on these tumors in preclinical models. In fact, patient-
derived low-grade human astrocytoma cells duplicate only a limited number of times in
culture before undergoing senescence. Nevertheless, replicative senescence can be
counteracted by overexpression of hTERT, the catalytic subunit of telomerase, which
potentially increases the proliferative potential of human cells without inducing cancer-
associated changes. We have extended, by hTERT transduction, the proliferative in vitro
potential of a human LGG cell line derived from a pediatric pilocytic astrocytoma (PA)
surgical sample. Remarkably, the hTERT-transduced LGG cells showed a behavior similar
to that of the parental line in terms of biological responses to NGF treatment, including
molecular events associated with induction of NGF-related differentiation. Therefore,
transduction of LGG cells with hTERT can provide a valid approach to increase the
in vitro life-span of patient-derived astrocytoma primary cultures, characterized by a finite
proliferative potential.
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INTRODUCTION

Tumors of glial cell origin represent almost 70% of pediatric brain tumors, with astrocytomas
accounting for 50% of all of them [1, 2], and are usually regrouped into low- [WHO grade I, pilocytic
astrocytoma (PA) and WHO grade II] and high-grade tumors (WHO grade III, anaplastic
astrocytoma and WHO grade IV, glioblastoma) [3]. PAs are among the most prevalent tumors
of the central nervous system (CNS) in infancy, occurring either sporadically or in 15–40% of
children with neurofibromatosis type 1 (NF1) [4]. PAs are usually located in the cerebellum;
however, a low-grade astrocytoma subgroup involves the optic nerve and other optic structures
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(i.e., optic gliomas, OGs). Cerebellum PAs show a good prognosis
when a complete surgical resection of the lesion is feasible, with a
5-years overall survival of more than 90% [1, 5]. Neurological
complications, endocrine deficiencies or cognitive impairment
can represent direct consequences of the tumor mass, due to the
CNS location of these malignancies. One of the main features of
OGs is their indolent or unpredictable growth rate that can
produce vision loss involving both the anterior and retro-
chiasmatic optic pathways long before diagnosis.

Recent studies have demonstrated that the administration of
exogenous Nerve Growth Factor (NGF) as eye-drops, either in
children or adults with severe visual impairment due to low-grade
OGs, is associated with a significant improvement of both the visual
evoked potential and the ocular function [6, 7]. NGF is a member of
the neurotrophin family, with a well-established role in the
development and maintenance of sensory, sympathetic and
cholinergic neuronal populations [8]. NGF biological effects are
mediated by the engagement of specific receptors: the tropomyosin
receptor kinase A (TrkA) and the p75 NGF receptors, which display
pleiotropic effects in inducing cell differentiation, regulating apoptosis
and supporting neuron survival [9, 10]. NGF can induce cell
differentiation through the activation of different TrkA down-
stream signaling pathways, including Ras/Raf/MEK/ERK [11–13]:
in particular, the role of sustained ERK activity has been proven
necessary and sufficient for NGF-induced differentiation [13].

The low affinity p75 receptor, belonging to the tumor necrosis
receptor family, is involved in neuronal apoptotic signals induced
by the neurotrophins [14]. However, in astrocytes, although not
directly involved in apoptosis induction, it exerts an inhibitory
effect on cell proliferation [15]. Endogenous NGF expression has
been reported to increase with glioma aggressiveness [16], while
exogenous NGF is involved in the regulation of glioma cell
growth in vivo [17]. However, the role played by NGF in
tumor cell survival has been proven contradictory, ranging
from inhibiting cell proliferation [18, 19] to being mitogenic
[20, 21]. Based on these findings and taking into account the
positive clinical outcome obtained with conjunctival NGF
administration in terms of visual rescue in OG patients, the
effect of exogenous NGF on low-grade glioma remains an
open question.

The slow growth degree of low-grade gliomas (LGGs) has made
difficult to obtain primary models for preclinical studies regarding
NGF effects on these tumors. In fact, patient-derived human low-
grade astrocytoma cells can divide only a finite number of times in
culture before undergoing replicative senescence [22].

