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Summary. The present manuscript is an overview of
various effects of mTOR up-regulation in astrocytoma
with an emphasis on its deleterious effects on the
proliferation of Glioblastoma Multiforme. The
manuscript reports consistent evidence indicating the
occurrence of mTOR up-regulation both in experimental
and human astrocytoma. The grading of human
astrocytoma is discussed in relationship with mTOR up-
regulation. In the second part of the manuscript, the
biochemical pathways under the influence of mTOR are
translated to cell phenotypes which are generated by
mTOR up-regulation and reverted by its inhibition. A
special section is dedicated to the prominent role of
autophagy in mediating the effects of mTOR in
glioblastoma. In detail, autophagy inhibition produced
by mTOR up-regulation determines the fate of cancer
stem cells. On the other hand, biochemical findings
disclose the remarkable effects of autophagy activators
as powerful inducers of cell differentiation with a strong
prevalence towards neuronal phenotypes. Thus, mTOR
modulation acts on the neurobiology of glioblastoma just
like it operates in vivo at the level of brain stem cell
niches by altering autophagy-dependent cell
differentiation. In the light of such a critical role of
autophagy we analyzed the ubiquitin proteasome system.
The merging between autophagy and proteasome
generates a novel organelle, named autophago-

proteasome which is strongly induced by mTOR
inhibitors in glioblastoma cells. Remarkably, when
mTOR is maximally inhibited the proteasome
component selectively moves within autophagy
vacuoles, thus making the proteasome activity dependent
on the entry within autophagy compartment.
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Introducing the role of mTOR in astrocytoma

Gliomas are the most common primary brain tumors,
accounting approximately for 32% of all primary CNS
tumors and they represent 80% of malignant CNS
tumors (Agnihotri et al., 2013). About 76% of all
gliomas are astrocytomas. This is a group of neoplasms
which can be divided into four prognostic grades (grade
I-IV, Louis et al., 2007; CBTRUS, 2010). In particular,
grade IV refers to the most malignant glioma, known as
Glioblastoma Multiforme (GBM). This is the most
common (about 54% of all astrocytic tumors),
aggressive and lethal primary brain tumor. The high
invasiveness and a lack of effective cures make GBM
significantly inauspicious, with mean survival rate
ranging from 9 to 12 months from diagnosis (Persson et
al.,2007: Agnihotri et al., 2013).

A growing body of data indicates that the
mammalian Target of Rapamycin (mTOR), a molecular
complex placed downstream to PI3K/PTEN/Akt
pathway (Fig. 1), is involved in GBM just as it happens
in a variety of human diseases including type II diabetes
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and neurodegeneration (Shaw and Cantley, 2006;
Akhavan et al., 2010; Fan and Weiss, 2012: Laplante and
Sabatini, 2012). In fact, among all molecular and cell
alterations occurring in GBM, the aberrant signaling of
AKT-mTOR is key in developing the malignant
phenotype. This occurs via stimulation of cell migration
(Catalano et al., 2015), infiltration (Palumbo et al., 2014
Chandrika et al., 2016), tumor relapse and capability to
elude current treatments (Zhuang et al., 2011; Garros-
Regulez et al., 2016).

Recently, evidence indicated that a fraction of cells
within tumors share the biological properties of normal
stem cells, such as the potential of self-renewing and
maintaining proliferation; thus, this cell fraction may
initiate and propagate the tumor (Rosen and Jordan.
2009; Zhao et al., 2010; Goffart et al., 2013). These cells
may also promote tumor progression in orthotopic
xenograft (Venere et al., 2011). Nowadays this cell
fraction identified in GBM is known as Glioma
Stem/Progenitor Cells (GSPCs) (Galli et al., 2004: Singh
et al., 2004). GSPCs represent the amplification of stem
cell niches which are placed in perivascular areas of the
CNS in baseline conditions. For instance, in the normal
brain the most active stem cell niche is placed within the
subependymal ventricular zone of cornu temporalis
within the lateral ventricle, just close to the Cornu
Ammonis and Dentatus Gyrus of hippocampus (Basak
and Taylor, 2009). Remarkably, when a GBM develops,
a number of atypical and ectopic stem cell niches is
generated by strong angiogenetic stimulation (Calabrese
et al., 2007). Thus, the tumor-induced support to
microvascular proliferation is fundamental to perpetuate
GSPCs, which in turn promote tumor growth by
infiltration within surrounding tissue. Thus, it is likely
that GSPCs are responsible for GBM progression, radio-
and chemo-resistance, and relapse (Singh et al., 2004;
Bao et al., 2006; Zhuang et al., 2009). All this evidence
calls for an in depth characterization of those molecular
pathways which generate and characterize GSPCs. In
detail, GSPCs are characterized by marked up-regulation
of mTOR. Some studies demonstrate the involvement of
PTEN/AKt/PI3K signaling in the maintenance and
viability of GSPCs population (Zeng and Zhou, 2008).
In fact, the relationship between GBM and mTOR can
be traced back to the level of GSPCs, which may be
considered as an early, though persistent stage in tumor
development.

