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Abstract: To fight neurodegenerative diseases, several therapeutic strategies have been proposed 
that, to date, are either ineffective or at the early preclinical stages. Intracellular protein aggregates 
represent the cause of about 70% of neurodegenerative disorders, such as Alzheimer’s disease. 
Thus, autophagy, i.e., lysosomal degradation of macromolecules, could be employed in this context 
as a therapeutic strategy. Searching for a compound that stimulates this process led us to the iden-
tification of a 37/67kDa laminin receptor inhibitor, NSC48478. We have analysed the effects of this 
small molecule on the autophagic process in mouse neuronal cells and found that NSC48478 in-
duces the conversion of microtubule-associated protein 1A/1B-light chain 3 (LC3-I) into the LC3-
phosphatidylethanolamine conjugate (LC3-II). Interestingly, upon NSC48478 treatment, the contri-
bution of membranes to the autophagic process derived mainly from the non-canonical m-TOR-
independent endocytic pathway, involving the Rab proteins that control endocytosis and vesicle 
recycling. Finally, qRT-PCR analysis suggests that, while the expression of key genes linked to ca-
nonical autophagy was unchanged, the main genes related to the positive regulation of endocytosis 
(pinocytosis and receptor mediated), along with genes regulating vesicle fusion and autolysosomal 
maturation, were upregulated under NSC48478 conditions. These results strongly suggest that 
37/67 kDa inhibitor could be a useful tool for future studies in pathological conditions. 

Keywords: non-canonical autophagy; m-TOR-independent autophagy; 37/67 kDa laminin receptor 
(LR); ribosomal protein SA (RPSA); 37/67 kDa LR inhibitor; endocytic pathway; Rab proteins; ATG 
proteins; LC3 
 

1. Introduction 
Defects in the vesicle and lysosome-mediated degradative pathway, namely autoph-

agy, are likely to contribute to neurodegenerative processes in different diseases, includ-
ing Alzheimer’s disease (AD) [1]. In recent years, several efforts have focused on the iden-
tification and employment of novel drugs capable of regulating the canonical autophagic 
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pathway [2], which is orchestrated by the hierarchical and coordinated activity of autoph-
agy related genes (ATG) that display high homology between the yeast and mammalian 
genomes [3]. The autophagic machinery, which coordinates the nucleation of the isolation 
membrane or phagophore, is regulated by the upstream ULK1/2 complex, whose activity 
is controlled by the nutrient-sensing pathways (including m-TORC1 and AMPK), and by 
the phosphatidylinositol-3 kinase class 3-beclin 1 complex (PI3KC3/BECN1). This com-
plex regulates the formation of phosphatidylinositol 3-phospate (PIP3) on the membrane 
of growing phagophores, allowing the recruitment of downstream complexes responsible 
for vesicle elongation, which encloses cytoplasmic components, forming a double-mem-
brane structure defined autophagosome that, upon fusion with lysosomes, ultimately be-
comes autolysosome. The maturation of phagophore into autophagosome is under the 
control of two ubiquitin-like conjugation systems. The first one results in the formation of 
ATG12-ATG5-ATG16L1 multimeric complex on the membrane of the extending phago-
phore, which in turn is responsible for the conjugation and correct targeting of the second 
ubiquitin-like molecule, namely microtubule-associated protein 1A/1B-light chain 3 (LC3-
I) [4]. 

LC3-I protein, in its lipidated form (LC3-II), is conjugated to the membrane of form-
ing autophagosomes, and the appearance of the LC3 puncta by microscopy, together with 
the intensity of the lipidated isoform on SDS-PAGE, represents a standard and reliable 
measure of the autophagic pathway activity [5]. Beside this, it is now well established that 
several ATG proteins play an unconventional role in other pathways distinct from canon-
ical autophagy and autophagosomes biogenesis. Indeed, several ATG proteins participate 
in a process defined as LC3-associated phagocytosis (LAP), in which they modify the 
phagosomal membrane to enhance degradation of phagocytosed elements, as well as a 
similar LAP-like lipidation of LC3 on macroendocytic vacuoles during macropinocytosis, 
entosis or phagocytosis of apoptotic cells [6,7]. 

However, it is now clear that the membrane origins of autophagosomes may involve 
multiple sources (among these, plasma membrane and clathrin-dependent endocytic ves-
icles) [8], and although the exact molecular mechanisms characterizing non-canonical au-
tophagy remain poorly understood, LC3 lipidation can occur independently of the up-
stream regulators of canonical autophagy, namely the ULK1 complex [7] or BECN1 [9,10], 
and its features reflect the endocytosis-autophagic network activity. The interest in the 
endolysosomal system has recently grown because of its identification as an “emerging 
hub” both in human innate immune response [11] and in the pathobiology of neurodegen-
erative disease, such as AD [12,13]. In the present manuscript, we performed qRT-PCR 
analysis and found a large cluster of endocytosis-related genes, whose expression is sus-
tained in neuronal cells by the administration of laminin-1 non integrin receptor inhibitor 
NSC48478 [14]. Beside this, none of the pre-initiation complex-related genes 
(ULK1/PI3KC3- BECN1) were affected by inhibitor treatment. The independence from the 
nucleation complexes is additionally sustained by the observation that BECN1 downreg-
ulation does not hamper NSC48478 effects on the autophagic process, whereas it depends 
on ATG16L1 activity. Moreover, the increased induction of LC3 conjugation by the inhib-
itor was accompanied by the activating phosphorylation of m-TOR, which, based upon 
our previous observations, is likely sustained by activation of the Akt pathway [15]. Our 
results are reinforced by previous studies, which have shown that Ser-2448 in m-TOR is a 
direct target site of the Akt kinase [16,17]. Collectively, our findings of upregulation of 
genes related to endocytosis and vesicle trafficking/fusion, as well as to autophagic flux 
maturation, suggest that NSC48478 inhibitor stimulates a non-canonical m-TOR inde-
pendent autophagic pathway, and that it might represent a valuable tool to be tested in 
pathological conditions, such as Alzheimer’s disease. 
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2. Materials and Methods 
2.1. Reagents and Antibodies 

Cell culture reagents were purchased from Gibco Laboratories (Grand Island, NY, 
USA). NSC48478 [1-((4-chloroanilino)methyl)2-naphthol] was identified by SB-VS; it was 
obtained from the NCI/DTP Open Chemical Repository (http://dtp.cancer.gov, last ac-
cessed date 28/01/2022), dissolved in dimethyl sulfoxide (DMSO), and stored at –20 °C. 
Rapamycin (R8781), Bafilomycin A1 (B1793) and Chloroquine diphosphate salt (C6628) 
were from Sigma-Aldrich (St. Louis, MO, USA). EuroGold TriFast (EMR507100) for RNA 
isolation was from EuroClone. Lipofectamine LTX and PLUS Reagents (15338100) for cell 
transfection were from Invitrogen (Molecular Probes, Eugene, OR, USA). Anti-LC3B an-
tibody (2775), anti-m-TOR (2972), anti-ATG16L1 (8089) and anti-BECN1 (3738) were from 
Cell Signaling Technology (Danvers, MA, USA). Anti-phospho m-TOR (Ser-2448) (67778-
1-Ig) was from Proteintech (Rosemont, PA, USA). Anti-Rab7 antibody (R8779), anti-Am-
yloid Precursor Protein (A8717) and anti-FLAG M2 (F9291) were from Sigma-Aldrich (St. 
Louis, MO, USA). Anti-Rab5A antibody (sc-309) was from Santa Cruz Biotechnology. 
Anti-Rab8 antibody (610844), anti-Rab27 (558532) and anti-EEA1 (610456) were from BD 
Transduction Laboratories. Anti-alpha Tubulin antibody (ab7291) was from Abcam (Cam-
bridge, UK). Anti-KDEL antibody was from StressGen Biotechnologies Corp (Victoria, 
BC, Canada). Wheat Germ Agglutinin Alexa-555 conjugate (WGA) and Transferrin Alexa-
594-conjugated (Tfr) were from Invitrogen (Molecular Probes, Eugene, OR, USA). DAPI 
was from Cell Signaling Technology. 

2.2. Cell Culture and Drug Treatment 
GT1 (mouse hypothalamic neuronal cell line) was cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM), with 4500 mg/glucose/L, 110 mg sodium pyruvate and L-glu-
tamine (Sigma-Aldrich. St. Louis, MO, USA, code D6429) supplemented with 10% foetal 
bovine serum. For inhibitor NSC48478 treatment, cells were washed in serum-free media 
and incubated for 24 h at 37 °C under 5% CO2 in the presence of 20 μM inhibitor in DMEM 
supplemented with 1% serum. For Chloroquine treatment, cells were washed in serum-
free media and incubated for 24 h at 37 °C under 5% CO2 in the presence of 50 μM chloro-
quine in DMEM supplemented with 1% serum. For Rapamycin treatment, cells were 
washed in serum-free media and incubated for 6 h at 37 °C under 5% CO2 in the presence 
of 100 nM Rapamycin in DMEM supplemented with 1% serum. For Bafilomycin A1 treat-
ment, cells were washed in serum-free media and incubated for 24 h at 37 °C under 5% 
CO2 in the presence of 100 nM Bafilomycin A1 in DMEM supplemented with 1% serum. 
The drug treatments were performed in low serum to make cells more sensitive to the 
treatment itself. 

