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A B S T R A C T

Autophagy is an evolutionary conserved process mediating lysosomal degradation of cytoplasmic material. Its
involvement in cancer progression is highly controversial, due to its dual role in both limiting tumoural
transformation and in protecting established tumoral cells from unfavorable conditions. Little is known about
the cross-talk between autophagy and intracellular signalling pathways, as well as about autophagy impact on
signalling molecules turnover.
An aberrantly activated Wnt/β-catenin signalling is responsible for tumour proliferation, invasion, and

stemness maintenance. Here we show that autophagy negatively regulates Wnt/β-catenin signalling in glio-
blastoma multiforme (GBM) cells, through Dishevelled degradation. We also provide the first evidence that
autophagy promotes β-catenin relocalisation within the cell, by inducing a decrease of the nuclear protein
fraction. In particular, upon autophagy induction, β-catenin appears mainly localized in sub-membrane areas
where it associates with N-cadherin to form epithelial-like cell-cell adhesion structures.
Our data indicate, for the first time, that autophagy induction results in Wnt signalling attenuation and in β-

catenin relocalisation within the GBM cell. These findings further support the idea that autophagy modulation
could represent a potential therapeutical strategy to contrast GBM progression.

1. Introduction

Macroautophagy (hereafter referred as autophagy) is an evolu-
tionary conserved and finely regulated process, mediating lysosomal
degradation of cytoplasmic material, long-lived and damaged proteins,
and entire organelles [1,2]. During autophagy, double-membrane ve-
sicles, named autophagosomes, form and engulf cytoplasmic material,
which is then delivered to lysosomes for degradation [3]. In shortage of
nutrients, mainly aminoacids, the nutrient sensor mTOR is inhibited
and Ulk1 complex can drive a massive autophagosome formation [4].
Nevertheless, in physiological conditions, a basal level of autophagy
contributes to maintain the proper cell homeostasis, both during em-
bryogenesis and adulthood, and indeed its deregulation has been

associated to many human diseases, including cancer [5–7]. We have
recently demonstrated that autophagy modulation regulates the mi-
gration and the invasion capabilities of glioblastoma multiforme (GBM)
cells, by down-regulating epithelial-to-mesenchymal transition (EMT)
factors SNAIL and SLUG, and, subsequently, up-regulating cadherin
expression [8].
β-catenin is a multitasking and evolutionary conserved protein that

plays a crucial role in a plethora of developmental and homeostatic
processes [9,10]. It is, in fact, a structural component of the cell-cell
adhesion structures, and as a component of the canonical Wnt pathway,
it regulates cellular proliferation, adhesion, and movement [9,11].
Deregulation of Wnt signalling is often associated with initiation, pro-
liferation, and invasion of several cancers, including GBM [11,12]; β-
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catenin and other components of the Wnt pathway are, in fact, com-
monly overexpressed and the pathway is constitutively active in GBM
[13,14]. The Wnt/β-catenin pathway plays also a role in EMT, by
promoting transcription and stabilization of the EMT activators SNAIL
and ZEB1 [15,16], or by other mechanisms [17,18].
Few literature evidence exist on the relationship between autophagy

and Wnt/β-catenin signalling [19–21]. It has been shown that Wnt/β-
catenin activity represses autophagy and the expression of the autop-
hagic adaptor p62, and indeed that nutrient deprivation induces β-ca-
tenin degradation via autophagic machinery [22]. In 2014, Gao et al.
demonstrated that, in colorectal cancer cells, autophagy negatively
regulates Wnt signalling by promoting the degradation of the pathway
mediator Dishevelled [23]. Moreover, it has been recently shown that
the anti-helminthic drug Niclosamide induces autophagy and down-
regulates the Wnt and other pro-survival signal transuction pathways in
GBM cells [24].
Our findings indicate, for the first time, that autophagy induction

attenuates the Wnt signalling in GBM cellular models and that it leads
to β-catenin relocalisation within the cell. These findings further sup-
port the idea that autophagy modulation could represent a potential
therapeutical strategy to contrast GBM proliferation and invasiveness.

2. Material and methods

2.1. Cell culture

Human GL15 cells were kindly provided by Dr. E. Castigli, Perugia
University, Italy. Primary human GBM130 cells were obtained, as
previously described [25], after surgery at Policlinico Umberto I
(Rome) from GBM patients that gave a written informed consent to the
research proposals. The study was approved by the Institutional Ethics
Committee of Sapienza University and by Ministry of Health. Histo-
pathological typing was done according to the WHO criteria resulting as
grade IV. Human GL15, U87MG cells and GBM130 were cultured in
DMEM (Lonza, Basel, Switzerland), supplemented with 10% heat-in-
activated FBS (Euroclone, Milan, Italy) and 1% penicillin/streptomycin
solution (Euroclone, Milan, Italy). Cells were grown at 37 °C in a 5%
CO2 humidified atmosphere. For autophagy induction, cells were cul-
tured in Earle's Balanced Salt Solution (Sigma Aldrich, Milan, Italy) or
in the presence of 250 nM Torin 1 (Sigma Aldrich, Milan, Italy) for 18 h.
In order to analyse the autophagic flux, 20 μM Chloroquine(CQ) was
added to the culture media.
shBeclin and sh-Ctr cells were prepared by lentiviral infection as

previously described [8]. GL15 cells were infected by incubation with
lentivirus containing supernatant for 6 and 8 h in presence of 4 μg/ml
poly-brene.