Up-regulation of mTOR in human astrocytoma

Human studies demonstated mTOR up-regulation in
a variety of astrocytoma, such as subependymal giant
cell astrocytoma (SEGA), which is a rare, slowly-
growing, benign tumor (WHO grade I). This tumor
mainly occurs in patients under 20 years of age. but it
can also be found in infants and fetus (Hahn et al., 1991:
Medhkour et al., 2002). Subependymal giant cell
astrocytoma is usually found in patients with tuberous
sclerosis complex (TSC), in which the increase in mTOR

activity is a constant hallmark (Giorgi et al., 2015). The
SEGA is generally non-infiltrating and poorly vascular.
This is often bound to the wall of the lateral ventricle
near the Monroe foramen. Surgical resection is the main
option, although there are specific sites that make the
mass difficult to be removed surgically. As mentioned
above, the occurrence of this tumor often happens in the
context of TSC, which is a genetic, multisystem disorder
caused by mutations in tumor suppressor genes TSCI
and TSC2 (Tyburczy et al., 2010: Giorgi et al., 2015;
Jézwiak et al., 2015). However, solitary SEGAs (without
TSC-related lesions) have also been reported (Ichikawa
et al., 2005). Franz et al. (2006) provided the first
morphological evidence for a successful pharmaco-
logical treatment with rapamycin in SEGA patients. By
using MRI scans performed at regular time intervals,
they demonstrated that rapamycin (sirolimus) when
administered orally, at standard immunosuppressive
doses (serum levels ranging between 5-15 ng/ml) for 2.5
up to 20 months, markedly reduces tumor volume. At
that time, the authors, who were driven by an empirical
approach, could not be aware of the molecular
mechanisms underlying their results (Franz et al., 2006).
Nowadays. the relationship between mTOR and TSC
complex is better characterized. TCS complex is
composed of TSCI and TSC2 (Fig. 1). TSCI1 codes for
the protein hamartin, which acts via stabilizing TSC2
(Chong-Kopera et al., 2006). TSC2 codes for the protein
tuberin, which is a GTPase activating RHEB (Ras
homolog enriched in brain) (Zhang et al., 2003) (Fig. 1).
In normal conditions, TSC complex inhibits the
mammalian Target of Rapamycin Complex |
(mTORCI). Following mutations of these tumor
suppressing genes (TSC1/2) the complex does not work
properly, therefore mTORCI is activated by high levels
of RHEB-GTP (Fig. 1). This leads to a downstream
cascade which produces cell overgrowth, abnormal cell
differentiation. and cell migration which cause brain
neoplasms (Fingar and Blenis, 2004: Wullschlege et al.,
2006). In line with this, several studies demonstrate that
mTOR activation is crucial for SEGA's pathogenesis. In
particular, immune-histochemical and genetic analyses
demonstrate that a bi-allelic mutation of TSC genes
(through a two-hit mechanism of bi-allelic inactivation
of TSC1 or TSC?2), leads to activation of mTOR kinase,
which triggers mTOR activity (Chan et al., 2004:
Astrinidis and Henske, 2005). In this way, SEGA TSC
patients lose the functional interplay within the tuberin-
hamartin complex, which fosters tumor development.
Evidence on altered mTOR signaling in the pathogenesis
of SEGA was provided in cultured TSC1 and TSC2 null
cells and it was further confirmed in primary cell
cultures derived from SEGA TSC patients (Tyburczy et
al., 2010). Based on these observations, pharmacological
treatments with mTOR inhibitors (sirolimus and
everolimus) were tried (Koenig et al., 2008: Krueger et
al., 2010). In fact, the mTOR inhibitor everolimus has
been approved by FDA (2010) as the first alternative
treatment to surgical resection in SEGA patients. This
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becomes crucial for those patients in which tumor
placement does not allow to perform invasive
therapeutic approaches. Recently, Moavero et al. (2013)
showed a significant volume reduction in SEGA during
the first 3 months of everolimus administration. These
effects persisted up to 12-18 months of continuous
treatment with no relapse. This is critical since the
neoplasm often relapses when the therapy is withdrawn.
Further studies are needed to assess whether the
pharmacological inhibition of mTOR can be protracted
in a long-term therapy. In the study of Franz et al. (2013)
117 patients with TSC-related SEGA were treated with
oral everolimus (to achieve blood levels of 5-15 ng/mL)
which led to more than 50% tumor reduction in 35% of
patients (Franz et al., 2013). These studies suggest the
potential of mTOR inhibitors to be considered as valid
therapeutic approach in astrocytoma (Roth et al., 2013).