2.3. shRNA Interference 
Short hairpin RNA sequences used were “CCGACTTGTTCCCTATGGAAAT” 

against Beclin1 (BECN1) involved in vesicle nucleation and “CCAACAGAACTT-
GATTGTAAATA” against autophagy related gene 16 like 1 (ATG16L1) involved in vesi-
cle elongation. shRNA-GFP was used as scrambled. 

One day before transfection, GT1 cells were plated on coverslips to reach 40–50% 
confluency at the time of transfection. GT1 cells were transfected with the shRNA by 
Lipofectamine LTX and PLUS Reagents (Invitrogen, Molecular Probes, Eugene, OR, USA, 
see manufacturer’s protocol). After 24 h from transfection, cells with integrated plasmid 
were selected by using Puromycin (Sigma-Aldrich, code p8833) 1 μg/mL in DMEM 10% 
FBS for 3 days before proceeding with immunofluorescence and immunoblot analysis. 

2.4. RNA Extraction, cDNA Preparation and Real Time PCR 
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Total RNA was extracted from both untreated and NSC48478-treated GT1 cells using 
TriFast (EuroClone, see manufacturer’s protocol), following the manufacturer’s instruc-
tions. Next, RNA samples were quality-assessed running an RNA ScreenTape on the 
TapeStation system (both from Agilent Technologies, Santa Clara, CA, USA), in order to 
verify the integrity of the obtained RNA molecules. 

Reverse transcription was carried out by using the High-Capacity RNA-to-cDNA Kit 
(Thermo Fisher Scientific, Waltham, MA, USA) starting from a 2 μg RNA/sample. 

Specific primer pairs were designed for all the selected genes, i.e., BECN1, ULK1, 
PIK3C3, DNM2, CDC42, PROM2, APPL1, SNX33, ARF1, VPS11, VPS18, CTSb, and GAPDH 
used as normalizer, by using Primer3 web application (https://primer3.ut.ee, last accessed 
date 28 January 2022) with default parameters (Table S1). When possible, primers over-
lapping exon-exon junctions were chosen in order to avoid possible genomic DNA ampli-
fication. Primer specificity was also tested by Primer-Blast tool 
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/, last accessed date 28 January 2022). 

Next, mRNA expression levels were evaluated using the Power SYBR Green PCR 
Master Mix (Life Technologies, Carlsbad, CA, USA). The RT-PCRs were carried out using 
10 ng of cDNA/sample and 10 μM primers. The thermocycling conditions for RT-PCR 
were as follows: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 59 °C for 1 
min, plus the dissociation stage for the melting curve analysis, comprising 95 °C for 15 s, 
60 °C for 15 s, and 95 °C for 15 s. 

Each gene was analysed in triplicate, and GAPDH housekeeping gene was used as 
normalizer. The relative expression of each gene was calculated and normalized using the 2  method. T-test was used to assess the presence of any significant value (p values: * 
p < 0.05; ** p < 0.01; *** p < 0.001). 

2.5. Luciferase-Based Transcriptional Assay 
One day before transfection, GT1 cells were cultured in 6-multiwell plates to reach 

50% confluency at the time of transfection. Cells were transfected with Luciferase reporter 
vectors containing TFEB-responsive motifs (5xCLEAR) or Lamp1 promoter (500 ng for 6-
well) using Lipofectamine LTX and PLUS Reagents (Invitrogen, Molecular Probes, Eu-
gene, OR, USA, see manufacturer’s protocol). After 48 h from transfection, cells were ly-
sated, and the luciferase activity was measured by a luminometer using the Dual-Glo Lu-
ciferase assay kit (Promega E2920). Data were quantified as previously published [18]. 
The luciferase activity values were normalized to the protein concentration of each sam-
ple. Each value represents the mean ± SEM of at least three independent experiments per-
formed in triplicate. 

2.6. Protein Extraction and Western Blotting 
GT1 cells were washed twice with ice-cold phosphate-buffered saline (PBS) and total 

proteins were extracted in lysis buffer (25 mM Tris HCl pH 7.5, 150 mM NaCl, 5 mM 
EDTA, 1% TritonX-100) supplemented with protease inhibitor cocktail (Sigma Aldrich 
P8340) and phosphatase inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 mM sodium 
fluoride and 1 mM sodium orthovanadate). The protein concentration was determined 
using the Bradford protein assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The 
protein samples were boiled for 5 min in 5X Laemmli loading buffer, separated on SDS-
PAGE, transferred onto polyvinylidene fluoride (PVDF) (GVS filter technology) and hy-
bridized with the appropriate primary antibodies. The signal was detected using En-
hanced Chemiluminescent Substrate method (Euroclone, EMP011005). For re-probing, 
PVDFs were stripped by incubation with 0.2 M NaOH for 5 min at 37 °C. Protein levels 
were quantified by densitometry using ImageJ software. 

2.7. Plasmid Transfection 
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One day before transfection, GT1 cells were cultured on coverslips to reach 30–50% 
confluency at the time of transfection. GT1 cells were transfected with GFP-LC3 plasmid 
or TFEB-FLAG plasmid (250 ng for 24-well) using Lipofectamine LTX and PLUS Reagents 
(Invitrogen, Molecular Probes, Eugene, OR, USA, see manufacturer’s protocol). After 48 
h from transfection, cells were fixed for indirect immunofluorescence. 

2.8. Indirect Immunofluorescence and Confocal Microscopy 
GT1 cells were cultured to 50–80% confluence in growth medium for 3 days on co-

verslips, washed twice in PBS, fixed in 4% paraformaldehyde (PFA) and permeabilized 
with 0.1% TritonX-100 for 30 min. Alternatively, for Rab protein staining, cells were fixed 
in TCA 10%-PBS at 4 °C for 15 min, washed twice in 30 mM Glycine-PBS and permea-
bilized with 0.2% TritonX-100 for 5 min. For TFEB-FLAG staining, cells were permea-
bilized with 0.075% saponin and 0.2% gelatine in PBS. For plasma membrane staining, 
cells were incubated for 10 min at 37 °C in the presence of 5 μg/mL WGA-Alexa 555 con-
jugate in Hanks’ balanced salt solution (HBSS) before proceeding with immunofluores-
cence. Fixed and permeabilized cells were processed for indirect immunofluorescence by 
incubating specific primary antibodies diluted in 5% BSA-PBS followed by incubation 
with fluorophore-conjugated secondary antibodies diluted in 5% BSA-PBS. Nuclei were 
stained by using DAPI (1:1000) in PBS. 

For the LC3-positive dot count, we used ImageJ software and measures were ob-
tained by analysing at least 25 cells/sample for at least three different experiments. 

Pearson correlation coefficients (PCC) were measured as shown before [15]. The 
measure reflects a linear correlation between variables and how strong the relation is be-
tween them. The result has a value between −1 and 1, where the value −1 indicates a neg-
ative correlation, while the value +1 indicates a linear perfect correlation. For the analysis 
of TFEB nuclear localization, ImageJ software was used to measure the ratio of fluores-
cence intensity of nuclear TFEB with respect to the total cellular level of TFEB. The 
measures were obtained by analysing at least 30 cells/samples for at least three different 
experiments. Immunofluorescences were analysed by the confocal microscope LSM 700 
Zeiss equipped with an oil immersion 63 × 1.4 NA Plan Apochromat objective, and a pin-
hole size of one Airy unit. Measurements of fluorescence intensity were taken on a mini-
mum of three confocal stacks per condition from a single experiment (~25 cells), using 
LSM 700 Zeiss software ZEN. The background values raised by fluorescent secondary an-
tibodies alone were subtracted from all samples. 

2.9. Statistical Analysis 
Each value represents the mean ± SEM of at least three independent experiments per-

formed in triplicate. Indicated p values were obtained using the Student t test. Differences 
were considered statistically significant when * p < 0.05; ** p < 0.01; *** p < 0.001. 

3. Results 
Previous experiments revealed that inhibition of 37/67 kDa laminin receptor (LR, also 

known as RPSA) by naphthol-derived small molecules was able to control endocytosis 
and degradation of the receptor [19] and to reversibly affect the maturation of amyloid 
precursor protein (APP), acting through acidic compartments of mouse neuronal cells 
[15]. In view of the intimate correlation between the endocytic and autophagic pathways, 
we decided to assess the potential effects of this inhibitor on autophagy. To this end, we 
employed immunoblot analysis to monitor the abundance of LC3-II on extract of GT1 cells 
treated with NSC48478 inhibitor and grown in low serum medium (1% serum) in the pres-
ence or absence of Chloroquine (CQ), which was used to block the autophagosome turn-
over [20]. Indeed, the LC3-II amount, at a given time point, does not necessarily estimate 
the autophagic activity, because LC3-II itself is degraded by autophagy; thus, inhibition 
of autophagosome degradation as well as autophagy activation greatly increases the 
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amount of LC3-II [21]. To correctly measure the autophagic flux, it is necessary to evaluate 
the amount of LC3-II delivered and degraded in lysosomes by using lysosome inhibitors 
[5]. As shown in Figure 1A, the analysis of the autophagic flux, obtained by evaluating 
LC3-II in low serum medium (control, lane 1) and upon NSC48478 treatment, showed an 
increased level of LC3-II upon inhibitor treatment (lane 2) that, as expected, was amplified 
when the cells were subjected to the lysosomal inhibitor CQ (lanes 3,4). 