Cellular senescence is characterized by a complex scenario with
many potential players. Oncogene-induced-senescence can be
driven by mutations occurring in key-oncogenes such as KRAS,
BRAF, PTEN andNF1 that, in the absence of additional cooperating
mutations, may act as a mechanism of tumor suppression leading to
slow growing benign lesions [23, 24]. Actually, PAs are slow growing
tumors which appear genetically distinct from diffuse astrocytomas,
showing low proliferation index and displaying aberrant activation
of the MAPK pathway [25, 26] that may trigger senescence in PAs
partly through the activation of the p16 pathway [20, 27].

Replicative senescence in human cells can be overcome by the
overexpression of the catalytic subunit of telomerase hTERT,

leading to the generation of stable, non-oncogenic lines of a variety
of cell types [28]. Indeed, constitutive hTERT overexpression in
primary cultures of different tissue origin can increase the
proliferative potential of cells without causing cancer-associated
changes or altering cell phenotypic features. PAs are commonly
telomerase negative [29], although some heterogeneity in the
expression and distribution of hTERT has been observed [30].
Since hTERT overexpression has not been directly linked to
astrocytoma cell invasion [31], transduction of PA cells with the
catalytic subunit of telomerase may potentially lead to an increased
lifespan in these cells without altering the phenotype in terms of
tumor aggressiveness. Interestingly, hTERT transduction can
contribute to circumvent cellular senescence in astrocytes,
without promoting a transformed phenotype [32, 33].

Herein, by hTERT transduction, we have extended the
proliferative potential of a LGG cell line which has retained
similar biological responses to NGF treatment compared to the
parental cells. Expression of TrkA and p75 levels were not affected by
hTERT transduction, neither were cell proliferation and molecular
events associated with NGF-related induction of differentiation,
suggesting that hTERT transduction can provide a valid tool for
in vitro preclinical studies on patient-derived LGG cells.

MATERIALS AND METHODS

Cell Cultures
Cell lines were obtained from PAs of different grades, developed
in 3–16 years old patients. Cell lines were established in vitro as
monolayer cultures, with doubling times between 24–48°h, and
showed a mixture of stellate and bipolar morphologies, with cells
presenting polygonal, cuboidal or flattened appearance. Low-
grade glioma cell lines were isolated from fresh tissues
collected from the surgical theater. Briefly, fresh tissues were
collected in complete DMEM medium supplemented with 20%
FBS and antibiotics (Sigma-Aldrich, St. Louis, MO,
United States), then mechanically minced straight away and
left in culture. Once cells started growing, the FBS
concentration in culture medium was reduced to 10%. Cells
were followed in culture for weeks, and the proliferative
capacity was assessed calculating the number of population
doublings (PDs), using the formula log10 [total no./start no.]/
ml until cells proceeded to senescence [34, 35]. Of all attempts,
two cell cultures (named LGG1 and LGG2) reached 11 passages
in culture over a period of 5 months. Genotyping studies of these
cells showed a good match compared to their corresponding
original tissues, indicating that no contamination had taken place
in culture. The high-grade glioma (HGG) cell lines, A172 and
MG-U87, used for comparative studies on NGF effects, were
purchased from ATCC® (Manassas, VA, United States).

Chemicals and Antibodies
Human recombinant NGF was kindly provided by Dr L. Manni
(Institute of Translational Pharmacology, CNR, Rome, Italy).
Antibodies (Abs) against β-actin, TrkA, p75, GFAP, p-16, used
for Western Blot were from Santa Cruz Biotechnology (Dallas,
TX, United States). Abs anti-extracellular signal regulated kinase
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(ERK)1/2, anti-p-ERK1/2 (Thr202/Tyr204), anti-AKT, anti-p-
AKT (Ser473), anti-p38 MAPK and anti-pp-38 MAPK
(Thr180/Tyr182) were from Cell Signaling Technology
(Danvers, MA, United States); anti-MASH-1 Ab was from
Thermo-Fisher (Waltham, MA, United States). Abs for
immunofluorescence studies were against: GFAP (Thermo-
Fisher), vimentin (Santa Cruz Biotechnology), synaptophysin,
S100 β, nestin, all from Sigma-Aldrich. Alexa Fluor 488 F (Ab)2
fragment of goat anti-rabbit IgG and Alexa Fluor 488 F (ab)2
fragment of goat anti-mouse IgG were used as secondary Abs for
IF (Jackson Immunoresearch, Ltd. Europe). Eukitt from Sigma-
Aldrich was employed as mounting solution.