A potential role of mTOR signaling in the biology of
Pediatric Low-Grade Glioma (PLGG), including
Pilocytic Astrocytoma (PA), has been evaluated by Hiitt-
Cabezas and colleagues (Hiitt-Cabezas et al., 2013).
They analyzed 177 whole tissue sections of PLGGs by
immune-histochemistry and western blot analysis to
assess different substrates of mTOR pathway (i.e. pS6,
p4EBPI, RAPTOR, RICTOR, pAkt). The results show a
consistent increase in mTOR-related antigens in PLGGs.
When the mTOR pathway is inhibited by using the
rapalog MK8669 (ridaforolimus) in PLGGs-derived cell
lines, a marked suppression of cell proliferation is
observed, as revealed by BrdU incorporation (Hiitt-
Cabezas et al., 2013). In low-grade gliomas mTOR alters
morphological phenotype. This was investigated by
Jentoft et al. (2011) by analysing 22 cases of low grade
astrocytomas. These patients were affected by pilocytic
astrocytoma (PA) and "low-grade astrocytoma with
subtype indeterminate" (LGSI). By studying LGSI it was
demonstrated that mTOR activation was responsible for
specific morophological variations, such as increased
cytoplasmic size and occurrence of macronuclei. A
significant correlation exists between histopathological
variations and increased mTOR signaling which is
confirmed by phospho-S6, a marker used to evaluate
mTOR activation, which increases in astrocytoma
(Jentoft et al., 2011).

Only a few morphological studies were carried out
on the role of mTOR on anaplastic astrocytoma (AA).
One study demonstrates the occurrence of mutation in
the gene coding for PTEN, a tumor suppressing gene,
which is the most important endogenous inhibitor of
mTOR (Smith et al., 2001). PI3K/Akt and mTOR
pathways need to be tightly regulated and to interact
properly to sustain normal development through a large
number of physiological processes, such as proliferation,
metabolism, angiogenesis, survival and differentiation.
Dysregulation of these pathways leads to a number of
pathological conditions including GBM (Akhavan et al.,
2010: Fan and Weiss, 2012). In fact, an aberrant AKT-
mTOR signaling in GBM correlates with malignancy. In

particular, mTOR up-regulation is related with high
proliferation, invasiveness, relapse and resistance to
current treatments (Zhuang et al., 2011; Palumbo et al.,
2014; Catalano et al., 2015: Garros-Regulez et al.,
2016).

The occurrence of phosphatase and tensin homolog
(PTEN) mutations occurs in roughly 70% of GBM. In
fact, PTEN possess anti-tumoral effects by activating
several downstream pathways such as PI3K/Akt/mTOR
(Rasheed et al., 1997; Chakravarti et al., 2004 Parsons
et al., 2008; Cancer Genome Atlas Research Network,
2008) (Fig. 1).

Up-regulation of mTOR suppresses autophagy (Fig.
1)

The over-expression/-activity of mTOR, in turn
leads to the inhibition of the autophagy pathway (ATG),
which by itself triggers a variety of biochemical
cascades known to be crucial for the neoplasm and in
particular, for the fate of GSPCs (Ji et al., 2006: Zhang
et al., 2006).

In fact, mTOR is known to suppress ATG, while
mTOR inhibition (induced for instance by rapamycin or
rapalogs) strongly activates ATG (Codogno and Meijer,
2005; Jung et al., 2010). Recent evidence suggests that
activation of ATG plays a beneficial role in a variety of
gliomas (Jiang et al., 2009; Liu et al., 2014), and clinical
trials are currently in progress to assess the efficacy of
therapies which combine TOR inhibitors with classic
temozolomide chemotherapy and/or radiotherapy
(Burckel et al., 2005; Chheda et al., 2015; Ma et al.,
2015; Wen et al., 2015; Yan et al., 2016).

In line with this, activation of ATG, a major
intracellular pathway which quickly activates cell
catabolism, leads to a wide spectrum of antitumoral
effects (Marifio et al., 2007; Levine and Kroemer, 2008;
Yang and Klionsky, 2010). Indeed, when looking at
classic literature on tumors, one of the most consistent
metabolic findings is the slowing down of cell
metabolism, which switches from aerobic to anaerobic.
This old concept in oncology reminds us “there is
nothing new under the sun™; we are just detailing
previous classic knowledge in the light of current
terminology and improved understanding of cell
metabolism.

The present manuscript represents a short overview
aimed to focus on key molecular mechanisms operating
in astrocytoma and GBM., and to provide experimental
evidence on the role of mTOR-dependent ATG
inhibition and its reversal by targeting mTOR and PIP2
to impair the development of GBM. Altogether. the
review of the literature joined with novel experimental
data, provides updated evidence on the morphological
findings, which connect mTOR, ATG and the various
facets of GBM malignancy. In fact, in the second part of
the manuscript we report recent data and add original
pictures produced by our joint laboratories (University
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of Pisa and IRCCs Neuromed), which lend substance to
ATG status in GBM cells. In this paper we also report
fascinating evidence which represents the powerful
properties of rapamycin to promote cell differentiation in
vivo in a brain glioblastoma xenograft.