 
Figure 1. Inhibition of 37/67 kDa laminin receptor increases formation of lipidated LC3-II isoform. 
(A) GT1 cells were grown on dishes in 1% serum and left untreated (lane 1) or subjected to NSC48478 
(lane 2), or/and CQ treatment (lanes 3,4). Treated (+) or not (-) samples were loaded on gels and 
analysed by SDS-PAGE and Western blotting with anti-LC3 antibody. Tubulin was used as loading 
and quantization control. The gels are representative of four independent experiments. (B) Plot rep-
resents the % increase in LC3-II isoform level in the different indicated conditions (quantified with 
respect to the total LC3 level and using tubulin as loading control). The arrows depict the trend of 
the % increase in LC3 induced by the inhibitor NSC48478. Mean values of LC3-II isoform level of 
four experiments were considered for representation. Data ± SEM are reported for each point. Var-
iations in LC3 lipidation level in cells treated with NSC48478 and/or CQ were statistically significant 
as compared to the untreated control (* p < 0.05; ** p < 0.01). 

Data from densitometric analysis of LC3-II band in the immunoblotting assays (Fig-
ure 1A) were plotted, as shown in Figure 1B, and showed an increase of about 80% in the 
amount of LC3-II under NSC48478 administration compared with untreated conditions. 
The use of CQ with NSC48478 indicated a significant positive trend of autophagic flux 
induced by the 37/67 kDa LR inhibitor. 

Additionally, the treatment with Rapamycin (Rapa), which is a known inducer of 
autophagy via the m-TOR pathway, increased LC3-II (Supplementary Materials, Figure 
S1, lane 5). In agreement with previous studies that demonstrated a very rapid and effi-
cient clearance of newly formed autophagosomes in healthy neurons [22], the total level 
of LC3 significantly decreased under Rapa treatment (Supplementary Materials, Figure 
S1, lane 5), as compared with the untreated control (Supplementary Materials, Figure S1, 
lane 1), thus confirming that LC3 itself is a substrate of autophagy. When NSC48478 was 
used in combination with Rapa, LC3-II levels were higher compared to their levels with 
Rapa alone (Supplementary Materials, Figure S1, lane 6). These data suggest that 
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NSC48478 is inducing LC3 lipidation and that if NSC48478 was acting through stimula-
tion of canonical autophagy via the m-TOR pathway, when used in combination with 
Rapa, it would have determined a stronger decrease in LC3-II accumulation. Indeed, this 
is not the case. 

Since Chloroquine, besides its known role in the inhibition of the canonical au-
tophagic flux, is also able to induce activation of non-canonical autophagy and endolyso-
somal LC3 lipidation [23], we employed Bafilomycin A1 to check for LC3-II formation and 
further dissect the NSC48478 mechanism of action. Bafilomycin A1 is a specific inhibitor 
of vacuolar-type H(+)-ATPase, known to affect autophagosome–lysosome fusion inhibit-
ing the canonical autophagic flux [24]. As expected, we found an increase in LC3 lipida-
tion after Bafilomycin A1 administration to the cells (Supplementary Materials, Figure S2). 
Interestingly, the combination of Bafilomycin A1 and NSC48478 induced a marked in-
crease in lipidated LC3, as compared to untreated conditions and to the single treatments, 
respectively. This result strongly indicates that both Bafilomycin and NSC48478 contrib-
ute to LC3-II accumulation and suggests that NSC48478 induces LC3 lipidation addition-
ally to the block of canonical autophagic flux by Bafilomycin, which to our knowledge, is 
not able to induce non-canonical autophagy as CQ instead does. These findings, together 
with data showing LC3-II accumulation under double CQ/NSC48478 treatment (Figure 
1), indicate that we cannot exclude that CQ contributes to unconventional LC3 lipidation, 
but that in fact the increase in LC3-II is not exclusively due to the induction of non-canon-
ical autophagy by CQ. 

Additionally, we used immunofluorescence to examine the recruitment of LC3 on 
endosomes under CQ-alone conditions. As shown in Figure S3 (Supplementary Materi-
als), the recruitment of LC3 on Rab5 positive endosomes, as well as on EEA1-positive en-
dosomes, was negligible (PCC = 0.11 ± 0.02; PCC = 0.10 ± 0.03, respectively), as compared 
to control conditions. 

To further confirm the ability of NSC48478 to stimulate the autophagic process, we 
evaluated the level of degradation of a known autophagic substrate, such as amyloid pre-
cursor protein (APP) [25,26]. As shown in Figure S4 (Supplementary Materials), the levels 
of APP were increased under CQ treatment, indicating that CQ functions as an inhibitor 
of lysosomal activity, while NSC48478 induces a decrease in APP levels, functioning as an 
inducer of lysosomal degradation (see discussion for details). These data strongly indicate 
that NSC48478 stimulates the biogenesis of the autophagic process rather than interfering 
with lysosomal activity. 

Analysis of the number of autophagosomes represents another methodological ap-
proach that is routinely employed to evaluate the amplitude of autophagic activity [5]. 

The increase in the number of LC3 puncta in the presence of a lysosome inhibitor, 
compared to that in the absence of the inhibitor, represents the number of autophago-
somes that would have been degraded during the treatment period. Therefore, by confo-
cal microscopy analysis of immunofluorescence, we analysed the LC3-positive dots in 
transiently GFP-LC3 transfected cells grown under NSC48478 treatment and/or Chloro-
quine or Rapamycin (Figure 2A). 
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Figure 2. NSC48478 treatment induces formation of ring-shaped structures that are positive for LC3 
and are of endocytic origin. (A) GT1 cells transiently transfected for GFP-LC3 were grown in low 
serum (1%) medium and left untreated (first upper panels), or treated as indicated. Cells were pro-
cessed for immunofluorescence assay, and images were acquired by confocal microscopy. Panels 
show GFP-LC3 signal and number of LC3-positive dots/cell (±SEM). (B) The overlay (merge) be-
tween red/green and green/blue channels is shown on the right panels. Panels show the localization 
of WGA (Alexa-555 red), GFP-LC3 (green) and APP (Cy5, blue). Pearson’s correlation coefficient is 
an average value (N = 25) and based on at least four independent experiments. Scale bars: 10 μm; 
scale bars are shown on the bottom of figure and are the same for all panels. 

LC3-positive puncta were not increased under NSC48478 treatment (2.4 ± 0.82, ex-
pressed as mean ± SEM of LC3 puncta per cell), as compared to untreated conditions (2.3 
± 1.11), likely because of the degradation process. To test this possibility, we used CQ 
alone or together with NSC48478. As expected for normal autophagy-responsive cells [5], 
the use of CQ alone induced a marked increase in LC3 positive puncta (45 ± 7.4 dots/cell), 
as compared to untreated conditions (2.3 ± 1.11 dots/cell). Interestingly, the combined use 
of CQ and NSC48478 inhibitor highlighted the formation of ring-shaped structures, which 
were not observed in the other conditions. 

The possibility that NSC48478 can interfere with autophagosomes degradation can 
be excluded due to the fact that we did not find any detectable modification, increase or 
larger puncta positive for LC3 under NSC48478 conditions (see Figure 2A, NSC48478 
alone, panel). 

Although Rapamycin alone or concomitantly used with NSC48478 induced LC3-II 
(Supplementary Materials, Figure S1), it did not show peculiar structures positive for LC3, 
as compared to control conditions. In agreement with the immunoblot analysis (Figures 1 
and S1), and with previous studies about autophagy induction in neurons [22], it is likely 
that Rapamycin and NSC48478 alone or in combination did not induce autophagosomes 
accumulation because such structures are rapidly and efficiently degraded by lysosomes 
in healthy neurons. 
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Since it has been demonstrated that APP traffics along the endocytic pathway [26] 
and can partially be a substrate for autophagy degradation [25], by means of confocal mi-
croscopy, we analysed APP signal by a specific antibody [15]. As shown in the 
CQ+NSC48478 panel of the immunofluorescence assay (Figure 2B), the ring-shaped struc-
tures were positive not only for both APP and LC3 (see merged panels on the right), but 
also for the endocytic marker wheat germ agglutinin (WGA). 

WGA binds GlcNAc- or sialic acid-containing oligosaccharides on glycosylated 
membrane proteins and is efficiently internalized into the endocytic pathway; thus, it is a 
good marker of the endocytic route [27]. Since WGA can access endosomes when inter-
nalized from cell surface, to characterize LC3-positive compartments, Alexa-555-conju-
gated WGA was internalized for 10 min at 37 °C, and GFP-LC3 transfected cells were then 
fixed, permeabilized, and processed with antibody against APP. There was extensive col-
ocalization of internalized WGA with GFP-LC3 and APP in ring-shaped structures of cells 
treated with NSC48478+CQ (colocalization between WGA/LC3, PCC = 0.88 ± 0.01; 
APP/LC3, PCC = 0.89 ± 0.05). The colocalization of LC3-positive ring-shaped structures 
with WGA indicates a contribution by endocytic membranes to the formation of these 
structures. 

Furthermore, the colocalization between LC3/WGA under Rapamycin treatment was 
highlighted (PCC = 0.88 ± 0.03) in dots that were different from the ring-shaped ones, 
which instead were evident under NSC48478+CQ administration, strengthening our hy-
pothesis that NSC48478 acts through a different m-TOR independent pathway. 