Virus Production and Infection
The human epithelial cell line 293T was maintained in DMEM
supplemented with 10% FCS. For transfection experiments, 15 μg
of the packaging constructs pCMVDR8, 2,5 μg of the VSV-G
expressing plasmid pMD.G and 10 μg of the transfer plasmid
pHR0-CMV-hTERT-IRES2-GFP or the pHR0-CMV-IRES2-GFP
control (a kind gift from Dr A. Cara, ISS, Rome) were introduced
into 293T cells using the Calcium Phosphate Method (Promega,
Madison, WI, United States). Transduction was performed by
overnight incubation of PA cells with viral supernatants. Between
12–16 h after infection, the virus-containing media was removed, and
cells were incubated with fresh media.

Detection of GFP Expression in
Lentiviral-Transduced Cells
The expression of the reporter gene GFP was analyzed by evaluation
of the integration of GFP into the target cell’s genome, as GFP
expression is reduced when it is positioned as the second gene
downstream of the IRES sequence, limiting its flow cytometric
detection [36]. Integration of GFP into the cell genome was
analyzed by polymerase Chain Reaction (PCR) amplification from
purified genomic DNA. PCR analysis demonstrating GFP integration
(250°bp product) was performed on control and hTERT transduced
cells as described [34]. hTERT expression in transduced cells was also
assessed by intracellular flow cytometry detection, following cell
permeabilization with Cytofix/Cytoperm (BD, Franklin Lakes, NJ,
United States) and staining with anti-hTERT Ab (Santa Cruz) and
FITC goat anti-mouse IgG as secondary Ab (Thermo-Fisher).

Wound Healing Retard Assay
For the wound healing assay, cells were grown to confluence and
serum-starved for 24 h in DMEM without FBS. Monolayers were
gently scraped to produce a wound area, then washed and
cultured in the presence or absence of NGF (100 ng/ml).
Progression of wound closing was monitored by taking phase-
contrast pictures at 48 h by Canon Power shot G5 (Tokyo, Japan).

Analysis of Senescence and
Immunofluorescence Staining
β-galactosidase assay, allowing detection of β-galactosidase
activity at pH 6 in senescent cells, was performed following
instructions provided by the manufacturer.

For immunofluorescence studies, briefly, cells were seeded
and, when indicated, treated with NGF (100 ng/ml) for 72°h,
fixed in 4%, paraformaldehyde, permeabilized in 0.3% triton X-
100, incubated with primary Ab overnight at 4°C or 1 h at 37°C,
then with secondary Ab and stained with DAPI before
mounting. Slides were stored at −30°C in the dark until
acquisition.

Western Blot Analysis
Cells were washed in cold PBS, scraped on ice and lyzed in ice-
cold lysis buffer (0.5% sodium deoxycholate, 20 mM Tris–HCl,
pH 7.4, 0.1 M NaCl, 1% Nonidet P40, 5 mMMgCl2, 1 mM DTT,
with protease inhibitors) for 20 min on ice. Samples were
separated by SDS-PAGE, transferred to Hybond-P membranes
(GE Healthcare, Chicago, IL, Unites States), probed with specific
primary and horseradish peroxidase-conjugated secondary Abs,
then binding visualized by chemiluminescence (GE Healthcare)
with Chemidoc XRS System (Bio-RaD, Hercules, CA,
United States). Western Blot analysis of MASH-1 expression
was also performed in the presence of K252a, a pan Trk inhibitor
(Sigma-Aldrich), [37]. Densitometry was performed using
Imager ChemiDoc XRS System.

BRAF exon15 Sequencing
Genomic DNA was isolated from LGG1, LGG2 and LGG2-hTert
cell lines using DNeasy Blood and Tissue Kit (Qiagen, Valencia,
CA) following manufacturer’s protocol. Quality and concentration
of the DNA samples were examined by NanoDrop ND-1000
(Thermo Fisher Scientific, Waltham, MA) and 25 ng of DNA
was used to perform PCR amplification of BRAF exon15 with
the following primers: 5’-CCTAAACTCTTCATAATGCTTGCT-3’
(forward) and 5’- GGCCAAAAATTTAATCAGTGGA -3’
(reverse). PCR conditions were set up according to
manufacturer’s instructions of Invitrogen™ Platinum™ II Taq
Hot-Start DNA Polymerase (Thermo Fisher Scientific). The
amplified products were purified using DNA clean and
concentrator™-5 kit (Zymo Research, Irvine, CA) and sequenced
in forward and reverse directions on ABI 3730 automated sequencer
(Applied Biosystems Inc. Carlsbad, CA, United States).