GSPCs
(Nestin®, CD133")

Up-regulation of mTOR in glioblastoma produces a
variety of cell and molecular effects

Knowledge of up- and down-stream events involved
in PI3K/Akt/mTOR signaling pathways derives
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Fig. 1. mTOR modulates the fate
of GSPCs through a number of
pathways including autophagy.
This illustration resumes the main
upstream and downstream
signaling cascades linking mTOR
up-regulation and the consequent
autophagy (ATG) inhibition, as
halimarks of Glioblastoma Stem/
Progenitor Cells (GSPCs). The
mTOR up-regulation which occurs
within GSPCs leads to an aberrant
signaling which suppresses the
ATG machinery. Altogether these
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and sustain biological properties of
stem-like cells. This maintains
GBM stem cell niches, which in
turn promote tumor growth and
infiltration within surrounding
tissue. This illustration eventually
emphasizes the efficacy of
autophagy activators (i.e.
rapamycin) as powerful inhibitors
of cell proliferation as well as
powerful inducers of cell
differentiation, with a strong
prevalence towards a neuron
phenotype. The rapamycin-
induced rescue of ATG reduces
tumorigenic potential of GSPCs,
which are induced to differentiate

Neuron towards a neuronal cell line.
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primarily from in vitro studies (Neshat et al., 2001: Choe
et al., 2003). Early evidence of the beneficial effects of
mTOR inhibition in GBM was obtained by Eshleman
and colleagues (Eshleman et al., 2002). They
demonstrated that rapamycin inhibits proliferation in
various glioma cell lines (A172, U87, U118 and SKMG-
3, Eshleman et al., 2002). In particular, incubation with
100 nM rapamycin for 72h produces inhibition of cell
proliferation as measured by MTS assay. Moreover,
inhibition of mTOR by 100 nM or even lower doses of
rapamycin leads to inhibition of a Gl-specific cyclin-
dependent kinase activity, which arrests the cell cycle in
the GO-G1 phase as determined by flow cytometry in
two cell lines (U87 and SKMG-3, Eshleman et al.,
2002), as well as in US7MG cells and primary patients
cells (Arcella et al., 2013). As reported by a number of
publications, when mTOR is inhibited by rapamycin, it
may produce hyperactive PI3K/Akt pathway, thus
leading to drug resistance in tumor cells, which may
limit drug efficacy. In contrast, the inhibition of this
pathway restores the response to chemotherapy (Shingu
et al., 2003). Thus, the effects of rapamycin could be
enhanced by combined administration of PTEN/
PI3K/Akt pathway inhibitors (Fig. 1). The results
obtained by combining mTOR inhibitors with PI3K or
Akt inhibitors (LY294002 and UCN-01, respectively)
suggest that, in malignant glioma cells, the disruption of
the PI3K/Akt signaling pathway enhances the efficacy of
rapamycin, especially in rapamycin-resistant glioma cell
lines (Takeuchi et al., 2005). In a recent study we found
that rapamycin, while inhibiting cell proliferations in
various GBM cell lines, may indeed increase AKt.
However, if one considers that the active isoform
corresponds to phosphorylated Akt (pAkt), then the
effects of rapamycin are just the opposite, since it
decreases the ratio between pAkt/Akt (Arcella et al.,
2013). This suggests that the increase in Akt per se,
produced by rapamycin, may not be relevant since the
active form of Akt appears to be reduced.

Remarkably, when PI3K/Akt/mTOR pathway is over
active the effects of mTOR inhibition are more evident
(Kenerson et al., 2002; Kwon et al., 2002; Huang and
Houghton, 2003), which lends substance to the role of
mTOR inhibitors as a potential adjunct therapy in
malignant gliomas even considering its effects on Akt.

The complexity of mTOR pathway and its role as
central modulator of cell proliferation in malignant
gliomas was originally reviewed by Bjornsti and
Houghton (2004). Rapamycin-induced mTOR inhibition
produces a variety of downstream effects; among these,
the suppression of ATG machinery is crucial. In fact,
Takeuchi et al. (2005) found that rapamycin induces
autophagy in U87MG and T98G cell lines by inhibiting
mTOR. ATG inhibition is likely to be responsible for
suppressing development and progression of GBM, as
shown in vive and in vitro (Mills et al., 2001;
Podsypanina et al., 2001; Chang et al., 2007; Weppler et
al., 2007: Arcella et al., 2013). In vivo. rapamycin
inhibits the growth of a peripheral xenograft, in