2.2. qPCR

Total RNA was isolated with the RNeasy mini kit (QIAGEN, Hilde,
Germany). 1 μg RNA was retrotranscribed using M-MLV enzyme and
oligodT (Promega, Madison, Wisconsin, USA). qPCR was performed
using SYBR GREEN PCR Master Mix Applied Biosystems (Thermo Fisher
Scientific, Waltham, Massachusetts, USA), with the QuantStudio 12 K
Flex Applied biosystem. The following pairs of primers were used: axin2
(5′-AGTGTGAGGTCCACGGAAAC-3′; 5ʹ-CTTCACACTGCGATGCA
TTT-3′), cyclin D1: (5ʹ-CTGGCCATGAACTACCTGGA-3′; 5′-CTCCGCCT
CTGGCATTTTGG-3ʹ); c-myc: (5′-AGCGACTCTGAGGAGGAACA-3′;
5′-CTCTGACCTTTTGCCAGGAG’); β2m (5′-CTCCGTGGCCTTAGCT
GTG-3′; 5′-TCTCTGCTGGATGACGTGAG-3′). mRNA expression level for
the genes of interest was calculated by means of the ddCt method, with
β2m expression as standard. The mRNA levels were then expressed as
variations in respect to the control condition. Reported values are the
means of three independent biological replicates.

2.3. Western blotting and antibodies

Proteins were separated by means of SDS-PAGE and electroblotted
onto nitrocellulose (GE Healthcare, Life Sciences, Little Chalfont,
Buckinghamshire, UK). Membranes were incubated with primary anti-
bodies diluted in PBS/5% non-fat dry milk/0.1% Tween-20 overnight at
4 °C. Detection was achieved using horseradish peroxidase-conjugated
secondary antibody (Bio-Rad Laboratories, Milan, Italy) and visualized
with ECL plus (GE Healthcare, Life Sciences, Little Chalfont,
Buckinghamshire, UK). The following primary antibodies were used:
anti-p62 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-LC3B
(Cell Signalling, Danvers, MA, USA), anti-BECN1 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-β-catenin (BD Biosciences,
Franklin Lakes, New Jersey, USA), anti-active β-catenin (S37/T41)
(Millipore, Billerica, MA, USA), anti-Dvl2 (Cell Signalling, Danvers,
MA, USA), anti-Lamin A/C (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-LDH (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and
anti- β-Actin (Sigma Aldrich, Milan, Italy).

2.4. Cell lysis and subcellular fractionation

The appropriate amount of Nucleus Buffer (1mM K2HPO4, 14mM
MgCl2, 150mM NaCl, 1 mM EGTA supplemented with 0.1mM DTT,
0.3% Triton and protease inhibitor cocktail) were added to pelletted
cells and, after incubation on ice for 30min, centrifuged at 850g for
10min, to isolate the nuclear fraction. Nuclei were washed twice with
fractionation buffer, centrifuged as above and resuspended in RIPA
Buffer (50Mm Tris HCl pH 7.4, Triton 1%, Na Deoxycholate 0.25%,
SDS 0.1%, 150mM NaCl, 1 mM EDTA, 5mM MgCl2 supplemented with
protease inhibitors cocktail). Samples were then briefly sonicated (Hold
6 constant, 30″). Proteins concentration was determined using Lowry
protein assay (Bio-Rad, Hercules, CA, USA).

2.5. Immunocytochemistry and confocal analysis

Cells were grown on coverslips and fixed with 4% PFA in PBS,
followed by permeabilization with 0.1% Triton X-100 in PBS. β-catenin
(BD Biosciences, Franklin Lakes, New Jersey, USA) and N-cadherin
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) primary antibodies
were incubated overnight at 4 °C and visualized by means of Alexa
Fluor (Invitrogen, Carlsbad, CA, USA). Coverslips were mounted in
antifade (SlowFade; Invitrogen, Carlsbad, CA, USA) and examined
under a confocal microscope (TCS SP8; Leica, Wetzlar, Germany),
equipped with a 40× 1.40–0.60 NA HCX Plan Apo oil BL objective at
RT.
Regarding ImageJ software analysis, the pixels of two 8-bit images

(red and green channels of each image) are considered colocalized if
their intensities are higher than the threshold of their channels (set at
50) and if the ratio of their intensity is higher than the ratio setting
value (set at 50%). Colocalization was assessed by calculating the
Pearson's correlation coefficient r of at least 10 cells analyzed in two
independent experiments. The Pearson's correlation coefficient was
expressed as mean ± SD. The fluorescence intensity of each fluor-
ochrome was simultaneously analyzed and plotted.

2.6. Statistical analysis

All experiments were performed at least three times. Sigma Plot
software was used for statistical analysis. Statistical significance was
determined by using the Student's t-test. P value ≤.05 was considered
significant.
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3. Results

3.1. Wnt/β-catenin signalling is negatively regulated by autophagy in GBM
cells

In order to analyse the effect of autophagy induction on Wnt sig-
nalling in GBM cells, autophagy was induced by means of 18 h

aminoacid- and serum-starvation (EBSS treatment) in GL15 and U87MG
cells, as previously described [8] and as shown in Fig. 1a. The inhibitor
of autophagosome-lysosome fusion Chloroquine (CQ) was employed to
confirm an ongoing autophagy flux [26], thus demonstrating that, in
absence of CQ, LC3 is fully converted to LC3 II form, that, in turn, is
degraded into lysosomes, as well as p62, in glioma cells cultured in
EBSS for 18 h (Fig. 1a).