Statistical Analysis
Statistical significance of differences was determined by using the
Student’s t test and two-way ANOVA. Results were considered
statistically significant when p < 0.05.

RESULTS

Establishment of In Vitro LGG Cultures
LGG cell lines were established in vitro as monolayer cultures,
with doubling times higher than 72 h and amixture of stellate and
bipolar morphologies, showing cuboidal/polygonal or flattened
appearance. Immunofluorescence analysis confirmed the astrocytic
nature of the cells through a range of astrocyte markers such as
GFAP, vimentin, S100 β, synaptophisin and nestin [38, 39]
(Figure 1A).
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Cyclin D3 activity is required for cell cycle and G1/S transition,
and is modestly expressed in LGG cells [40]. LGG1 cells expressed
cyclin D3 at the start of the culture, showing a progressive decline
along the passages in culture until disappearance (Figure 1B). LGG2
cells showed similar cyclin D3 baseline expression (data not shown).

Recently, the BRAF (v-raf murine sarcoma viral oncogene
homolog B) pathway, involved in the highly oncogenic RAS/RAF/
MEK/ERK signaling pathway [41], has become a promising
molecular target for personalized LGG therapy [42]. The most
frequent mutation is a single nucleotide substitution of thymine
to adenine at nucleotide 1799 that converts valine (V) to glutamic
acid (E) at amino acid 600 (V600E mutation) [43].

Moreover, AKT activation has been shown to be associated
with a clinically aggressive pylocitic astrocytoma phenotype [44].

Then, in order to integrate the phenotypical characterization
illustrated in Figure 1, we analyzed the levels of AKT and ERK
activation by Western Blot, and scrutinized the V600E BRAF

mutation state of the two patient-derived LGG1 and LGG2 lines.
LGG1 cells showed higher levels of AKT activation (Figure 1C),
while absence of BRAF V600E mutation was observed in both LGG
lines as shown by the sequencing electropherograms of Figure 1D.

When we analyzed the proliferative potential of the two patient-
derived lines, we observed that LGG2 progressed in culture through
a lower number of PDs compared to LGG1 cells (Figure 2A). PD
refers to the total number of times the cells into a population have
doubled since their primary isolation in vitro, providing an
evaluation as to when the cells will reach senescence [34].
Considering the lower proliferative capacity of LGG2 line
compared to LGG1, we analyzed whether this distinctive
behavior was reflected in a different response to NGF treatment
in terms of delay of wound healing, as a measure of cell migration
and proliferative potential. The wounds induced with pipette tips in
the presence of NGF were sealed at a higher extent in LGG1 as
compared with LGG2 cells at the time shown in the figure

FIGURE 1 |Characterization of LGG lines and generation of hTERT-LGG cells. (A): Characterization of LGG cells in terms of vimentin, synaptophisin, nestin, S100 β
and GFAP expression by Immunofluorescence analysis. (B): representative Western Blot analysis of Cyclin D3 in pediatric low-grade astrocytoma cell line LGG1 from the
start of the culture and along time culture progression. Graphs show the mean ± SD of the ratio protein/β-actin band intensity values for at least 2 independent analyses
and p values were calculated using Student’s t-test. AU: Arbitrary Units. (C): Representative Western Blot analysis of p-AKT (Ser473), total AKT, p-ERK1/2
(Thr202/Tyr204), total ERK1/2 and TrkA in LGG1 and LGG2 pediatric low-grade astrocytoma cell lines. Graphs show the mean ± SD of the ratio p-AKT (Ser473)/total
AKT, p-ERK1/2 (Thr202/Tyr204)/total ERK1/2 andmean Trk A band intensity values for at least 2 independent analyses. p values were calculated using Student’s t-test.
No significant difference was found in terms of basal p-ERK expression between LGG1 and LGG2 cells. NS: not significant. AU: Arbitrary Units. The limited number of
experiments in terms ofmolecular characterization was due to the low amount of material provided by low proliferating LGG2 cells.(D): Sequencing electropherograms of
BRAF exon 15 of low grade glioma cell lines LGG1 and LGG2; no V600E mutation was identified in both LGG1 and LGG2 samples.
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(Figure 2B). These data indicate a delay in the capacity of wound
healing in LGG2, providing a qualitative prediction of cell wound
healing efficacy over time and suggesting a different behavior of
individual LGG samples under NGF challenge.