subcutaneously implanted mouse, as described by
Weppler et al. (2007). In this work, rapamycin was
administered as a single agent to nude mice (i.p., |
mg/kg, for 2 days) and the xenograft was immune-
stained for phospho-S6, as a marker for mTOR activity.
In rapamycin treated tumors, there was a ~50% decrease
of phospho-S6 immune-staining, and rapamycin reduced
the rate of tumor growth. The peripheral xenograft
carries the inherent limit of being placed outside the
blood brain barrier and it grows in a “milieu” which is
way different from the CNS, which is the natural seat of
GBM. Therefore, the effectiveness of rapamycin needed
to be assessed within CNS xenografts. Thus., in 2013 we
administered rapamycin to mice which were implanted
human GBM cells in the left striatum. In these
experimental conditions, rapamycin was administered
either immediately, or at 1 week following tumor
implantation. In both cases, 3 weeks of systemic
rapamycin administration (i.p., 5 mg/Kg, daily)
produced a massive reduction of tumor volume, which
exceeded 95% of controls. These data were produced
even withdrawing rapamycin weeks before sacrifice.
These data were intriguing since it remains to be
established whether a complete tumor regression may
take place when the drug administration is reiterated for
longer times. In this study, we also observed in vitro that
the anti-proliferative effects of rapamycin measured in
U87MG cell lines occurred with a dose-response curve,
which overlaps exactly with what we measured in
primary cell cultures derived from different patients. At
low doses, the pharmacological treatment had no effects
on cell viability, while only the highest doses decreased
cell proliferation up to a marked cytotoxicity. The
inhibition of cell proliferation was dose- and time-
dependent (measured with direct cell count, MTT assay,
and FACS analysis). Transmission electron microscopy
(TEM), confirmed that rapamycin toxicity may involve
an excess of ATG activation, rather than apoptosis. This
study generated solid evidence showing the efficacy of
rapamycin in vivo in the brain. Moreover. these data
suggested further mechanisms which are presently under
scrutiny for the beneficial effects of mTOR inhibition in
GBM. For instance, we found that the tumor volume
reached at 7 days following implantation was way
greater than the volume which was measured following
rapamycin even when the drug was started just at 7 days
following tumor implantation. This suggests that
rapamycin did not simply inhibit tumor growth but it
also generated tumor regression. If this hypothesis is
correct, one should expect the presence of necrotic or
apoptotic areas within or around the original tumor
volume measured at 7 days following implantation;
however, we never detected any altered brain areas
around or within the small tumor size in rapamycin
treated tumors. Thus, neoplastic cells composing the
greatest part of the tumor volume, when measured at 7
days following implantation, disappeared at 21 days
following rapamycin, but we still do not know their fate,
which indeed remains a dilemma. This is why in the
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following paragraph we discuss and review hypotheses
on further mechanisms, which may operate in GBM
during mTOR inhibition.

Additional mechanisms recruited in vivo by mTOR
inhibition

Although mTOR inhibitors and ATG activators were
reported to induce in vitro autophagy cell death, a
previous report (Zhuang et al., 2011) failed to document
cell death when rapamycin was administered in a single
dose in vivo, focally within the tumor injection site, at
the dose of 3 nmol in 15 pL. Despite the invasive
procedure to administer rapamycin which may have
produced mechanical bias, this study does not report any
cell death. In another in vivo study carried out in
subcutaneously transplanted xenograft in nude mice,
rapamycin was administered at the dose of 1 mg/Kg i.p,
daily, up to 6 days (Weppler et al., 2007). In this study
rapamycin produced a delay in tumor growth. However,
even in this study no evidence of cell death was
reported. In a previous study, rapamycin was
administered at the dose of 5 mg/Kg daily, i.p., for 21 or
28 days but no cell death was observed (Arcella et al.,
2013).

Thus, despite various experimental protocols, no
study has documented in vivo the occurrence of cell
death induced by rapamycin within GBM xenografts.
Remarkably, these studies demonstrated that rapamycin
reduces tumor development. In detail, when rapamycin
administration was reiterated daily at the dose of 5
mg/Kg, the reduction in tumor volume was surprising
being above 95% (which was accompanied by a
significant increase in survival rate). Such a massive
effect induced by rapamycin in vivo when administered
systemically calls for an in situ characterization of cell
phenotypes in the tissue surrounding and within the
tumor. This is crucial, since only one study carried out in
2011 analyzed the phenotype in vivo, but this was made
following an invasive injection of rapamycin within the
tumor (Zhuang et al., 2011). Since rapamycin suppresses
the amount of GSPCs in vitro, it would be interesting to
investigate whether a comparable cell differentiation
occurs in vivo following systemic rapamycin injections.
This is shown in (Fig. 2), showing nestin immune-
staining along with the early neuronal marker, beta-III
tubulin, and the glial marker, GFAP, in brain tissue,
which was stained for H&E to assess tumor volume.
These original pictures we report here (Fig. 2) feed the
hypothesis that the pro-differentiating effects of
rapamycin may switch the cells from neoplastic ones to
differentiated neurons, in the absence of any cell death.
In fact, if the antitumoral effects of rapamycin were
based on cell toxicity, this could have been documented
within and/or around the remnant tumoral tissue. Again,
if the antitumoral effects of rapamycin were solely based
on slowing down the cell growth, then the volume of the
tumor measured at 7 days following implantation could
not regress of nearly 10 fold when compared to what