Fig. 1. Autophagy induction reduces Wnt signalling. (a) GL15 and U87MG cells were cultured in DMEM (Ctr) and aminoacid- and serum- free medium (EBSS) for
18 h, in presence or not of 20 μM Chloroquine (CQ). Western Blot analysis of autophagy markers P62 and LC3 I/II was used to check autophagy induction. β-ACTIN
was used as loading control. The blots are representative of three independent experiments. (b) mRNA expression levels of axin2, cyclin D1 and c-myc obtained by
qPCR on GL15 (left panel) and U87MG (right panel) cultured in DMEM (Ctr) and aminoacid- and serum- free medium (EBSS) for 18 h. The graphs represent the
mean ± SE of three different experiments. Statistical significance: * P≤ .05; *** P≤ .001; **** P≤ .0001. (c) GL15 were transduced with a scramble RNA (shCtr)
or with a BECN 1-directed shRNA (shBECLIN) and were grown in DMEM (Ctr) or EBSS for 18 h. Western Blot analysis of autophagy markers P62 and LC3 I/II was
used to check autophagy induction. An antibody specific for BECLIN1 was used in order to check the silencing efficiency. β-ACTIN was used as loading control. The
blots are representative of three independent experiments. (d) mRNA expression levels of axin2 and cyclin D1 obtained by qPCR on GL15 cells after lentiviral infection
with scramble RNA (shCtr) or BECN-1-directed RNA (shBECLIN) grown in DMEM (Ctr) or EBSS for 18 h. The graph represents the mean ± SE of three different
experiments. Statistical significance: * P≤ .05; ** P≤ .01; *** P≤ .001.
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qPCR analysis has been performed to measure the relative mRNA
levels of the β-catenin target genes axin2, cyclinD1 and c-myc in both
control and in EBSS-starved cells. We observed a significative reduction
in axin2 and cyclinD1 mRNA levels in both EBSS-treated GL15 and
U87MG cell lines, in respect to control cells, grown in nutrient-rich
medium (Fig. 1b). Similar results were obtained when autophagy was
induced by culturing GBM cells in the presence of the mTOR inhibitor
Torin1 (Torin) (Supplementary Fig. S1a and b). Differently from other
cellular systems, we could not detect any significative variation of c-myc
mRNA levels in cells grown in EBSS or in Torin presence (Fig. 1b and
not shown). In order to prove the role of the autophagic process in
promoting β-catenin de-activation upon nutrient starvation, we
knocked down the autophagy regulator Beclin1, by means of specific
siRNA. GL15 cells lacking of Beclin1 showed a reduced basal autophagy
levels, and a decreased capability to accumulate LC3II and to degrade
p62 substrate upon nutrient deprivation (Fig. 1c). In addition, the re-
duction of β-catenin target genes mRNA, that we observed in control
cells upon nutrient deprivation, was prevented by Beclin1 silencing,
almost completely for axin2 and, at lesser extent for cyclinD, that is
much more responsive to starvation (Fig. 1d). Moreover, a slight, but
significative, increase of the basal level of cyclinD mRNA was observed
in Beclin1-defective cells in nutrient-rich conditions thus further sug-
gesting role for autophagy in modulating Wnt/β-catenin signalling
(Fig. 1d).

3.2. Dishevelled protein is degraded upon autophagy induction

Dishevelled (Dvl) protein is a component of the protein family that
mediates Wnt pathway by binding to Frizzled receptor and by in-
hibiting the APC-containing destruction complex [27]. Negative mod-
ulation of Wnt signalling has been linked to Dvl degradation upon au-
tophagy induction in HEK293 and in colorectal cancer cells [23].
We analyzed the expression level of Dvl2 and, similarly to what

observed in HEK293 cell line, both GL15 and U87MG cells showed an
appreciable reduction of the protein upon autophagy induction (Fig. 2a
and Supplementary Fig. S1c). The same result was obtained in GBM130
primary cells grown in EBSS medium (Fig. 2a).
On the other hand, no variation in Dvl2 protein levels was observed

in Beclin1-devoid cells, thus demonstrating that autophagy induction is
necessary for Dvl2 degradation (Fig. 2b).

3.3. The expression level of the transcriptional active β-catenin decreases
upon autophagy induction

In 2013, Petherick et al. have demonstrated that nutrient depriva-
tion leads to proteasome-independent and autophagosome-mediated β-
catenin degradation in colorectal carcinoma cells, that was likely re-
sponsible for Wnt/β-catenin signalling inactivation [22]. Moreover,
Cheng et al. have been shown that Niclosamide induces autophagy and
β-catenin degradation in GBM cells [24] . To test if β-catenin was de-
graded upon nutrient deprivation in glioma models, we analyzed β-
catenin amount by western blot, and we did not observe any difference
in the total protein levels between control and 18 h-starved GL15 and
U87MG cell lines. However, by means of an antibody specifically di-
rected against the de-phosphorylated (S37/T41) β-catenin, we observed
a significative decrease of the nuclear transcriptionally active protein
pool in autophagic glioma cells in respect to control cells (Fig. 3a and
Supplementary Fig. S1c). This reduction of the active β-catenin pool
was not observed in Beclin1-devoid cells, thus suggesting a direct in-
volvement of Beclin1-dependent autophagy in β-catenin transcriptional
activity (Fig. 3b).

3.4. Autophagy induction induces β-catenin relocalisation in GBM cells

In line with the so far obtained results, we observed, by means of
subcellular fractionation experiments, a significative reduction of the β-
catenin nuclear fraction and a slight increase in the cytosolic one, upon
18 h of EBSS- and Torin- culturing in the cell lines analyzed (Fig. 4a and
Supplementary Fig. S1d). Interestingly, this starvation-dependent re-
duction in the β-catenin nuclear fraction upon starvation was com-
pletely prevented in GL15 cells lacking of Beclin1 protein although no
difference in the β-catenin nuclear basal level was observed (Fig. 4b). In
order to verify a possible re-localisation of the cytosolic β-catenin pool,
we analyzed the protein's expression pattern in GL15 and in U87MG
glioblastoma cells by immunocytochemistry. Widespread expression of
the protein within the cells was observed in control conditions (Fig. 4c,
upper panels), whereas a relevant accumulation of β-catenin in sub-
plasma membrane areas was observed in cells cultured for 18 h in EBSS
(Fig. 4c, bottom left and middle panels) or in Torin presence (Supple-
mentary Fig. S1e, middle panels and not shown), but not in Beclin1-
silenced GL15 cells (Fig. 4c, bottom right panel). Strikingly, we ob-
served a clear enlargement of the cells and the appearance of cell-cell

Fig. 2. Autophagy regulates Dishevelled protein levels in GBM cell lines. Western blotting of protein extracts from GL15, U87MG and GBM130 (a) and shBECLIN1
GL15 cells (b), cultured in DMEM (Ctr) or EBSS, was performed by using a specific antibody for Dishevelled 2 (DVL2). β-ACTIN was used as loading control. The
graphs represent the mean ± SE of three different experiments. Statistical significance: * P < .05 Student t-test.
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contacts, highlighted by β-catenin signal, that were almost completely
absent in control cells (Fig. 4c and Supplementary Fig. S1e).