Generation of hTERT-LGG2 Cell Line
We investigated whether hTERT transduction could extend the
proliferative potential of LGG2 cells without substantially modifying
their morphological features or increasing their aggressiveness.
LGG cells were grown for 6–7 PDs in vitro before transfection
with either pHR0-CMV-hTERT-IRES2-GFP or pHR0-CMV-
IRES2-GFP control lentiviral vectors. Transduction successfully
produced a cell line derived from LGG2 cells, which we named
hTERT-LGG2, endowed with enhanced proliferative capacity as
compared with the LGG2 control cells (up to 50 PDs,
Figure 3A), which reached replicative senescence rapidly, after
limited rounds of duplication (Figure 3A).

Transduction with hTERT slightly increased cyclin D3
expression (Figure 3B). In particular, hTERT-LGG2 cells

analyzed after 20 PDs showed higher cyclin D3 levels
compared to those expressed by control cells evaluated after
10 PDs, when their proliferation dramatically decreased
(Figure 3A,B). However, levels of cyclin D3 observed in
hTERT-LGG2 cells were still much lower compared to
those observed in the HGG cell line A172, used as positive
control (Figure 3B). Remarkably, hTERT-LGG2 cells did not
show the characteristic enlarged and flattened morphology
typical of senescent cells (Figure 3C). Accordingly, while
LGG2 control cells expressed high levels of β-galactosidase
after 10 PDs, in correspondence of the cessation of their
persistence in culture, hTERT-LGG2 expressed significantly
lower levels of the senescence-related marker for at least 20
PDs (Figure 4A).

The analysis of the integration of the GFP sequence of hTERT
expressing vector into the LGG2 cell genome confirmed that
transduction had occurred efficiently (Figure 4B).
Overexpression of hTERT in LGG2 cells was confirmed by
intracellular FACS analysis, as shown by the levels of
integrated Mean Fluorescence Intensity (iMFI), a measure that
combines the relative frequency of molecule expression with the
Mean Fluorescence Value (MFV), and by a representative FACS
histogram plot showing high levels of intracellular hTERT
expression after 35 PDs (Figure 4C). Absence of BRAF V600E
mutation in LGG2 cells was confirmed after transduction with
hTERT as shown by the sequencing electropherogram illustrated
in Figure 4D.

Effect of NGF on Proliferative,
Morphological and Biochemical Features of
LLG Cells
Treatment with increasing concentrations of NGF produced
distinctive responses in the different glioma cells analyzed, in
terms of cell survival. HGG cells, used as control, showed some
increase in cell growth, either with non-dose-dependent (U87) or
dose-dependent behavior (A172) (Figure 5A).

Differently, LGG cells showed either little proliferation
increase (LGG1) or dose-dependent growth inhibition (LGG2
and hTERT-LGG2) (Figure 5A), confirming the results obtained
with the “wound healing retard” assay. No statistically significant
difference was found between LGG2 and hTERT-LGG2 response
to NGF in terms of cell growth, while significant divergence was
observed between LGG1 and LGG2/hTERT-LGG2. Noteworthy,
both hTERT-LGG2 and parental LGG2 cells exhibited growth
inhibition following NGF treatment, providing a first evidence
that hTERT transduction did not affect the biological response of
LGG cells to NGF treatment.

We analyzed whether the potential NGF-associated
differentiation resulted in the induction of neurite outgrowth
in LGG cells. Immunofluorescence staining confirmed the
induction of cell neurite outgrowth in the presence of GFAP
astrocyte marker and differentiation indicator S100β, both in
LGG2 control and h-TERT-LGG2 cells under NGF treatment
(Figure 5B), demonstrating that hTERT-transduced glioma cells
retained the susceptibility to NGF-mediated differentiation
shown by the parental counterpart.