measured at 28 days following implantation (21 days of
treatment). In fact, we detected a 50% decrease in Ki67
positive cells in vivo following rapamycin, but this anti-
proliferative effect is expected only to slow down the
tumor growth. Instead, we measured a regression of
tumor size in the absence of cell death, which represents
the crucial dilemma. In fact, the reduction of roughly
50% of Ki67 immune-staining that we detected
corresponds to the analogous suppression of BrdU
immune-staining measured by Weppler et al. (2007) in
subcutaneously implanted GBM, treated with 1 mg/Kg
rapamycin up to 20 days. This effect, despite reducing
tumor growth, cannot account for a regression in tumor
size. This assumption generates the working hypothesis
that rapamycin acts on GBM both reducing cell
proliferation and by promoting GSPCs differentiation in
vivo (Figs. 1, 2). As reported in original pictures of Fig.
2, brain tissue sections from the left striatum of vehicle
and rapamycin-treated mice bearing a GBM xenograft
differ markedly (Fig. 2A,B). In fact, when stained with
hematoxylin/eosin, the tumoral tissue of a vehicle-
treated mouse is intensely stained with hematoxylin, as
expected due to the high basophilia. In the same area of
a rapamycin-treated mouse, the border of the strong
hematoxylin-stained tissue is evident. This corresponds
to the boundary of the tumor as conventionally described
in this experimental model. Thus, the occurrence of
intensely hematoxylin-stained cells is substituted by
eosinophilic brain cells with no cell death. Remarkably,
when this area is stained for the stemness marker nestin
the difference made by rapamycin is remarkable, being
lost the brownish peroxidase staining which marks the
presence of the stem cell antigen nestin (Fig. 2C,D). At
the same time, the early neuronal marker beta-III
tubulin, which is absent in the hematoxylin-stained
tissue of the vehicle administered mouse, is well evident
in the presence of rapamycin (Fig. 2E.F). Remarkably,
the occurrence of such an early neuronal marker
suggests an ongoing differentiation, since such immune-
staining does not occur in the striatum in baseline
conditions. This further suggests that the fate of the
tumor under the effects of rapamycin in vivo consists of
a decrease in cell proliferation and progressive loss of
the stem cell-like phenotype towards a neuronal
differentiation. Of course, such a hypothesis needs to be
validated by research papers detailing the continuum
progression from GSPCs towards early and post-mitotic
neurons, which possibly integrates in the trim of the
brain hosting the xenograft. In line with this,
experimental procedures aimed at staining the brain
areas previously recruited by the tumor with the post-
mitotic neuronal antigen NeuN are much needed. In the
very same experimental conditions, when the brain
tissue was probed for the differentiated glial protein
GFAP antigen, we failed to document an increase in the
amount of immune-positive cells following rapamycin.
Nonetheless, rapamycin alters the distribution of GFAP
immune-positive cells, which were clearly evident as an
intense border around the reduced tumor mass. This
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Fig. 2. Rapamycin induces cell differentiation in glioblastoma brain xenograft. The Figure reports an original micrograph from an in vivo study carried out in
male CD1 nude mice stereotaxically implanted UB7MG cells (400000 cells/5 l/5 min) into the left striatum. The control mouse was treated with a water
solution of DMSO10%, i.p. (vehicle). Rapamycin (5 mg/Kg, i.p.) was administered daily starting at 7 days following U87MG cell implantation (when the brain
tumor already reaches a conspicuous volume). At the end of the treatment (day 21) mice were sacrificed under deep anesthesia and the brain was
processed for immune-histochemical analysis. Representative pictures show brain tissue sections of vehicle and rapamycin-treated mice bearing GBM
xenograft (respectively A, B) stained with hematoxylin/eosin. In the vehicle treated mouse an intensive hematoxylin staining is observed, while a clear cut
hematoxynophilic tumoral area is present in rapamycin treated mouse. Immune-histochemistry for the stem cell marker nestin shows rapamycin-induced
reduction of nestin positive cells in glioblastoma xenograft (C, D). A significant increase of the early neuron marker beta-Ill tubulin is evident after rapamycin
treatment (E, F). The GFAP-positivity following treatment with rapamycin is only increased in the tumor boundary, as shown in representative pictures of
immune-histochemistry against the glial marker GFAP (G, H). Scale bars: A-D, G, H, 50 um; E, F, 100 pm.
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magnifies what is already evident in tumors following
vehicle (Fig. 2G,H). Remarkably, promoting stem cell
differentiation towards a neuron vs a glia phenotype is
typical for compounds which induce autophagy even in
normal brain tissue (Chen et al., 2000; Kim et al., 2004;
Fornai et al., 2005, 2008: Wada et al., 2005: Yucel et al.,
2008: Boku et al., 2009, 2011: Pasquali et al., 2009; Su
et al., 2009; Wada, 2009; Fiorentini et al., 2010; Pasquali
et al., 2010; Hanson et al., 2011: Huo et al., 2012;
Jeerage et al.. 2012: Fornai et al., 2014: Rodolfo et al.,
2016).