3.5. β-catenin associates with N-cadherin upon autophagy induction

Based on the evidence of β-catenin relocalisation in sub-plasma
membrane areas, that suggested a possible interaction with membrane
proteins involved in cell-cell interactions, we then analyzed N-cadherin
localisation within glioma cells in our experimental conditions.
Confocal analysis showed a diffuse N-cadherin intracellular localization
in U87MG and GL15 control cells (Fig. 5, left upper panels). Conversely,
in EBSS-cultured cells, N-cadherin staining overlapped with β-catenin
signal in correspondence of cell-cell contacts (Fig. 5). The same result
was observed in Torin-treated U87MG (Supplementary Fig. S1e, bottom
panels). This result suggested that autophagy induction promotes the
association between β-catenin and N-cadherin in glioma cells, and that
this event is likely responsible for newly formed N-cadherin-mediated
cell-cell junctions.

4. Discussion

A number of studies report Wnt signalling as aberrantly activated in
GBM, thus promoting tumour growth and propagation, by transcrip-
tional activation of multiple target genes, involved in both proliferation
and invasion [13]. In the recent years, it has been reported that in
HEK293 and in colorectal cancer cells, Wnt signalling could be atte-
nuated under nutrient deprivation by accelerating autophagy-mediated
Dvl degradation [23]. In addition, in nutrient-stressed colorectal cancer
cells, β-catenin can be per se a direct target of autophagic degradation,
in a proteasome-independent manner [22]. β-catenin down-regulation
and Wnt pathway inhibition has been also observed in a GBM cellular
model treated with the anti-helminthic drug Niclosamide, that is also
able to induce autophagy, although the mechanism of action remains to
be elucidated [24].
Here we demonstrate that autophagy induction negatively regulates

Wnt/β-catenin signalling in GBM cellular models. A robust autophagy
induction was obtained by nutrient-depriving GBM cells or by culturing
them in presence of the mTOR inhibitor Torin1 for 18 h, as demon-
strated by LC3 conversion and p62 degradation. Similarly to other
cellular models, no variation in Beclin1 protein level was observed in

GBM cells upon autophagy induction, but, conversely, genetic silencing
of Beclin1 largely prevented autophagy execution thus demonstrating a
Beclin 1-dependent autophagy occurrence.
We report, for the first time, that nutrient starvation and m-TOR

inhibition strongly attenuate cyclinD1 and axin2 transcription, through
an autophagy-dependent mechanism, as suggested by the rescue ob-
served in Beclin1 silenced cells. Conversely, c-myc transcription (and n-
myc too, data not shown) is not affected by nutrient starvation or by m-
TOR pharmacological inhibition, thus suggesting a Wnt-independent
regulation of myc genes in GBM cells. Of note, we did not see any rescue
effects of nutrient deprivation on Wnt/β-catenin signalling, when the
PI3K inhibitors Wortmannin and 3-methyladenine (3-MA) were em-
ployed to chemically block autophagy induction, although β-catenin
appeared mainly localized in the nucleus in its active form (not shown).
We hypothesize that Wortmannin and 3-MA are not suitable for testing
the effects of autophagy inhibition in GBM cells, as they can have, per
se, effects on several intracellular processes and can even promote au-
tophagy in some systems [26].
The decrease in Dvl and in axin2 expression that we observed could

explain, at least partially, the impairment of Wnt/β-catenin signalling
obtained.
We also found that autophagy activation by nutrient deprivation or

by m-TOR inhibition does not result in β-catenin degradation in GBM
cells, as observed in a colorectal model, but, surprisingly, we observed
that autophagy promotes β-catenin relocalisation within the cell. In
fact, we observed a decrease of the β-catenin nuclear fraction, coupled
to an accumulation of the cytosolic one. In particular, immuno-
fluorescence experiments demonstrated a different signal distribution
of the protein among nutrient rich- and nutrient poor- conditions. Upon
autophagy induction, β-catenin appears mainly localized in sub-mem-
brane areas where it decorates the cell-cell contacts which are much
more evident than in control cells. The appearance of an epithelial-like
phenotype of these cells was confirmed by the co-localisation of β-ca-
tenin with N-cadherin, in correspondence of the cell-cell contacts.
By our previous observations, we know that N- and R-cadherin

mRNA level increase in glioma cells upon autophagy induction, likely
as consequence of Snail1/2 down-regulation [8]. The role of N-cadherin
in EMT is not completely understood. In epithelial tumours (carci-
nomas), in fact, the cadherin switch, from E- to N-isoform, is thought as
a hallmark of EMT occurrence [28,29], but the contribution of cadherin