Growing evidence that members of the small GTPase Rab protein family, in addition 
to their role in intracellular vesicle trafficking, play a key role in the regulation of autoph-
agy (reviewed in [28]), prompted us to employ different anti-Rab protein antibodies avail-
able in our lab to check levels and localization of the main Rab proteins involved in spe-
cific steps of the autophagic process. To this end, we analysed by confocal microscopy the 
distribution of the different Rabs (namely Rab5, Rab7, Rab8 and Rab27) and their colocal-
ization with LC3 under NSC48478 treatment with/without CQ (Figure 3). 
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Figure 3. Rab proteins of the endocytic pathway, together with Rab of the recycling route, but not 
the secretory Rab27, participate in the formation of LC3-positive membranes. GT1 cells, treated as 
indicated, were processed for immunofluorescence as in Figure 2, with the exception that here, anti-
Rab5 (panels a–d), anti-Rab7 (panel e), anti-Rab8 (panel f) and Rab27 (panel g) were used to measure 
the colocalization with GFP-LC3. PCC (±SEM) was calculated as described in methods. Scale bars: 
10 μm. 

Specifically, we checked for the main represented Rab proteins previously reported 
to be involved in the biogenesis and/or maturation of the autophagic process: (i) Rab pro-
teins involved in endocytosis (Rab5, early endosomes and Rab7, late endosomes) [29], (ii) 
Rab involved in transport of secretory and recycling vesicles towards plasma membrane 
(Rab8) [30], (iii) Rab known to be localized in the Golgi and to regulate exocytosis of ves-
icles in neuronal lines and synaptic vesicle release in neurons (Rab27) [31,32]. 

As shown in the CQ+NSC48478 panels of Figure 3, a strong colocalization was de-
tected between Rab5 (panel d, PCC = 0.82 ± 0.02), Rab7 (panel e, PCC = 0.95 ± 0.05), and 
Rab8 (panel f, PCC = 0.88 ± 0.02) with LC3 puncta, respectively, while no colocalization 
between Rab27 and LC3 was revealed in these conditions (panel g, PCC = 0.12 ± 0.03). 

Intriguingly, the analysis of anti-Rab immunoblotting on extracts from GT1 cells (Fig-
ure 4), showed that while the amount of Rab5, as well as Rab8, increased about 30% under 
NSC48478 conditions compared to untreated conditions, a marked decrease (about 85%) 
in the amount of Rab7 was induced by NSC48478 inhibitor. No variation in the amount of 
Rab27 was detected under NSC48478 treatment (bottom panel) (see discussion for details). 

 
Figure 4. Inhibition of 37/67 kDa LR induces an increase in Rab5/Rab8 and a decrease in Rab7. (A) 
Cells were grown and treated as indicated in Figure 1. Western blotting analysis with the indicated 
anti-Rab antibodies was followed by anti-tubulin immunodetection, on the same membrane, for 
control of loading samples. Gels are representative of three independent experiments. (B) Data were 
obtained by imposing as 100% the Rab levels under untreated conditions. To note: no variation in 
Rab27 levels was detected (* p < 0.05; ** p < 0.01; *** p < 0.001). 

These data strongly suggest a contribution to autophagy by the Rab proteins regulat-
ing endocytosis/recycling of vesicles in neuronal cells, but not by Rab27, which typically 
regulates synaptic vesicle release from the Golgi apparatus. The origin of autophagosome 
membrane is still under debate; however, it is now clear that multiple sources can contrib-
ute to their formation [33], including endoplasmic reticulum (ER) [34], mitochondria [35] 
and plasma membrane [8,36]. Moreover, recent studies have demonstrated that LC3 lipi-
dation is not restricted to double-membrane autophagosomes, but it can occur also on 
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single-membrane macroendocytic vacuoles such as phagosomes, macropinosomes and 
entotic vacuoles, activating a noncanonical, m-TOR-independent autophagy pathway 
[6,7]. Furthermore, the employment of early endosome antigen-1 (EEA1) antibody in the 
immunoblotting on the cell extracts of GT1 cells grown in the same conditions as above 
(Supplementary Materials, Figure S5) showed an increase in EEA1 under NSC48478 con-
ditions and reinforced our hypothesis of an endocytic pathway contribution to autophagy. 

Collectively, our results strongly suggest that the endolysosomal system contributes 
to the biogenesis of LC3-lipidated structures, and that, most likely, NSC48478 is acting 
through an m-TOR-independent mechanism. 

To check this hypothesis, we analysed the phosphorylation of m-TOR (pm-TOR) at 
residue Ser-2448, by comparing the level of phosphorylated isoform to total m-TOR levels 
in cells treated or not with NSC48478, and/or Rapamycin. As shown in Figure 5, if on one 
hand Rapamycin, as expected, switched off m-TOR, inducing a decrease in its phosphor-
ylation, on the other hand NSC48478 induced an increase in m-TOR phosphorylation lev-
els, as compared to untreated conditions. 

 
Figure 5. Phosphorylated m-TOR Ser-2448 isoform increases after NSC48478 administration. (A) 
GT1 cells grown on dishes in 1% serum were left untreated (-) or treated (+) as indicated. Rapamycin 
100 nM was used as control for the procedure. SDS-PAGE followed by immunoblotting with anti-
phospho Ser-2448 antibody revealed an increase in p-m-TOR after NSC48478 administration. Total 
m-TOR was revealed by probing the same membranes with anti-m-TOR antibody after stripping. 
(B) The gels are representative of three independent experiments plotted in the graph, where 
NSC48478 and Rapa treatments were compared to untreated conditions (expressed as 100%) (*** p 
< 0.001). 

Collectively, the data presented so far suggest that the inhibitor acts in an opposite 
way to Rapamycin, that is, by blocking m-TOR-dependent autophagy and promoting an 
m-TOR-independent route (see discussion for details). 

To test whether NSC48478 regulated the expression of autophagy genes, qPCR was 
performed to assess the mRNA levels of a group of three genes reported to be involved in 
different steps of the autophagic process (reviewed in [37]) and genes involved in the con-
trol of endocytic pathway [38] as well as in the maturation of autophagosomes [39]. Inter-
estingly, some significant differences were highlighted between the inhibitor-treated and 
-untreated GT1 cells. Indeed, in agreement with our previously hypothesized independ-
ence from canonical autophagic pathway activation, BECN1, ULK1 and PI3KC3 expres-
sion levels were unchanged under inhibitor treatment (Figure 6A), thus suggesting that 
this pathway is not influenced by the NSC48478 inhibitor. 



Cells 2022, 11, 466 12 of 20 
 

 

 
Figure 6. Gene expression levels as evaluated in both untreated (black histograms) and NSC48478 
treated (line histograms) GT1 cells, by qPCRs. All reactions were performed in triplicate and nor-
malized by using GAPDH as internal reference. (A) Canonical-autophagy related genes did not dif-
fer between the tested conditions. (B) Both endocytosis-related and autophagosome maturation-
associated genes show some significant results. In particular, DNM2, CDC42, APPL1, SNX33, ARF1, 
VPS11/18, and CTSb were all significantly more expressed in the treated cells (* p < 0.05; ** p < 0.01; 
*** p < 0.001). 

Conversely, as shown in Figure 6B, a significant difference was found in DNM2 (Dy-
namin 2) [40], known to be a positive regulator of receptor-mediated endocytosis, and 
CDC42 (Cell Division Cycle 42) [41], APPL1 (Adaptor Protein, Phosphotyrosine Interact-
ing With PH Domain And Leucine Zipper 1) [42], SNX33 (Sortin Nexin 33) [43], and ARF1 
(ADP Ribosylation Factor 1) [44], known to be positive regulators of pinocytosis. These 
data were reinforced by the finding of unchanged levels of PROM2, a negative regulator 
of both pinocytosis and receptor-mediated endocytosis [41]. 

In addition, cells treated with the NSC48478 inhibitor showed a significant increase 
in VPS11/18 and CTSb, genes known to be involved in the trafficking/fusion of vesicles 
and maturation of autophagosomes, respectively [39]. 

The transcription factor EB (TFEB) is the master regulator of genes involved in ca-
nonical autophagy, as well as lysosomal biogenesis and function, thus TFEB transcription-
ally coordinates cellular degradative pathways [45]. Under nutrient-rich conditions, TFEB 
is mainly cytosolic and inactive, whereas under stressful conditions such as starvation or 
lysosomal dysfunction, it translocates to the nucleus to induce transcriptional upregula-
tion of its target genes. Thus, to further characterize the molecular mechanism underlying 
NSC48478 activity, we analysed by confocal microscopy the nuclear localization of TFEB 
in transiently TFEB-FLAG-transfected GT1 cells, in the presence or absence of NSC48478 
(Figure 7A). 
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Figure 7. TFEB nuclear localization is affected by receptor inhibition. (A) GT1 cells were transiently 
transfected with TFEB-FLAG and left untreated or treated with NSC48478. Cells were then pro-
cessed for immunofluorescence analysis (see methods for details). Nuclei were stained with DAPI. 
The histogram shows the percentage of TFEB nuclear accumulation, which was calculated by the 
ratio of fluorescence intensity of nuclear TFEB to the total level. The measures are the mean value ± 
SEM obtained by analysing at least 30 cells/samples for at least three different experiments (*** p < 
0.001). Scale bars: 10 μm. (B) The cells were transiently transfected with the luciferase vectors con-
taining 5 TFEB-responsive elements (5xCLEAR) or Lamp1 promoter. Luciferase activity reported 
on the histograms is shown as % RLU (relative luciferase activity) in both untreated or NSC48478-
treated cells. Mean values were obtained by three independent experiments, and variations were 
not statistically significant. 