Recent findings on GSPCs differentiation induced by
rescue of ATG

In the light of recent findings obtained in vitro, the
hypothesis we made based on in vivo data becomes more
and more plausible. In fact, GBM relapse and infiltration
correlates with up-regulation of the molecular complex
mTOR, which in turn leads to the inhibition of ATG
pathway, which is a hallmark in GBM cells (Jiang et al.,
2009; Olsen et al., 2012; Liu et al., 2014; Ma et al.,
2015).

The gold standard to detect ATG still remains
transmission electron microscopy (TEM). Remarkably,
Zhao et al. (2010), applied such a method to examine the
ultrastructure of GSPCs. These cells feature a suppressed
ATG activity when compared to NSPCs (Neural
Stem/Progenitor Cells). In fact, double membrane
vesicles (i.e. ATG-like vacuoles, autophagosomes) were
rarely observed in GSPCs, contrarily to NSPCs. When
measured in the presence of fetal calf serum (FCS,
which induces cell differentiation) ATG activity in
GSPCs was increased. This is counteracted by ATG
inhibitors (3-methyladenine, 3-MA, or bafillomycin Al,
BFA), while it is enhanced/reproduced by ATG
activators (rapamycin). Thus. ATG activation leads to
GSPCs differentiation. This suggests that, in general,
ATG produces cell differentiation or vice-versa, cell
differentiation elevates ATG or, alternatively, these
events are randomly associated. It is likely that the
process of cell differentiation derives from ATG
induction as witnessed by a number of recent studies
(Fornai et al., 2008; Delk and Farach-Carson, 2012;
Zogovic et al., 2015; Rodolfo et al., 2016). For instance,
in a seminal study Jang et al. (2016) demonstrate that
ATG is key in inducing neuroectodermal differentiation
in human embryonic mesodermal/neuroectodermal stem
cells. Amongst the multiple ATG regulators, p62 plays a
fundamental role in neural stem cell differentiation
(Wang et al., 2016). Altogether. these data confirm that a
lack of differentiation, which characterizes GSPCs (Gam
et al., 2004), strongly correlates with ATG depression
which is measured within the same cells. Vice-versa,
ATG activation leads to GSPCs differentiation.
Sunayama et al. (2010) found that inhibiting mTOR with
rapamycin, or knocking down mTOR by RNA
interference in Cancer Stem-Like Cells (CSLCs),
markedly inhibits neuro-spheres formation, while

reducing the expression of NSC/progenitor markers
(Nestin, CD133, Bmil, Sox2). The differentiating effects
produced by mTOR inhibition are enhanced by a
concomitant inhibition of PI3K, since the dual mTOR-
PI3K inhibition (with rapamycin and LY294002)
abolishes stemness markers while increasing neuronal
differentiation markers (beta-III tubulin). However, such
a dual effect was also reported to occur following the
sole mTOR inhibition (rapamycin, 200 nM, Zhuang et
al., 2011), which by itself down-regulates stem cell
markers while increasing markers of cell differentiation
in human GSPCs and in vive in nude mice bearing
orthotopic SU-2 cell xenograft. These effects were
reversed by the ATG inhibitor 3-MA, confirming that
GSPC differentiation promoted by rapamycin is bound
to ATG induction. On the other hand, the prominent role
of ATG in mediating GSPCs differentiation induced by
mTOR inhibition is confirmed by alternative
experiments. In fact, one may stimulate ATG by-passing
the mTOR pathway, either by inhibiting phosphatidyl-
inositol turn-over or inducing the Wnt/beta catenin
pathway, which in turn induces stem cell differentiation
(Wang et al., 2009, 2012; Jeerage et al., 2012; Walasek
et al.. 2012: Fornai et al., 2014; Dong et al., 2015), both
in normal brain (Yan et al., 2007; Wexler et al., 2008;
Fiorentini et al., 2010) as well as in GBM (Korur et al.,
2009; Elmaci and Altinoz, 2016).

Similarly to GSPCs differentiation, mTOR activity is
likely to rely on ATG pathway for its effects on cell
migration and infiltration, which are hallmarks of GBM
aggressiveness and lethality (Galavotti et al., 2013;
Chandrika et al., 2016). In particular, the results obtained
by Catalano et al. (2015) extend the effects of ATG
modulation to GBM cell migration. In fact, Beclin 1-
depleted GBM cells (GL15 cells infected with a
lentivirus carrying Beclin 1 shRNA) show increased
migration and invasion concomitantly to up-regulation
of two epithelial-mesenchimal transition process
regulators (SNAIL and SLUG). The translational value
of these fine molecular mechanisms bridging mTOR up-
regulation, ATG inhibition, stemness, and migration, is
confirmed by pathological studies from human patients.
When 62 tumor samples from different grade
astrocytoma were analyzed, the expression of Beclin 1
and LC3B-II in high-grade astrocytoma (WHO grade I1I,
IV) was lower than in low grade astrocytoma (WHO
grade 1, 1), which confirms the correlation between ATG
suppression and tumor grading. In line with this, beclin-
I and LC3B-II exhibit a correlation with survival rates
(Huang et al., 2010).