Fig. 3. β-catenin activity is reduced in GBM cells upon autophagy induction. Western blotting of protein extracts from GL15, U87MG, GBM130 (a) and shBECLIN1
GL15 cells (b), cultured in DMEM (Ctr) or EBSS was performed by using specific antibodies for the total (β-catenin) and the dephosphorylated (S37/T41) form of β-
catenin (active β-catenin). β-ACTIN was used as loading control. The graphs indicate the relative ratio between active/total β-catenin and represent the mean ± SE
of three different experiments. Statistical significance: * P < .05; ** P≤ .01 Student t-test.
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isoforms in glioma EMT is less documented. It has been demonstrated
that expression of N-cadherin inversely correlates with the invasive
behaviour of GBM cells [30,31], and the instability and disorganisation
of cadherin-mediated junctions are likely associated to GBM invasive
behaviour [32,33]. Our data are consistent with a newly acquired role
for β-catenin in supporting the EMT reverse process (mesenchymal-to-
epithelial-like transition, MET) observed in glioma cells when they are
forced to undergo autophagy [8].
The role of autophagy in GBM pathogenesis is still a matter of de-

bate [34,35]; autophagy induction has been observed in GBM in re-
sponse to radio- and temozolomide-based therapy and even though a

number of clinical trials aimed at inhibiting autophagy execution,
mainly by Chloroquine, have been launched, others directed to in-
hibiting mTOR pathway and thus activating autophagy, are ongoing
[36,37]. Intriguingly, we observed that, in addition to impair cell mi-
gration and invasion [8], autophagy induction also results in a sig-
nificative arrest of cell proliferation, as measured by FACS analysis, cell
counting and protein quantification (not shown). Although further
studies are necessary to better dissect autophagy role in GBM pro-
gression, taken together our findings support the idea that autophagy
modulation could represent a potential therapeutical strategy to con-
trast GBM invasiveness.

Fig. 4. Autophagy induces β-catenin subcellular relocalisation. (a) After subcellular fractionation experiments in GL15 and U87MG cultured in DMEM (Ctr) or EBSS
for 18 h, Western blotting of protein extracts was performed by using a specific antibody for β-catenin. Lamin A/C and LDH were used as loading controls for nuclear
and cytosolic fractions, respectively. The graph indicates the ratio between β-catenin and Lamin A/C (for nuclear expression) and β-catenin and LDH (for cytosolic
expression) in EBSS compared to control cells in three independent experiments. N, nuclei; C, cytosol. Statistical significance: * P < .05; ** P≤ .01 Student t-test. (b)
The same experiment was performed in GL15 transduced with a scramble RNA (shCtr) or with a BECN 1-directed shRNA (shBECLIN) grown in DMEM (Ctr) or EBSS
for 18 h. The graph indicates the ratio between β-catenin and Lamin A/C (for nuclear expression) and β-catenin and LDH (for cytosolic expression) in EBSS compared
to control cells in three independent experiments. N, nuclei; C, cytosol. Statistical significance: ** P≤ .01 Student t-test. (c) U87MG, GL15 and shBECLIN1 GL15 cells
grown in DMEM (Ctr) or EBSS medium were subjected to immunocytochemistry and confocal analysis for β-catenin localisation (red). Arrowheads indicate cell-cell
contacts. Scale bar, 30 μM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5. Conclusions

GBM is the most common and lethal adult brain tumour and it is
characterized by a highly invasive behaviour. An aberrantly activated
Wnt/β-catenin signalling is thought responsible for GBM invasion
capability, beside for tumour proliferation, and stemness maintenance.
We have found that autophagy negatively regulates Wnt/β-catenin

signalling in glioblastoma cellular models. Moreover, we observed that
β-catenin relocalises within the GBM cell and associates with N-cad-
herin, thus contributing to mesenchymal-to-epithelial-like transition.
The findings reported here add important clues for the definition of
possible therapeutical strategies, targeting the autophagic process, to
contrast GBM progression.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.cellsig.2018.10.017.

Author contributions

S.D.B. conceived the project. B.C. and S.D.B. designed experiments.
M.C.2 designed and performed Real Time experiments. B.C. and F.F.
carried out biochemical and immunofluorescence experiments and
prepared figs. G.D. and M.C.3,4 obtained primary cells and contributed
to design and analyse experiments. A.S. provided tumour biopsies for
primary cultures. B.C. and S.D.B. wrote the paper with input from all
authors. C.L. and F.C. supported the research and critically read the
paper.

Conflict of interest declaration

The authors declare no conflict of interest.

Fig. 5. β-catenin and N-cadherin colocalise upon
autophagy induction. U87MG and GL15 cells grown
in DMEM (Ctr) or EBSS medium were subjected to
immunocytochemistry and confocal analysis for N-
cadherin (green) and β-catenin (red) localisation.
Inset containing higher magnification views of the
merge images are also shown. Scale bar, 30 μM.
Colocalisation index was assessed by calculating the
Pearson's correlation coefficient r of at least 10 cells
analyzed in two different experiments (mean r: Ctr,
0.20 ± 0.02; EBSS, 0.72 ± 0.07 for U87 and mean
r: Ctr, 0.15 ± 0.02; EBSS, 0.66 ± 0.05 for GL15).
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

B. Colella et al. Cellular Signalling 53 (2019) 357–364

363

https://doi.org/10.1016/j.cellsig.2018.10.017
https://doi.org/10.1016/j.cellsig.2018.10.017


Acknowledgments

We thank E. Castigli for kindly providing us with GL15. We also
thank G.M. Fimia and M. Antonioli for shBeclin and shCtr viruses, and
C. Rodolfo for helpful discussion and critical reading. This work was
supported by grants from PRIN (2015 E8EMCM) and AIRC (IG2015-
16699) to CL, and from FFABR (Italian Ministry of University and
Research) to SDB. CL is member of the Twinning project H2020-692340
“Synanet”.

References

[1] Noboru Mizushima, A brief history of autophagy from cell biology to physiology
and disease, Nat. Cell Biol. 20 (2018) 521–527.

[2] K.R. Parzych, D.J. Klionsky, An overview of autophagy: morphology, mechanism,
and regulation, Antioxid. Redox Signal. 20 (2014) 460–473, https://doi.org/10.
1089/ars.2013.5371.