FIGURE 2 | (A): Proliferative capacity of two different LGG lines, named
LGG1 and LGG2. Cell number was determined at the time of cell culture
passages and PDs were determined as described in Material and Methods
section. Graph shows the mean values obtained from at least 3
independent evaluations. Bars indicate SD. Asterisks (*) denote points after
which no further expansion occurred. (B): Qualitative wound closure extent
was examined by “wound healing retard” assay, in which LLG cells were
wounded by scratch injury induced by pipette tips in the presence of NGF.
Wounds were sealed at a higher extent in LGG1 as compared with LGG2 cells
at the time shown in the Figure, indicating a delay in the capacity of wound
healing in LGG2. A172 cells were used as control. Images were taken at same
magnification (×20).
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Then, to further analyze whether hTERT-transduced cells
could provide a valid tool to study the behavior of LGG cells
in vitro, we compared the effect of NGF in LGG2 and its hTERT-
transduced counterpart on critical biochemical features involved
in cell differentiation and survival.

TrkA and p75 levels were not substantially affected by hTERT
transduction (Figure 6A). Moreover, despite differences in the
basal levels of ERK, both LGG2 and hTERT-LGG2 showed an
increase in ERK phosphorylation. p16, evaluated as a marker of
cell senescence, was decreased in hTERT-LGG2 cells, according
to the strong inhibition of senescence observed in these cells, and
not modified by NGF treatment both in hTERT- and control
LGG2 cells (Figure 6A). Remarkably hTERT transduction
strongly reduced the expression of p38 MAPK (Figure 6A).

By increasing the limited lifespan culture, transduction with
hTERT provided supplementary LGG2 cells to study additional
potential targets of NGF treatment. In particular, our attention
focused on Achaete-scute complex homolog 1 (ASCL1 or

MASH-1), a basic helix-loop-helix transcription factor
essential for neuronal differentiation, which has been
associated with astrocytoma progression [45, 46]. Treatment
of hTERT-LGG2 cells with NGF was associated with a reduction
of MASH-1 (Figure 6B). This effect was counteracted by cell-
pretreatment with the pan Trk inhibitor K252a, demonstrating
that TrkA receptor activation by NGF was required for MASH-1
modulation.

It should be emphasized that the goal of the present study was
the increase of the proliferative capacity of low growing LGG cells
in order to have a greater amount of biological material to be
employed in preclinical studies of molecular characterization. It is
well known the limitation of growing LGG cells, likely due to
oncogene-induced senescence [20, 27]. So, the reason why we
could conduct a limited amount of experiments especially in
terms of molecular characterization, is that LGG2 control cells
provided an insufficient amount of material to reproduce a
greater number of experiments.

FIGURE 3 | Effect of hTERT transduction on replicative capacity and senescence of LGG2. (A): Proliferative capacity of hTERT-LGG2 compared to the control
counterpart in terms of PDs. Cell number was determined at the time of cell culture passages and PDs were determined as described in Material and Methods section.
LGG cells were grown for 6–7 PDs in vitro before they were transfected with either empty or hTERT containing vectors. Transduction with hTERT considerably extended
the growth potential of low proliferating LGG2 cells. Graph shows the mean values obtained from at least 3 independent evaluations. Bars indicate SD. Asterisks (*)
denote points after which no further expansion occurred. (B): Cyclin D3 expression evaluated byWestern Blot analysis in control LGG1 and LGG2 cell lines (10 PDs) and
hTERT-LGG2 cell line (20 PDs). Graphs show the mean ± SD of the ratio protein/β-actin band intensity values for at least 2 independent analyses and p values were
calculated using Student’s t-test. NS: not significant. AU: Arbitrary Units. The limited number of experiments in terms of molecular characterization was due to the low
amount of material provided by low proliferating LGG2 cells. (C): Evaluation of morphological features of LGG1, LGG2 and hTERT-LGG2 cell lines in terms of enlarged
and flattened morphology, typical of senescent cells.
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DISCUSSION

In the present study, establishment, preliminary characterization
and analysis of responsivity to exogenous NGF of a patient-
derived cell line and its hTERT-transduced counterpart from a
human pediatric low-grade glioma is reported. The cultured cells
showed anchorage-dependent growth as monolayers, with sub-
populations characterized by similar morphology and cell cycle
features compared to the parental control cells. Interestingly,
hTERT-transduced cells showed increased PDs and molecular
marker expression suggesting the achievement of increased life-
span in culture without signs of conversion to high-grade glioma.
Given the slow growth rate of many patient-derived low-grade
primary gliomas, the difficulty to obtain cellular models for
preclinical studies strongly limits the investigations on these
tumors. Remarkably, hTERT alone can immortalize cells
without causing cancer-associated changes or altering
phenotypic properties [47–49].