Under inhibitor treatment, we observed an approx. 40% reduction in TFEB nuclear 
localization, as compared to the untreated conditions. This result, together with the im-
munoblot analysis of m-TOR phosphorylation (Figure 5), further supports the evidence 
that the inhibitor acts through a non-canonical autophagic pathway (see discussion for 
details). 

Additionally, we assessed the functional activity of the TFEB by luciferase-based 
transcriptional assays. As shown in Figure 7B, upon NSC48478 treatment, we did not ob-
serve any significant variation in the activity of luciferase reporters under the control of 
TFEB. 

Overall, these data suggest that NSC48478 treatment does not trigger the activation 
of TFEB-dependent transcriptional program. Hence, we can further conclude that our ex-
periments ruled out the possibility of activation and/or influence of the gene expression 
program controlling lysosomal biogenesis and canonical autophagy. 

Since the membrane origins of autophagosomes may involve multiple sources, in or-
der to identify distinct ATG functional clusters, we started screening BECN1 and 
ATG16L1 involvement by knocking down with shRNAs. According to qPCR data where 
BECN1 levels were unchanged after inhibitor administration, BECN1 knockdown af-
fected neither the formation of ring-shaped structures after treatment of cells with 
NSC48478 (Figure 8A,B), nor the lipidation of LC3 (Supplementary Materials, Figure S6). 



Cells 2022, 11, 466 14 of 20 
 

 

 
Figure 8. Effects of BECN1 and ATG16L1 knockdown on LC3-positive ring structures. GT1 cells 
were transiently transfected with specific shRNAs for BECN1 (A,B) or ATG16L1 knock down (C,D) 
and with GFP-LC3 (see methods for details). Cells were treated or not with NSC48478+CQ and pro-
cessed for immunofluorescence analysis. Note the absence of LC3-positive ring structures in shRNA 
ATG16L1 (panel D). ShRNA-GFP were used as scrambled (panels A,C). 

Interestingly, when we knocked down ATG16L1, which is known to regulate LC3 
lipidation, both the formation of ring-shaped LC3-positive structures (Figure 8C,D) and 
the lipidation of LC3 were hampered (Supplementary Materials, Figure S6). 

Altogether, our data were supported and further strengthened by recent findings 
that other pharmacological modulators of autophagy can activate a non-canonical path-
way driving ATG16L1-assisted LC3 lipidation [23,46]. 

4. Discussion 
Our previous findings related to the regulation of APP maturation and intracellular 

trafficking through acidic compartments in neuronal cells and fibroblasts [15,47] 
prompted us to check for NSC48478 inhibitor involvement in the autophagy process. The 
resulting increased amount of LC3-II after 37/67 kDa LR inhibitor administration in mouse 
neuronal GT1 cells, allowed us to envisage the following scenarios: (a) if NSC48478 had 
inhibited degradation of autophagosome in lysosomes, we would have found more 
and/or larger LC3-positive autophagosomes and blocked autophagy substrate degrada-
tion (likely, this is not our case); (b) if NSC48478 had induced LC3 lipidation regulating 
biogenesis of autophagosomes, we would have found more and/or larger LC3-positive 
structures. Indeed, this was the case when we blocked lysosomal activity by using Chlo-
roquine, which represents a well-established and standardized tool to test autophagic 
flux. However, as described by Jacquin et al. (2017) [23], Chloroquine, when used alone, 
is also able to induce endolysosomal LC3 unconventional lipidation and activation of non-
canonical autophagy through a mechanism controlled by osmotic imbalance, which 
draws water into endolysosomal compartments, thus recruiting some autophagy pro-
teins. Although we cannot completely rule out that CQ also activates a non-canonical au-
tophagic process, the immunoblot analysis of LC3 using Bafilomycin A1 (which is known 
to inhibit autophagic flux without causing unconventional LC3 lipidation) in the presence 
or absence of NSC48478 (Supplementary Materials, Figure S2) showed an accumulation 
of LC3-II; hence, this result strongly indicates that NSC48478 is able per se to induce LC3 
lipidation. Moreover, the immunoblot analysis of APP (Supplementary Materials, Figure 
S4) showed a decrease in APP levels in the presence of NSC48478, due to the fact that APP 
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normally traffics through the endocytic pathway and can be a cargo of non-canonical LC3-
assisted autophagy, reaching more efficiently the lysosomes for degradation, and thus 
sustaining the induction of an unconventional endosomal autophagic degradation by 
NSC48478. In agreement with our previous results showing how the phosphorylation of 
Akt was enhanced by 37/67 kDa LR inhibitor [15], we found that p-m-TOR levels increased 
after the use of NSC48478. These data converge towards a mechanism where NSC48478, 
through stimulation of Akt, affects the phosphorylation of m-TOR, inhibiting canonical 
autophagy while promoting a non-canonical pathway, where endocytic structures posi-
tive for different Rab proteins are involved and colocalize with LC3 (see schematic repre-
sentation, Figure 9). 

 
Figure 9. The 37/67 kDa laminin receptor inhibitor, NSC48478, induces the activation of non-canon-
ical m-TOR-independent autophagic pathway. Left part of the scheme: upon NSC48478 administra-
tion, we previously demonstrated activation of Akt and GSK3b switch-off. Here, we demonstrate 
that inhibitor treatment induces phosphorylation of m-TOR (most likely through Akt activation) 
and does not affect the preforming autophagosome complex ULK1/PI3KC3/BECN1. Upon 
NSC48478 treatment, knockdown of BECN1 (red arrow) does not affect LC3-positive structures; 
while knockdown of ATG16L1 (red arrow) affects both formation of LC3 structures and LC3-II. 
Right part of the scheme: NSC48478 administration induces formation of endosomal structures pos-
itive for both LC3 and endocytic marker WGA, together with contribution of Rab 5-7-8. qRT-PCR 
analysis shows a significant upregulation of Vps11, Vps18, and CTSb, indicative of an autophagy 
event. LR: laminin receptor; RE: recycling endosomes; LE: late endosomes; Ly: lysosomes. 

In addition to m-TOR phosphorylation, Akt has been demonstrated to inhibit canon-
ical autophagy through BECN1 phosphorylation [48]. Additionally, in support of our re-
sults demonstrating m-TOR activation, besides the endocytic contribution to autophagic 
membrane biogenesis, a recent study also demonstrated that active m-TORC1 complex 
controls lysosomal biogenesis and endocytosis [49]. 

mTORC1 as well as ERK2 are the most characterized serine-threonine kinases re-
sponsible for TFEB phosphorylation, regulating its nuclear translocation and activity [45]. 
Under nutrient-rich conditions, m-TORC1 and ERK2 phosphorylate TFEB at residues 
Ser142 and Ser211, determining its cytoplasmic sequestration. Conversely, under stressful 
conditions such as nutrient deprivation or lysosomal deficiencies, TFEB is dephosphory-
lated and translocates into the nucleus, where it can bind to promoter motif in its target 
genes. According to immunoblot analysis that suggests an activation of the Akt-m-TOR 
signalling pathway, together with our previous results demonstrating that NSC48478 sus-
tains ERK1/2 activation [15], we found that under inhibitor treatment, the percentage of 
nuclear TFEB was reduced as compared to the untreated condition. TFEB controls the ex-
pression of a gene network involved in both lysosomal biogenesis and canonical autoph-
agy, namely the Coordinated Lysosomal Expression and Regulation (CLEAR) network, 
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whose genes are characterized by a consensus sequence in their promoter regions specif-
ically recognized by TFEB [39,50]. BECN1, ULK1 and PI3KC3 carry the CLEAR element in 
their promoter regions and are transcriptionally upregulated by TFEB. The qPCR analysis 
of these autophagic genes, together with the results of luciferase-based transcriptional as-
say, demonstrated that NSC48478 does not activate the canonical TFEB-dependent tran-
scriptional program. 

In this context, our findings of BECN1 exclusion from the mechanism of inhibitor 
functioning and ATG16L1 involvement in the formation of LC3-positive ring structures 
and LC3 lipidation further support that the inhibitor acts differently from canonical au-
tophagy inducers. Non-canonical autophagy is characterized by independence from the 
upstream regulators responsible for initiation and nucleation of the phagophore in canon-
ical autophagy, while it is dependent on the ubiquitin-like conjugation systems to coordi-
nate the lipidation of LC3 [7,51]. In line with previous studies [9,10], we demonstrated 
that autophagy induction can occur independently from BECN1 activity; indeed, in 
BECN1-downregulated GT1 cells, NSC48478 induced the formation of LC3-positive ring-
shaped structures and did not significantly alter the extent of LC3 lipidation, as compared 
to shRNA scrambled cells. He et al. in 2015 established a BECN1 knockout cell line, 
through which they demonstrated that the complete loss of BECN1 does not affect LC3 
lipidation and autophagosomes formation; however, such autophagosomes are not func-
tional and fail in the degradation of long-lived proteins [9]. Our experiments demon-
strated that BECN1 activity is dispensable for LC3 lipidation induced by NSC48478; how-
ever, the efficiency of autophagic cargo degradation in BECN1-downregulated cells still 
needs further investigation. Unlike BECN1, our experiment highlighted a pivotal role of 
ATG16L1 in the lipidation of LC3 under NSC48478 treatment. Indeed, ATG16L1 down-
regulation in GT1 cells interferes with LC3-II lipidation and ring-shaped structure for-
mation induced by the combined use of NSC48478 and CQ, as compared to scrambled 
shRNA transfected cells. 