[3] Y. Feng, D. He, Z. Yao, D.J. Klionsky, The machinery of macroautophagy, Cell Res.
24 (2014) 24–41, https://doi.org/10.1038/cr.2013.168.

[4] P.M. Wong, C. Puente, I.G. Ganley, X. Jiang, The ULK1 complex sensing nutrient
signals for autophagy activation, Autophagy 9 (2013) 124–137, https://doi.org/10.
4161/auto.23323.

[5] S. Di Bartolomeo, F. Nazio, F. Cecconi, The role of autophagy during development
in higher eukaryotes, Traffic 11 (2010) 1280–1289, https://doi.org/10.1111/j.
1600-0854.2010.01103.x.

[6] G. Kroemer, Autophagy: a druggable process th a t is deregulated in aging and hum
an disease, J. Clin. Invest. 125 (2015) 1–5, https://doi.org/10.1172/JCI78652.
oncogenesis.

[7] L. Galluzzi, F. Pietrocola, J.M. Bravo-San Pedro, R.K. Amaravadi, E.H. Baehrecke,
F. Cecconi, P. Codogno, J. Debnath, D.A. Gewirtz, V. Karantza, A. Kimmelman,
S. Kumar, B. Levine, M.C. Maiuri, S.J. Martin, J. Penninger, M. Piacentini,
D.C. Rubinsztein, H.-U. Simon, A. Simonsen, A.M. Thorburn, G. Velasco, K.M. Ryan,
G. Kroemer, Autophagy in malignant transformation and cancer progression, EMBO
J. 34 (2015) 856–880, https://doi.org/10.15252/embj.201490784.

[8] M. Catalano, G. D'Alessandro, F. Lepore, M. Corazzari, S. Caldarola, C. Valacca,
F. Faienza, V. Esposito, C. Limatola, F. Cecconi, S. Di Bartolomeo, Autophagy in-
duction impairs migration and invasion by reversing EMT in glioblastoma cells,
Mol. Oncol. 9 (2015) 1612–1625, https://doi.org/10.1016/j.molonc.2015.04.016.

[9] T. Valenta, G. Hausmann, K. Basler, The Many Faces and Functions of b -catenin, 31
(2012), pp. 2714–2736, https://doi.org/10.1038/emboj.2012.150.

[10] P.D. McCrea, C.J. Gottardi, Beyond β-catenin: prospects for a larger catenin net-
work in the nucleus, Nat. Rev. Mol. Cell Biol. 17 (2015) 55, https://doi.org/10.
1038/nrm.2015.3.

[11] B.T. MacDonald, Wnt/b-catenin signaling: components, mechanisms, and diseases,
Dev. Biol. 17 (2010) 9–26, https://doi.org/10.1016/j.devcel.2009.06.016.Wnt/.

[12] R. Nusse, H. Clevers, Wnt/β-catenin signaling, disease, and emerging therapeutic
modalities, Cell 169 (2017) 985–999, https://doi.org/10.1016/j.cell.2017.05.016.

[13] Y. Lee, J. Lee, S.H. Ahn, J. Lee, D. Nam, WNT Signaling in Glioblastoma and
Therapeutic Opportunities, 96 (2016), pp. 137–150, https://doi.org/10.1038/
labinvest.2015.140.

[14] M. Nager, D. Bhardwaj, C. Cant, L. Medina, P. Nogu, J. Herreros, β -Catenin
Signalling in Glioblastoma Multiforme and Glioma-Initiating Cells, 2012 (2012), pp.
6–10, https://doi.org/10.1155/2012/192362.

[15] V. Stemmer, B. De Craene, G. Berx, J. Behrens, Snail promotes Wnt target gene
expression and interacts with β-catenin, Oncogene 27 (2008) 5075–5080, https://
doi.org/10.1038/onc.2008.140.

[16] E. Sánchez-Tilló, O. De Barrios, L. Siles, M. Cuatrecasas, A. Castells, A. Postigo,
ZEB1 to Regulate Tumor Invasiveness, (2011), https://doi.org/10.1073/pnas.
1108977108/-/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.
1108977108.

[17] K. Kim, Z. Lu, E.D. Hay, Direct evidence for a role of [beta]-catenin/LEF-1 signaling
pathway in induction of EMT, Cell Biol. Int. 26 (2002) 463–476, https://doi.org/10.
1006/cbir.2002.0901.

[18] X. Wang, X. Wang, The Critical Role of EGF- β -Catenin Signaling in the Epithelial-
Mesenchymal Transition in Human Glioblastoma, (2017), pp. 2781–2789.

[19] P.L.Y. Guo, G. Bledsoe, Z. Yang, L. Chao, J. Chao, Kallistatin induces breast cancer
cell apoptosis and autophagy by modulating Wnt signaling and microRNA synth-
esis, Exp. Cell Res. 340 (2016) 305–314, https://doi.org/10.1016/j.yexcr.2016.01.
004.

[20] Z. Zhang, T. Liu, M. Yu, K. Li, W. Li, The Plant Alkaloid Tetrandrine Inhibits
Metastasis Via Autophagy-Dependent Wnt / β -Catenin and Metastatic Tumor
Antigen 1 Signaling in Human Liver Cancer Cells, (2018), pp. 1–11, https://doi.org/
10.1186/s13046-018-0678-6.

[21] Z. Jia, J. Wang, W. Wang, Y. Tian, W. Xiangwei, P. Chen, K. Ma, C. Zhou,
Autophagy eliminates cytoplasmic β-catenin and NICD to promote the cardiac

differentiation of P19CL6 cells, Cell. Signal. 26 (2014) 2299–2305, https://doi.org/
10.1016/j.cellsig.2014.07.028.