Several low-grade gliomas do not proliferate adequately in vitro,
with the consequence of not providing the adequate amount of
biological material required to perform patient-specific preclinical
studies. To corroborate whether hTERT-transduced LGGs can

provide a reliable tool to perform preclinical studies when primary
parental cells show in vitro poor proliferative potential, we have
compared specific phenotypic and biochemical aspects between the
low proliferating LGG2 and its hTERT-LGG2 counterpart as well
as the proliferating primary LGG1 cell line. Importantly, LGG cell
lines generated from distinct primary pediatric astrocytomas
showed different proliferative potential in vitro, along with
divergent behaviors in response to NGF treatment in terms of
proliferation and wound healing delay. In particular, LGG1 cells
(which proliferated spontaneously in culture for more PDs as
compared with LGG2 cells), showed an increased proliferation
in response to NGF, while the growth rate of LGG2 further
declined after NGF treatment. Similar results were obtained in
terms of proliferative and migration potential, as defined by the
“wound healing retard” assay under NGF treatment. Accordingly,
while both LGG1 and LGG2 showed a wild type BRAF phenotype,
LGG1 exhibited higher levels of AKT activation, a condition that has
been suggested to drive a more aggressive clinical phenotype [44].
This aspect can contribute explaining the different behavior of LGG1
and LGG2 in culture in terms of both PDs and response to NGF.

Remarkably, hTERT-LGG2 cells responded to NGF treatment
with a behaviour comparable to that observed in the parental

FIGURE 4 | (A): Estimation of β-galactosidase expression evaluated after 10°PDs (LGG2) and 20 PDs (hTERT-LGG2) cell lines, as a marker of cellular senescence.
hTERT-LGG2 cell line expressed very low levels of β-galactosidase at 20 PDs, while, in contrast, LGG2 control cells exhibited high levels of the senescence marker at 10
PDs. Images were taken at same magnification (×20). (B): Analysis of the integration of the GFP sequence of hTERT expressing vector into the LGG2 cell genome. PCR
analysis demonstrating GFP integration (250°bp product) of genomic DNA in hTERT-LGG2 transduced cells. (C): Left panel shows the histogram graph of flow-
cytometric analysis of intracellular hTERT. Bars indicate the mean values of 2 independent measurements in terms of integrated MFI (iMFI). Baseline LGG2 cells showed
low levels of intracellular hTERT, which were substantially increased following hTERT transduction. Bars indicate SD. A172 high grade glioma cells, used as positive
control, showed off scale hTERT expression value (iMFI: 171,105, SD: 15,500). Right panel shows a representative FACS histogram plot of intracellular hTERT analysis of
hTERT-LGG2 at passage 35. (D): Sequencing electropherogram of BRAF exon 15 of low grade glioma cell line hTERT-LGG2; no V600E mutation was identified in
hTERT-LGG2 sample.
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LGG2 cells, either in terms of cell survival/differentiation and
ERK activation. hTERT transduction also strongly reduced the
expression of p38 MAPK, which plays a critical role in the
acceleration of cell senescence [50] and inhibition of
telomerase activity [51], demonstrating a temporary escape of
hTERT-LGG2 from cell senescence.

hTERT is gaining increasing attention in the molecular
characterization of malignant gliomas with a different role
between low and high grade. While a small subclass of adult
LGG is characterized by codeletion of chromosome 1p/19q and
hTERT promoter mutations [52], PAs are generally telomerase
negative [29], although expressing heterogeneous levels of the
catalytic telomerase subunit [30].

Considering the differential baseline behaviors and NGF
responses of LGG1 and LGG2, the question arises as to what
molecular characteristics are responsible for these differences and
as to whether hTERT transduction would not lead to grade
progression or even malignant transformation in individual
tumors characterized by features different from those observed
in LGG2 cell line.

Wild type BRAF genotype together with low AKT activation
displayed by LGG2 cells can potentially contribute to indicate a
phenotype for LGG samples whose in vitro survival can be
increased through hTERT transduction without acquiring a
more aggressive phenotype.

On the contrary, sustained and constitutive activation of AKT,
the kinase responsible of intranuclear translocation and
activation of hTERT [53], speaks in favor of a possible LGG
grade progression following hTERT transduction.