Previous studies have demonstrated that the WD repeat-containing C-terminal do-
main (WD40) of ATG16L1 is crucial for its recruitment to single membrane endolysosomal 
compartments and for LC3 lipidation during non-canonical autophagy, whereas canoni-
cal autophagy does not appear to be affected by deletion of the WD40 of ATG16L1 [52]. 
Deletion of the WD domain in ATG16L results in spontaneous AD pathology in mice and 
significant neuroinflammation, thus sustaining the importance of non-canonical au-
tophagic proteins in the pathology of neurodegeneration and further strengthening the 
possibility to employ the regulation of non-canonical, as well as canonical autophagy, as 
a therapeutic strategy for AD [53]. In addition, the PI3KC3/BECN1 complex activity on 
early endosome membranes is regulated by Rab5 for the formation of autophagosomes 
[54]. Recent studies have further demonstrated that, under growth factor limitation, Rab5 
activity is modulated by the catalytic subunit of the class IA phosphoinositide 3-kinase 
(PIK3CB/p110-β), positively regulating autophagosome biogenesis [55]. Our finding of 
Rab5 colocalization with LC3-positive ring-shaped structures, together with its marked 
increase after 37/67 kDa LR inhibitor treatment, suggests that Rab5 contributes to autoph-
agy membrane biogenesis. In our experiments, the accumulation of Rab5 protein levels 
after blocking lysosomal function (NSC48478+CQ) indicates that Rab5 can be a substrate 
of lysosomal degradation. 

Our results concerning qRT-PCR of APPL1 (adaptor protein pleckstrin homology do-
main, phosphotyrosine binding domain, and leucine zipper motif) overexpression under 
inhibitor treatment can be read in the light of previous reports, where it was described 
that APPL1 recruited to Rab5 complex on endosomes directly links APP-βCTF to Rab5 
overactivation [56]. APPL1 stabilizes the GTP-active form of Rab5 on endosomes, slowing 
its switching to the GDP form and amplifying Rab5 signalling [57]. In this context, the 
abnormal recruitment of APPL1 to Rab5 endosomes is deleterious to endosome motility 
and endosomal cargo processing, including APP and synaptic plasticity. 
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Rab7 has a role in modulating the maturation of autophagosomes; indeed, it partici-
pates in microtubular transport of autophagosomes [58], as well as their fusion with late 
endosomes or lysosomes [59]. Our finding that the amount of Rab7 decreases upon 
NSC48478 treatment indicates that Rab7 can contribute to autophagic flux maturation and 
is a substrate of autolysosomal degradation, because its levels increase upon the blocking 
of lysosomal functionality by CQ. 

Recent studies have cited Rab8 involvement in autophagy; indeed, Rab8 is implicated 
in a peculiar process of autophagy-based secretion of IL-1β [60], and it is involved in au-
tophagosome maturation during autophagy clearance of microorganisms [61]. In our ex-
periments, Rab8 showed the same behavior as Rab5; indeed, its levels increased under 
NSC48478 conditions and also accumulated after treatment both with CQ alone and in the 
presence of NSC48478. This finding suggests that Rab8, as well as Rab5, can contribute to 
autophagic flux. Non-canonical LC3-assisted phagocytosis is initiated at the plasma mem-
brane, and it is neither dependent on components of the canonical autophagy pre-initia-
tion complex nor is it subject to control by m-TOR [62,63]. 

On the other hand, the non-canonical pathway described by Niso-Santano [62] is dif-
ferent from the LAP because it demands a functional Golgi apparatus and is independent 
of any PI3KC3/BECN1 complex. Our results suggest that the NSC48478 inhibitor does not 
affect the ULK1/PI3KC3- BECN1 levels; thus, it likely acts independently from the pre-
initiation complexes. Moreover, NSC48478 induces an increase in the phosphorylated Ser-
2448 pm-TOR isoform. This result was expected, because we had previously shown acti-
vation of the Akt pathway [15], and previous reports had demonstrated that m-TOR is a 
direct substrate of Akt in the phosphorylation of Ser-2448 [16]. However, VPS11/18 and 
CTSb, which are crucial in the late stages of autophagy, increased as a result. The first two 
genes have been reported to be involved in vesicular trafficking to allow the encounter 
between autophagosome and lysosomes, resulting in their fusion [64]. Moreover, the in-
creased levels of CTSb upon NSC48478 treatment suggest that the inhibitor might influ-
ence the dynamics of both autophagosomal and lysosomal compartments [65]. These data 
are extremely important in light of the involvement of genome alterations in AD as well 
as the progression of other neurodegenerative diseases [66–68]. 

Of note, our previous finding of MAPK/ERK signalling inactivation induced by 
NSC48478 inhibitor [15] could be of great interest, if one considers the possibility that non-
canonical autophagy could generate endolysosomal signalling hubs [69,70]. As such, this 
hypothesis might provide insight into the efficacy and function of 37/67 kDa LR inhibitor 
as an autophagy-modulating drug that possesses the property of endo-lysosomal lipida-
tion of LC3. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/article/10.3390/cells11030466/s1, Table S1: Full list of the primers used for qPCR 
analysis. Figure S1: Inhibition of 37/67 kDa laminin receptor induces formation of lipidated LC3-II 
isoform. Figure S2: NSC48478 induces formation of lipidated LC3-II isoform. Figure S3: LC3 is not 
recruited on endosomes under CQ treatment. Figure S4: APP levels decrease after NSC48478 ad-
ministration and increase after the use of CQ. Figure S5: EEA1 levels increase after NSC48478 ad-
ministration. Figure S6: Effects of BECN1 or ATG16L1 downregulation on LC3-II formation after 
NSC48478 treatment. 

Author Contributions: D.S. conceived the research, directed and discussed the assembly of data 
acquisition, wrote the manuscript and coordinated the laboratory experimental work; A.L. (Adriana 
Limone) performed the major experimental work for characterization of autophagic processes and 
discussed the results obtained in the context of general data acquisition; A.I. and G.C. analysed and 
discussed the results obtained in the frame of the general data acquisition; V.D. and I.V. conceived, 
performed the qRT-PCR and contributed to manuscript writing; A.L. (Antonio Lavecchia) contrib-
uted to drug design, provided LR inhibitor NSC48478, and helped with the final version of the man-
uscript; M.R. kindly provided GFP-LC3 construct and analysed and discussed the results obtained 



Cells 2022, 11, 466 18 of 20 
 

 

in the context of general data acquisition; S.P. provided the shRNAs; R.B. performed luciferase as-
says; P.R. and S.D.N. contributed to critical data elaboration and helped with the final version of the 
manuscript. All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not relevant to our study. Our study does not require eth-
ical approval. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: We thank Anna Mascia for kindly providing anti-Rab27 antibody and Depart-
ment of Molecular Medicine and Medical Biotechnology for publication of this article. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Choi, A.M.K.; Ryter, S.W.; L.B. Autophagy in Human Health and Disease. N. Engl. J. Med. 2013, 368, 651–662. 
2. Hale, C.M.; Cheng, Q.; Ortuno, D.; Huang, M.; Nojima, D.; Kassner, P.D.; Wang, S.; Ollmann, M.M.; Carlisle, H.J. Identification 

of modulators of autophagic flux in an image-based high content siRNA screen. Autophagy 2016, 12, 713–726. 
3. Feng, Y.; He, D.; Yao, Z.; Klionsky, D.J. The machinery of macroautophagy. Cell Res. 2014, 24, 24–41. 
4. Fujita, N.; Itoh, T.; Omori, H.; Fukuda, M.; Noda, T.; Yoshimori, T. The Atg16L Complex Specifies the Sites of LC3 lipidation for 

Membrane Biogenesis in Autophagy. Mol. Biol. Cell 2008, 18, 3250–3263. 
5. Yoshii, S.R.; Mizushima, N. Monitoring and measuring autophagy. Int. J. Mol. Sci. 2017, 18, 1865. 
6. Florey, O.; Overholtzer, M. Autophagy proteins in macroendocytic engulfment. Trends Cell Biol. 2012, 22, 374–380. 
7. Florey, O.; Eun, K.S.; Sandoval, C.P.; Haynes, C.M.; Overholtzer, M. Autophagy machinery mediates macroendocytic pro-

cessing and entotic cell death by targeting single membranes. Nat. Cell Biol. 2011, 13, 1335–1343. 
8. Puri, C.; Renna, M.; Bento, C.F.; Moreau, K.; Rubinsztein, D.C. Diverse autophagosome membrane sources coalesce in recycling 

endosomes. Cell 2013, 154, 1285–1299. 
9. He, R.; Peng, J.; Yuan, P.; Xu, F.; Wei, W.; He, R.; Peng, J.; Yuan, P.; Xu, F.; Wei, W. Divergent roles of BECN1 in LC3 lipidation 

and autophagosomal function. Autophagy 2015, 11, 740–747. 
10. Niso-santano, M.; Pedro, J.M.B.; Maiuri, M.C.; Tavernarakis, N.; Cecconi, F.; Madeo, F.; Codogno, P.; Galluzzi, L.; Kroemer, G.; 

Pedro, J.M.B.; et al. Novel inducers of BECN1-independent autophagy: Cis -unsaturated fatty acids. Autophagy 2015, 8627, 575–
577. 