[22] K.J. Petherick, A.C. Williams, J.D. Lane, P. Ordo, J. Huelsken, T.J. Collard,
H.J.M. Smartt, J. Batson, K. Malik, C. Paraskeva, A. Greenhough, Autolysosomal b
-Catenin Degradation Regulates, vol. 44, (2013), pp. 1903–1916, https://doi.org/
10.1038/emboj.2013.123.

[23] C. Gao, W. Cao, L. Bao, W. Zuo, G. Xie, T. Cai, W. Fu, J. Zhang, Autophagy
Negatively Regulates Wnt Signalling by Promoting Dishevelled Degradation,
(2010), https://doi.org/10.1038/ncb2082.

[24] B. Cheng, L.D. Morales, Y. Zhang, S. Mito, A. Tsin, Niclosamide induces protein
ubiquitination and inhibits multiple pro-survival signaling pathways in the human
glioblastoma U-87 MG cell line, PLoS One (2017), https://doi.org/10.1371/journal.
pone.0184324.

[25] M. Sciaccaluga, B. Fioretti, L. Catacuzzeno, F. Pagani, C. Bertollini, M. Rosito,
M. Catalano, G. D'Alessandro, A. Santoro, G. Cantore, D. Ragozzino, E. Castigli,
F. Franciolini, C. Limatola, CXCL12-induced glioblastoma cell migration requires
intermediate conductance Ca2+−activated K+ channel activity, Am. J. Phys. Cell
Phys. 299 (2010) C175–C184, https://doi.org/10.1152/ajpcell.00344.2009.

[26] D.J. Klionsky, K. Abdelmohsen, A. Abe, J. Abedin, H. Abeliovich, A.A. Arozena, H.
Adachi, M. Adams, P.D. Adams, K. Adeli, P.J. Adhihetty, G. Sharon, G. Agam, R.
Agarwal, M.K. Aghi, M. Agnello, P. V Aguilar, J. Aguirre-Ghiso, E.M. Airoldi, T.
Akematsu, E.T. Akporiaye, M. Al-Rubeai, G.M. Albaiceta, C. Albanese, D. Albani, M.
L. Albert, J. Aldudo, H. Algül, M. Alirezaei, I. Alloza, M. Almonte-Beceril, E.S.
Alnemri, C. Alonso, N. Altan-Bonnet, D.C. Altieri, S. Alvarez, L. Alvarez-Erviti, S.
Alves, G. Amadoro, A. Amano, C. Amantini, S. Ambrosio, I. Amelio, A.O. Amer, M.
Amessou, A. Amon, Z. An, F.A. Anania, S.U. Andersen, U.P. Andley, C.K. Andreadi,
N. Andrieu-Abadie, A. Anel, D.K. Ann, J. Araya, A. Arcaro, E. Arias, H. Arimoto, A.
R. Ariosa, J.L. Armstrong, T. Arnould, I. Arsov, V. Askanas, E. Asselin, R. Atarashi,
S.S. Atherton, J.D. Atkin, L.D. Attardi, P. Auberger, G. Auburger, R. Autelli, L.
Avagliano, M.L. Avantaggiati, L. Avrahami, S. Awale, N. Azad, T. Bachetti, R.
Banerjee, G. Bánhegyi, H. Bao, B. Barbeau, D. Barrachina, E. Barreiro, B. Bartel, A.
Bartolomé, C. Diane, M.T. Bassi, R.C.B. Jr, A. Basu, T. Batista, H. Batoko, M. Battino,
K. Bauckman, L. Bradley, R.B. Jr, C. Becker, J.D. Beckham, P. Bédard, G. Bénard, G.
Berchem, D. Bergamaschi, M. Bergami, L. Berliocchi, A. Bernard, M. Bernard, A.
Bertolotti, A.S. Bess, S. Besteiro, Guidelines for the Use and Interpretation of Assays
for Monitoring Autophagy (3rd Ed.), 8627 (n.d.). doi:https://doi.org/10.1080/
15548627.2015.1100356.

[27] C. Gao, Y.G. Chen, Dishevelled: the hub of Wnt signaling, Cell. Signal. 22 (2010)
717–727, https://doi.org/10.1016/j.cellsig.2009.11.021.

[28] M.J. Wheelock, Y. Shintani, M. Maeda, Y. Fukumoto, K.R. Johnson, Cadherin
switching, J. Cell Sci. 121 (2008) 727 LP–735 http://jcs.biologists.org/content/
121/6/727.abstract.

[29] R. Priya, A.S. Yap, Making a choice: how cadherin switching controls cell migration,
Dev. Cell 34 (2015) 383–384, https://doi.org/10.1016/j.devcel.2015.08.002.

[30] K. Asano, C.D. Duntsch, Q. Zhou, J.D. Weimar, D. Bordelon, J.H. Robertson,
T. Pourmotabbed, Correlation of N-cadherin expression in high grade gliomas with
tissue invasion, J. Neuro-Oncol. 70 (2004) 3–15, https://doi.org/10.1023/B:NEON.
0000040811.14908.f2.

[31] E. Camand, F. Peglion, N. Osmani, M. Sanson, S. Etienne-Manneville, N-cadherin
expression level modulates integrin-mediated polarity and strongly impacts on the
speed and directionality of glial cell migration, J. Cell Sci. 125 (2012) 844–857,
https://doi.org/10.1242/jcs.087668.

[32] C. Perego, C. Vanoni, S. Massari, A. Raimondi, S. Pola, M.G. Cattaneo,
M. Francolini, L.M. Vicentini, G. Pietrini, Invasive Behaviour of Glioblastoma Cell
Lines is Associated with Altered Organisation of the Cadherin- Catenin Adhesion
System, (2002), p. 100.

[33] I. Appolloni, M. Barilari, S. Caviglia, E. Gambini, E. Reisoli, P. Malatesta, A cadherin
switch underlies malignancy in high-grade gliomas, Oncogene 34 (2014) 1991,
https://doi.org/10.1038/onc.2014.122.