Baseline suppression and rapamycin-induced
rescue of autophagoproteasomes in GBM

In the light of recent findings showing the
contamination of the ATG pathway by other cell clearing
mechanisms, it is worth mentioning the integrated
scenario of cell clearing pathways in GBM cells (Fig. 3).
While ATG inhibition is well established as a marker of
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GBM cells, the activity of another clearing mechanism,
the ubiquitin-proteasome (UP) pathway is less
characterized. In fact, although proteasome inhibitors
have been suggested as an adjunct therapy in GBM
(Friday et al.. 2012: Lin et al., 2014). all studies aimed to
measure baseline activity of UP in GBM, report a UP
depression, which recapitulates what described for ATG
(Vlashi et al., 2009; Lagadec et al., 2014: Stacer et al.,
2015). In this latter manuscript the activity of UP was
related to classic phenotypes of GSPCs such as tumor-
initiation, expression of stem cell markers, relapse, and
neuro-sphere formation. In addition, Stacer et al. (2015)
found that primary human GBM cell cultures produce
tumors in mouse xenografts to an extent which is related
to the loss of UP activity. Similarly, disulfiram may work
as an adjunct therapy in GBM just for its proteasome-
dependent stimulation of degradation of the chemo-
resistance protein MGMT (Paranjpe et al., 2014).

In line with this, Sato et al. (2013) found that
proteasome activation degrades Nanog in GBM, thus
reducing Nanog-related detrimental effects on tumor

progression, such as proliferation rate and amount of
GSPCs within the tumor. The beneficial effects of
proteasome-dependent Nanog degradation can be
clicited by proteasome activating compounds such as
resveratrol. In fact, resveratrol-induced suppression of
Nanog within GBM is due to UP activation (Sato et al.,
2013). It is remarkable that a specific interplay may act
within GBM between ATG and UP (Fig. 3). In fact, as
shown by Ding et al. (2012) in GBM cells, when ATG is
suppressed by knocking down beclin-1, a sudden
increased sensitivity to proteasome inhibition occurs.
This suggests a functional interplay and reciprocal
compensation between ATG and UP in GBM (Ding et
al., 2012), analogous to that described in other systems
(Pandey et al., 2007: Rubinsztein. 2007: Riissmann et
al., 2010: Sheng et al., 2012: Lee et al., 2016). On the
other hand, proteasome may compensate when ATG is
impaired (Giuliano et al., 2015). In keeping with this,
there are a number of proteins, which represent both
ATG and UP substrates (Webb et al., 2003: Ebrahimi-
Fakhari et al., 2011: Engelender, 2012). This is
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remarkable since in a recent study ATG and UP
components were demonstrated to be hosted in the same
organelles named autophagoproteasomes (Klionsky et
al., 2016; Lenzi et al., 2016) (Fig. 3). In this way, the
double/multiple membrane vacuoles, which were
reported to contain also the endosomal enzymatic
apparatus in the form of amphisomes, are now
considered as ultimate clearing organelles in which an
enriched catalytic pattern occurs, thus providing the
merging of all main clearing pathways. Within these
autophagoproteasomes, mTOR acts like a fine modulator
on both UP and ATG (Fig. 4), though providing a
stronger stimulus for UP when mTOR is markedly
suppressed. whereas ATG activity prevails following
milder mTOR inhibition (Lenzi et al.. 2016). This
ultimate clearing system was shown to occur in GBM
cell lines where a marked, dose-dependent activation
occurs under the effects of rapamycin. Within this
system almost all cytosolic UP particles are sequestered
upon strong mTOR inhibition (Lenzi et al., 2016),
whereas the rich ATG compartment remains partly
independent. In all cases, when rapamycin is
administered, a concomitant increase occurs in double
membrane vacuoles, LC3-immune-positive vacuoles and
double LC3+P20S immune-positive vacuoles (Fig. 4).
This novel organelle apart from generating a new
scenario in cell biology and general mechanisms of cell
histopathology. also provides a remarkable target for
specific drugs. In fact, resveratrol, apart from being a UP
activator, is known to exert beneficial effects in glioma
cells by also activating the ATG machinery (Filippi-
Chiela et al., 2011). Thus, although certain drugs are
preferential activators of ATG or UP, others may activate
both pathways. Interestingly. recent studies have shown
that a variety of natural dietary compounds such as
curcumin and quercetin, in addition to resveratrol,
regulate both protein quality control systems (Murakami,
2013). This might provide novel adjunct therapies in
astocytoma and GBM.
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