11. Colavita, I.; Nigro, E.; Sarnataro, D.; Scudiero, O.; Granata, V.; Daniele, A.; Zagari, A.; Pessi, A.; Salvatore, F. Membrane protein 
4F2/CD98 is a cell surface receptor involved in the internalization and trafficking of human β-defensin 3 in epithelial cells. Chem. 
Biol. 2015, 22, 217–228. 

12. Wang, C.; Telpoukhovskaia, M.A.; Bahr, B.A.; Chen, X.; Gan, L. Endo-lysosomal dysfunction: A converging mechanism in 
neurodegenerative diseases. Curr. Opin. Neurobiol. 2018, 48, 52–58. 

13. D’Argenio, V.; Sarnataro, D. New insights into the molecular bases of familial Alzheimer’s disease. J. Pers. Med. 2020, 10, 26. 
14. Pesapane, A.; Di Giovanni, C.; Rossi, F.W.; Alfano, D.; Formisano, L.; Ragno, P.; Selleri, C.; Montuori, N.; Lavecchia, A. 

Discovery of new small molecules inhibiting 67 kDa laminin receptor interaction with laminin and cancer cell invasion. 
Oncotarget 2015, 6, 18116–18133. 

15. Bhattacharya, A.; Limone, A.; Napolitano, F.; Cerchia, C.; Parisi, S.; Minopoli, G.; Montuori, N.; Lavecchia, A.; Sarnataro, D. 
APP Maturation and Intracellular Localization Are Controlled by a Specific Inhibitor of 37/67 kDa Laminin-1 Receptor in 
Neuronal Cells. Int. J. Mol. Sci. 2020, 21, 1738. 

16. Sekulić, A.; Hudson, C.C.; Homme, J.L.; Yin, P.; Otterness, D.M.; Karnitz, L.M.; Abraham, R.T. A direct linkage between the 
Phosphoinositide 3-kinase-AKT signaling pathway and the mammalian target of rapamycin in mitogen-stimulated and 
transformed cells. Cancer Res. 2000, 60, 3504–3513. 

17. Rosner, M.; Siegel, N.; Valli, A.; Fuchs, C. mTOR phosphorylated at S2448 binds to raptor and rictor mTOR phosphorylated at 
S2448 binds to raptor and rictor. Amino Acids 2010, 38, 223–228. 

18. Scerra, G.; De Pasquale, V.; Pavone, L.M.; Caporaso, M.G.; Mayer, A.; Renna, M.; D’Agostino, M. Early onset effects of single 
substrate accumulation recapitulate major features of LSD in patient-derived lysosomes. iScience 2021, 24, 102707. 

19. Sarnataro, D.; Pepe, A.; Altamura, G.; De Simone, I.; Pesapane, A.; Nitsch, L.; Montuori, N.; Lavecchia, A.; Zurzolo, C. The 
37/67kDa laminin receptor (LR) inhibitor, NSC47924, affects 37/67kDa LR cell surface localization and interaction with the 
cellular prion protein. Sci. Rep. 2016, 6, 1–13. 

20. Mauthe, M.; Orhon, I.; Rocchi, C.; Zhou, X.; Luhr, M.; Hijlkema, K.J.; Coppes, R.P.; Engedal, N.; Mari, M.; Reggiori, F. 
Chloroquine inhibits autophagic flux by decreasing autophagosome-lysosome fusion. Autophagy 2018, 14, 1435–1455. 

21. Mizushima, N.; Yoshimori, T.; Levine, B. Methods in Mammalian Autophagy Research. Cell 2010, 140, 313–326. 



Cells 2022, 11, 466 19 of 20 
 

 

22. Boland, B.; Kumar, A.; Lee, S.; Platt, F.M.; Wegiel, J.; Yu, W.H.; Nixon, R.A. Autophagy induction and autophagosome clearance 
in neurons: Relationship to autophagic pathology in Alzheimer’s disease. J. Neurosci. 2008, 28, 6926–6937. 

23. Jacquin, E.; Leclerc-Mercier, S.; Judon, C.; Blanchard, E.; Fraitag, S.; Florey, O. Pharmacological modulators of autophagy 
activate a parallel noncanonical pathway driving unconventional LC3 lipidation. Autophagy 2017, 13, 854–867. 

24. Mauvezin, C.; Neufeld, T.P. Bafilomycin A1 disrupts autophagic flux by inhibiting both V-ATPase-dependent acidification and 
Ca-P60A/SERCA-dependent autophagosome-lysosome fusion. Autophagy 2015, 11, 1437–1438. 

25. Swaminathan, G.; Zhu, W.; Plowey, E.D. BECN1/Beclin 1 sorts cell-surface APP/amyloid β precursor protein for lysosomal 
degradation. Autophagy 2016, 12, 2404–2419. 

26. Morel, E.; Chamoun, Z.; Lasiecka, Z.M.; Chan, R.B.; Williamson, R.L.; Vetanovetz, C.; Dall’Armi, C.; Simoes, S.; Point Du Jour, 
K.S.; McCabe, B.D.; et al. Phosphatidylinositol-3-phosphate regulates sorting and processing of amyloid precursor protein 
through the endosomal system. Nat. Commun. 2013, 4 

27. Liu, S.; Zhang, Z.; Sun, E.; Peng, J.; Xie, M.; Tian, Z.; Lin, Y.; Pang, D. Visualizing the endocytic and exocytic processes of wheat 
germ agglutinin by quantum dot-based single-particle tracking. Biomaterials 2011, 32, 7616, 1–13.–7624. 

28. Szatmári, Z.; Sass, M. The autophagic roles of Rab small GTPases and their upstream regulators. Autophagy 2014, 10, 1154–1166. 
29. Huotari, J.; Helenius, A. Endosome maturation. EMBO J. 2011, 30, 3481–3500. 
30. Huber, L.A.; Pimplikar, S.; Parton, R.G.; Virta, H.; Zerial, M.; Simons, K. Rab8, a small GTPase involved in vesicular traffic 

between the TGN and the basolateral plasma membrane. J. Cell Biol. 1993, 123, 35–45. 
31. Underwood, R.; Wang, B.; Carico, C.; Whitaker, R.H.; Placzek, W.J.; Yacoubian, T. The GTPase Rab27b regulates the release, 

autophagic clearance, and toxicity of alpha-synuclein. J. Biol. Chem. 2020, 295, 8005–8016. 
32. Pavlos, N.J.; Grønborg, M.; Riedel, D.; Chua, J.J.E.; Boyken, J.; Kloepper, T.H.; Urlaub, H.; Rizzoli, S.O.; Jahn, R. Quantitative 

Analysis of Synaptic Vesicle Rabs Uncovers Distinct Yet Overlapping Roles for Rab3a and Rab27b in Ca2 -Triggered Exocytosis. 
J. Neurosci. 2010, 30, 13441–13453. 

33. Codogno, P.; Mehrpour, M.; Proikas-Cezanne, T. Canonical and non-canonical autophagy: Variations on a common theme of 
self-eating? Nat. Rev. Mol. Cell Biol. 2012, 13, 7–12. 

34. Hayashi-Nishino, M.; Fujita, N.; Noda, T.; Yamaguchi, A.; Yoshimori, T.; Yamamoto, A. Electron tomography reveals the 
endoplasmic reticulum as a membrane source for autophagosome formation. Autophagy 2010, 6, 301–303. 

35. Hailey, D.W.; Rambold, A.S.; Satpute-Krishnan, P.; Mitra, K.; Sougrat, R.; Kim, P.K.; Lippincott-Schwartz, J. Mitochondria 
Supply Membranes for Autophagosome Biogenesis during Starvation. Cell 2010, 141, 656–667. 

36. Ravikumar, B.; Moreau, K.; Jahreiss, L.; Puri, C.; Rubinsztein, D.C. Plasma membrane contributes to the formation of pre-
autophagosomal structures. Nat. Cell Biol. 2010, 12, 747–757. 

37. Lapierre, L.R.; Kumsta, C.; Sandri, M.; Ballabio, A.; Hansen, M. Transcriptional and epigenetic regulation of autophagy in aging. 
Autophagy 2015, 11, 867–880. 

38. Di Fiore, P.P.; Za, Vonstrow, M. Endocytosis, Signaling, and Beyond. Cold Spring Harb. Perspect. Med. 2014, 6, a016865. 
39. Settembre, C.; Di Malta, C.; Polito, V.A.; Arencibia, M.G.; Vetrini, F.; Erdin, S.; Erdin, S.U.; Huynh, T.; Medina, D.; Colella, P.; et 

al. TFEB links autophagy to lysosomal biogenesis. Science 2011, 332, 1429–1433. 
40. Grassart, A.; Cheng, A.T.; Hong, S.H.; Zhang, F.; Zenzer, N.; Feng, Y.; Briner, D.M.; Davis, G.D.; Malkov, D.; Drubin, D.G. Actin 

and dynamin2 dynamics and interplay during clathrin-mediated endocytosis. J. Cell Biol. 2014, 205, 721–735. 
41. Singh, R.D.; Schroeder, A.S.; Scheffer, L.; Holicky, E.L.; Wheatley, C.L.; Marks, D.L.; Pagano, R.E. Prominin-2 expression 

increases protrusions, decreases caveolae and inhibits Cdc42 dependent fluid phase endocytosis. Biochem. Biophys. Res. Commun. 
2013, 434, 466–472. 