LGG2 cells transduced with hTERT were able to grow in
culture for a sufficiently long time to allow the analysis of
additional biological features potentially involved in NGF-
mediated glioma differentiation. NGF treatment induced a
decline in the levels of MASH-1, which were restored by cell
pretreatment with the pan Trk inhibitor K252a. Since a
progressive increase of MASH-1 expression in grade 1 vs.
grade 2–4 astrocytoma has been associated with astrocytoma
prognosis [45, 46], our observations suggest a potential role of
the transcription factor MASH-1 in the pro-differentiating
effect of NGF through the engagement of TrkA, which can

FIGURE 5 | Proliferation assay and studies of cell differentiation under NGF treatment. (A): Analysis of LGG cell survival following NGF treatment for 72 h in serum-
free medium. Graph shows the mean of cell growth values obtained out of three independent experiments. Bars indicate SD. HGG U87 and A172 cells were used as
control. Statistical analysis (two-way ANOVA test) of the differences between the effect of NGF on LGG2 and hTERT-LGG2 cell growth and on LGG1 and LGG2/hTERT-
LGG2 is indicated in the graph. NS: not significant. (B): Immunofluorescence analysis of NGF differentiating effects in LGG2 and h-TERT-LGG2 counterpart, as
defined by cell neurite outgrowth in the presence of GFAP and S100β. Images were taken at the same magnification (×20).
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FIGURE 6 | A): Representative Western Blot analysis of the effect of NGF treatment on hTERT-LGG2 and the wild-type counterpart cells in terms of TrkA, p75, 44
KDa ERK, p38 MAPK and p16. Vimentin expression was tested either as astrocyte marker and loading control. pERK levels were increased by NGF in both LGG2 and
hTERT transduced counterpart. P38MAPK activation and p16, bothmarkers of cell senescence, were decreased in hTERT-LGG2 cells and not substantially modified by
NGF treatment. (B): Western Blot analysis of NGF-mediated modulation of MASH-1 and of the role of TrkA receptor in the NGF-induced modulation of MASH-1.
hTERT-LGG2 astrocytoma cells were exposed to NGF (100 ng/ml) for 72°h in the presence or absence of the pan Trk pharmacological inhibitor K252a (20 ng/ml).
MASH-1 expression was restored by K252a. Graphs show themean ±SD of the ratio protein/Vimentin or β actin band intensity values for at least 2 independent analyses
and p values were calculated using Student’s t-test. No significant difference was found in p-ERK expression between LGG2 and hTERT-LGG2 in response to NGF. NS:
not significant. AU: Arbitrary Units. The limited number of experiments in terms of molecular characterization was due to the low amount of material provided by low
proliferating LGG2 cells.

FIGURE 7 | Model illustrating the role of hTERT transduction in the extended in vitro lifespan of pediatric low-grade glioma cells.
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potentially contribute to antagonize astrocytoma
progression [54].

Remarkably, overexpression of telomerase in LGGs could only
delay but not prevent the onset of replicative senescence, as
previously observed in primary lymphocytes [34], which
typically down-regulate telomerase activity upon progression
into senescence [55]. In particular, hTERT transduction
reasonably allowed LGG2 cells to overcome the stress-induced
senescence [23, 24], which occurred after about 10 PDs in the
present model, while partially counteracted the Hayflick limit due
to the progressive telomere shortening as a consequence of cell
proliferation [28] (Figure 7). Nevertheless, it was not sufficient to
induce cellular immortalization, further supporting the absence
of an increase in tumor aggressiveness by hTERT transduction.

CONCLUSION

The use of personalized cell cultures can lead to the selection of the
most feasible therapeutic option for LGG patients. However, this
approach is not always achievable, due to the scarce proliferative
potential of some patient-derived LGG cultures, which do not
provide sufficient amount of biological material for deep
molecular characterization and therapeutic analysis. Herein we
provide preliminary lines of evidence supporting the hypothesis
that hTERT-transduced LGG cells can represent a reliable
experimental model for molecular and functional studies in case
of selected patient-derived low-grade astrocytoma samples
showing poor proliferation in vitro, and therefore not able to
provide an adequate amount of biological material.

This approach can support the characterization of patient-
specific responses and contribute to the identification of more
personalized therapies.
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