[34] L. Jennewein, M.W. Ronellenfitsch, P. Antonietti, E.I. Ilina, J. Jung, D. Stadel,
L. Flohr, J. Zinke, J. Von, U. Drott, P. Baumgarten, A.K. Braczynski, M.C. Burger,
J. Theurillat, J.P. Steinbach, C. Behrends, P.N. Harter, M. Mittelbronn, Diagnostic
and Clinical Relevance of the Autophago-Lysosomal Network in Human Gliomas, 7
(2016).

[35] M.I. Koukourakis, A.G. Mitrakas, A. Giatromanolaki, Therapeutic interactions of
autophagy with radiation and temozolomide in glioblastoma : evidence and issues
to resolve, Br. J. Cancer 114 (2016) 485–496, https://doi.org/10.1038/bjc.
2016.19.

[36] T.E. Witzig, C.B. Reeder, B.R. Laplant, M. Gupta, P.B. Johnston, I.N. Micallef,
L.F. Porrata, S.M. Ansell, J.P. Colgan, E.D. Jacobsen, I.M. Ghobrial,
T.M. Habermann, A phase II trial of the oral mTOR inhibitor everolimus in relapsed
aggressive lymphoma, Leukemia 25 (2010) 341, https://doi.org/10.1038/leu.2010.
226.

[37] R.J. Motzer, B. Escudier, S. Oudard, T.E. Hutson, C. Porta, S. Bracarda,
V. Grünwald, J.A. Thompson, R.A. Figlin, N. Hollaender, G. Urbanowitz, W.J. Berg,
A. Kay, D. Lebwohl, A. Ravaud, Efficacy of everolimus in advanced renal cell car-
cinoma: a double-blind, randomised, placebo-controlled phase III trial, Lancet 372
(2008) 449–456, https://doi.org/10.1016/S0140-6736(08)61039-9.

B. Colella et al. Cellular Signalling 53 (2019) 357–364

364

http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0005
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0005
https://doi.org/10.1089/ars.2013.5371
https://doi.org/10.1089/ars.2013.5371
https://doi.org/10.1038/cr.2013.168
https://doi.org/10.4161/auto.23323
https://doi.org/10.4161/auto.23323
https://doi.org/10.1111/j.1600-0854.2010.01103.x
https://doi.org/10.1111/j.1600-0854.2010.01103.x
https://doi.org/10.1172/JCI78652.oncogenesis
https://doi.org/10.1172/JCI78652.oncogenesis
https://doi.org/10.15252/embj.201490784
https://doi.org/10.1016/j.molonc.2015.04.016
https://doi.org/10.1038/emboj.2012.150
https://doi.org/10.1038/nrm.2015.3
https://doi.org/10.1038/nrm.2015.3
https://doi.org/10.1016/j.devcel.2009.06.016.Wnt/
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1038/labinvest.2015.140
https://doi.org/10.1038/labinvest.2015.140
https://doi.org/10.1155/2012/192362
https://doi.org/10.1038/onc.2008.140
https://doi.org/10.1038/onc.2008.140
https://doi.org/10.1073/pnas.1108977108/-/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1108977108
https://doi.org/10.1073/pnas.1108977108/-/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1108977108
https://doi.org/10.1073/pnas.1108977108/-/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1108977108
https://doi.org/10.1006/cbir.2002.0901
https://doi.org/10.1006/cbir.2002.0901
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0090
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0090
https://doi.org/10.1016/j.yexcr.2016.01.004
https://doi.org/10.1016/j.yexcr.2016.01.004
https://doi.org/10.1186/s13046-018-0678-6
https://doi.org/10.1186/s13046-018-0678-6
https://doi.org/10.1016/j.cellsig.2014.07.028
https://doi.org/10.1016/j.cellsig.2014.07.028
https://doi.org/10.1038/emboj.2013.123
https://doi.org/10.1038/emboj.2013.123
https://doi.org/10.1038/ncb2082
https://doi.org/10.1371/journal.pone.0184324
https://doi.org/10.1371/journal.pone.0184324
https://doi.org/10.1152/ajpcell.00344.2009
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1016/j.cellsig.2009.11.021
http://jcs.biologists.org/content/121/6/727.abstract
http://jcs.biologists.org/content/121/6/727.abstract
https://doi.org/10.1016/j.devcel.2015.08.002
https://doi.org/10.1023/B:NEON.0000040811.14908.f2
https://doi.org/10.1023/B:NEON.0000040811.14908.f2
https://doi.org/10.1242/jcs.087668
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0155
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0155
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0155
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0155
https://doi.org/10.1038/onc.2014.122
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0165
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0165
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0165
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0165
http://refhub.elsevier.com/S0898-6568(18)30266-3/rf0165
https://doi.org/10.1038/bjc.2016.19
https://doi.org/10.1038/bjc.2016.19
https://doi.org/10.1038/leu.2010.226
https://doi.org/10.1038/leu.2010.226
https://doi.org/10.1016/S0140-6736(08)61039-9

	Autophagy induction impairs Wnt/β-catenin signalling through β-catenin relocalisation in glioblastoma cells
	Introduction
	Material and methods
	Cell culture
	qPCR
	Western blotting and antibodies
	Cell lysis and subcellular fractionation
	Immunocytochemistry and confocal analysis
	Statistical analysis

	Results
	Wnt/β-catenin signalling is negatively regulated by autophagy in GBM cells
	Dishevelled protein is degraded upon autophagy induction
	The expression level of the transcriptional active β-catenin decreases upon autophagy induction
	Autophagy induction induces β-catenin relocalisation in GBM cells
	β-catenin associates with N-cadherin upon autophagy induction

	Discussion
	Conclusions
	Author contributions
	Conflict of interest declaration
	Acknowledgments
	References