42. Maxson, M.E.; Sarantis, H.; Volchuk, A.; Brumell, J.H.; Grinstein, S. Rab5 regulates macropinocytosis by recruiting the inositol 
5-phosphatases OCRL and Inpp5b that hydrolyse PtdIns(4,5)P2. J. Cell Sci. 2021, 134, jcs252411. 

43. Wang, J.T.H.; Kerr, M.C.; Karunaratne, S.; Jeanes, A.; Yap, A.S.; Teasdale, R.D. The SNX-PX-BAR family in macropinocytosis: 
The regulation of macropinosome formation by SNX-PX-BAR proteins. PLoS ONE 2010, 5, e13763. 

44. Kumari, S.; Mayor, S. ARF1 is directly involved in dynamin-independent endocytosis. Nat. Cell Biol. 2008, 10, 30–41. 
45. Napolitano, G.; Ballabio, A. TFEB at a glance. J. Cell. Sci. 2016, 129, 2475–2481. 
46. Wang, Y.; Sharma, P.; Jefferson, M.; Zhang, W.; Bone, B.; Kipar, A.; Bitto, D.; Coombes, J.L.; Pearson, T.; Man, A.; et al. Non-

canonical autophagy functions of ATG16L1 in epithelial cells limit lethal infection by influenza A virus. EMBO J. 2021, 40, 
e105543. 

47. Bhattacharya, A.; Izzo, A.; Mollo, N.; Napolitano, F.; Limone, A.; Margheri, F.; Mocali, A.; Minopoli, G.; Lo Bianco, A.; Di Maggio, 
F.; et al. Inhibition of 37/67kda laminin-1 receptor restores APP maturation and reduces amyloid-β in human skin fibroblasts 
from familial alzheimer’s disease. J. Pers. Med. 2020, 10, 232. 

48. Wang, R.C.; Wei, Y.; An, Z.; Zou, Z.; Xiao, G.; Bhagat, G.; White, M.; Reichelt, J.; Levine, B. Akt-Mediated Regulation of 
Autophagy and Tumorigenesis Through Beclin 1 Phosphorylation. Science. 2012, 338, 956–959. 

49. Nnah, I.C.; Wang, B.; Saqcena, C.; Weber, G.F.; Bonder, E.M.; Bagley, D.; De Cegli, R.; Napolitano, G.; Medina, D.L.; Ballabio, 
A.; et al. TFEB-driven endocytosis coordinates MTORC1 signaling and autophagy. Autophagy 2019, 15, 151–164. 

50. Sardiello, M.; Palmieri, M.; Di Ronza, A.; Medina, D.L.; Valenza, M.; Gennarino, V.A.; Di Malta, C.; Donaudy, F.; Embrione, V.; 
Polishchuk, R.; et al. A Gene Network regulating Lysosomal Biogenesis and Function. Science 2009, 473–478. 



Cells 2022, 11, 466 20 of 20 
 

 

51. Martinez, J.; Malireddi, R.K.S.; Lu, Q.; Cunha, L.D.; Pelletier, S.; Gingras, S.; Orchard, R.; Guan, J.L.; Tan, H.; Peng, J.; et al. 
Molecular characterization of LC3-associated phagocytosis reveals distinct roles for Rubicon, NOX2 and autophagy proteins. 
Nat. Cell Biol. 2015, 17, 893–906. 

52. Fletcher, K.; Ulferts, R.; Jacquin, E.; Veith, T.; Gammoh, N.; Arasteh, J.M.; Mayer, U.; Carding, S.R.; Wileman, T.; Beale, R.; et al. 
The WD 40 domain of ATG 16L1 is required for its non-canonical role in lipidation of LC 3 at single membranes. EMBO J. 2018, 
37, e97840. 

53. Heckmann, B.L.; Teubner, B.J.W.; Boada-Romero, E.; Tummers, B.; Guy, C.; Fitzgerald, P.; Mayer, U.; Carding, S.; Zakharenko, 
S.S.; Wileman, T.; et al. Noncanonical function of an autophagy protein prevents spontaneous Alzheimer’s disease. Sci. Adv. 
2020, 6, eabb9036. 

54. Ravikumar, B.; Imarisio, S.; Sarkar, S.; O’Kane, C.J.; Rubinsztein, D.C. Rab5 modulates aggregation and toxicity of mutant 
huntingtin through macroautophagy in cell and fly models of Huntington disease. J. Cell Sci. 2008, 121, 1649–1660. 

55. Dou, Z.; Pan, J.A.; Dbouk, H.A.; Ballou, L.M.; DeLeon, J.L.; Fan, Y.; Chen, J.S.; Liang, Z.; Li, G.; Backer, J.M.; et al. Class IA PI3K 
p110β Subunit Promotes Autophagy through Rab5 Small GTPase in Response to Growth Factor Limitation. Mol. Cell 2013, 50, 
29–42. 

56. Cossec, C.; Simon, A.; Marquer, C.; Moldrich, R.; Leterrier, C.; Rossier, J.; Duyckaerts, C.; Lenkei, Z.; Cossec, C.; Simon, A.; et al. 
Clathrin-dependent APP endocytosis and A β secretion are highly sensitive to the level of plasma membrane cholesterol. BBA 
Mol. Cell Biol. Lipids 2010, 1801, 846–852. 

57. Stokin, G.B.; Lillo, C.; Falzone, T.L.; Rusch, R.G.; Rockenstein, E.; Mount, S.L.; Raman, R.; Davies, P.; Masliah, E.; Williams, D.S.; 
et al. Axonopathy and Transport Deficits Early in the Pathogenesis of Alzheimer ’ s Disease. Science 2005, 307, 1282–1289. 

58. Pankiv, S.; Alemu, E.A.; Brech, A.; Bruun, J.A.; Lamark, T.; Øvervatn, A.; Bjørkøy, G.; Johansen, T. FYCO1 is a Rab7 effector that 
binds to LC3 and PI3P to mediate microtubule plus end- directed vesicle transport. J. Cell Biol. 2010, 188, 253–269. 

59. Hyttinen, J.M.T.; Niittykoski, M.; Salminen, A.; Kaarniranta, K. Maturation of autophagosomes and endosomes: A key role for 
Rab7. Biochim. Biophys. Acta Mol. Cell Res. 2013, 1833, 503–510. 

60. Dupont, N.; Jiang, S.; Pilli, M.; Ornatowski, W.; Bhattacharya, D.; Deretic, V. Autophagy-based unconventional secretory 
pathway for extracellular delivery of IL-1β. EMBO J. 2011, 30, 4701–4711. 

61. Pilli, M.; Arko-Mensah, J.; Ponpuak, M.; Roberts, E.; Master, S.; Mandell, M.A.; Dupont, N.; Ornatowski, W.; Jiang, S.; Bradfute, 
S.B.; et al. TBK-1 Promotes Autophagy-Mediated Antimicrobial Defense by Controlling Autophagosome Maturation. Immunity 
2012, 37, 223–234. 

62. Niso-Santano, M.; Malik, S.A.; Pietrocola, F.; Bravo-San Pedro, J.M.; Mariño, G.; Cianfanelli, V.; Ben-Younès, A.; Troncoso, R.; 
Markaki, M.; Sica, V.; et al. Unsaturated fatty acids induce non-canonical autophagy. EMBO J. 2015, 34, 1025–1041. 

63. Mehta, P.; Henault, J.; Kolbeck, R.; Sanjuan, M.A. Noncanonical autophagy: One small step for LC3, one giant leap for immunity. 
Curr. Opin. Immunol. 2014, 26, 69–75. 

64. Liang, C.; Lee, J.; Inn, K.; Gack, M.U.; Li, Q.; Roberts, E.A.; Vergne, I.; Deretic, V.; Feng, P.; Akazawa, C.; et al. Beclin1-binding 
UVRAG targets the class C Vps complex to coordinate autophagosome maturation and endocytic trafficking. Nat. Cell Biol. 2008, 
10, 776–787. 

65. Man, S.M.; Kanneganti, T.D. Regulation of lysosomal dynamics and autophagy by CTSB/cathepsin B. Autophagy 2016, 12, 2504–
2505. 

66. D’Argenio, V.; Sarnataro, D. Microbiome Influence in the Pathogenesis of Prion and Alzheimer ’ s Diseases. Int. J. Mol. Sci. 2019, 
20, 4704. 

67. Sarnataro, D. Attempt to untangle the prion-like misfolding mechanism for neurodegenerative diseases. Int. J. Mol. Sci. 2018, 
19, 3081. 

68. Sarnataro, D.; Pepe, A.; Zurzolo, C. Cell Biology of Prion Protein. Prog. Mol. Biol. Transl. Sci. 2017, 150, 57–82. 
69. Barrow-McGee, R.; Kishi, N.; Joffre, C.; Menard, L.; Hervieu, A.; Bakhouche, B.A.; Noval, A.J.; Mai, A.; Guzman, C.; Robbez-

Masson, L.; et al. Beta 1-integrin–c-Met cooperation reveals an inside-in survival signalling on autophagy-related endomem-
branes. Nat. Commun. 2016, 7, 1–17. 

70. Martinez-lopez, N.; Athonvarangkul, D.; Mishall, P.; Sahu, S.; Singh, R. Autophagy proteins regulate ERK phosphorylation. Nat. 
Commun. 2013, 4, 1–14. 


