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ARTICLE INFO ABSTRACT

Keywords: The most common subtype of renal cell carcinoma (RCC) is the clear cell RCC (ccRCC) that accounts for 70-80%
Kidney cancer of cases. The fate of ccRCC is linked to alterations of genes that regulate TP53. The dysfunction of p53 affects
Autophagy several processes including autophagy, which is increased in different advanced carcinomas and could be
AQIIBPK associated with cancer progression.

gell growth We report that different kidney cancer cell lines show higher levels of autophagy than control cells. The
MicroRNAs increased autophagy is associated with the upregulation of miR501-5p, which stimulates mTOR-independent

autophagy by the activation of AMP kinase. AMPK activation occurs through the decrease of ATP generation
caused by the downregulation of the mitochondrial calcium uniporter (MCU) that leads to the reduction of
mitochondrial calcium uptake. Autophagy induction promotes the degradation of p53 through the autophago-
lysosomal machinery. Consistently, the inhibition of autophagy reduces both cell proliferation and migration
enhancing the expression of p53, p21 and E-Cadherin as well as decreasing Vimentin synthesis. Taken together,
these findings indicate that autophagy is involved in the progression of kidney cancer. Therefore, the pharma-
cological targeting of this process could be considered an interesting option for the treatment of advanced renal
carcinoma.

1. Introduction

Renal cell carcinoma (RCC) is one of the most lethal urological tu-
mors and represents about the 3% of all diagnosed cancers in human [1].
RCC is characterized by different subtypes such as the clear cell RCC
(ccRCC) that accounts for ~75% of cases. Others subtypes are the
papillary (pRCC) with ~15% of cases, the chromophobe (chRCC) ~5%
and the remaining cases (~4%) are not well identified RCC [2]. About
one third of ccRCC patients present metastatic disease at time of diag-
nosis, moreover, the 30% of patients undergoing surgical resection will
develop disease recurrence or distance metastases [2]. Most of ccRCC

are associated with VHL loss of function, but mutations of others tumor
suppressor genes including CDKN2A, TP53, and PTEN seem to be
involved in this cancer [3,4]. The tumor suppressor p53 may be
degraded by mTOR/MDM2 axis, contributing to cancer metastasis and
advanced disease [5]. In this regard, we have reported that the upre-
gulation of miR501-5p induces the activation of mTOR by specific tar-
geting of TSC1 and leads to the degradation of p53 by the proteasome
machinery in ccRCC as well as in autosomal dominant polycystic kidney
disease (ADPKD) cells [6,7]. Moreover, also the mutation of TP53 may
correlate with poor survival prognosis in different cancers including
ccRCC [8]. It has been reported that p53 deficiency or mutant variants of
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p53 protein that accumulate in the cytoplasm of tumor cells were able to
activate autophagy [9]. The activation of autophagy may help tumors to
maintain energy metabolism to drive their expansion, metastasis, and
sustain their survival, contributing to disease progression [10]. To date,
the overall survival of patients with metastatic RCC remains under 3
years even though the use of targeted therapies [11]. Therefore, the
research of new therapeutic targets is needed to improve the treatment
of advanced disease.

2. Material and methods
2.1. Reagents

All media, flasks, tubes, plates, pipettes and other materials for cell
culture were bought from EuroClone (Milan, Italy). Anti-P-mTOR (Ser
2448), anti-mTOR, anti-LC3B, anti-ATG7, anti-P-AMPK (Thr 172), anti-
AMPK, anti-P-ULK1 (Ser 317), anti-ULK1, anti-E-Cadherin, anti-
Vimentin, anti-p53 and anti-p-Actin antibodies were purchased from
Cell Signaling Technologies (EuroClone). Anti-Luciferase antibody was
acquired from Thermo-Fisher (Monza, Italy), while anti-MCU and anti-
p62/SQSTM1 antibodies were obtained from Sigma-Aldrich (Merck,
Milan, Italy). Enhanced chemiluminescent substrates for Western blot-
ting and HRP-conjugated anti-rabbit and anti-mouse antibodies were
purchased from EuroClone. TurboFect transfecting reagent was ob-
tained from Thermo Fisher Scientific. Rapamycin and compound C
(inhibitors of mTOR and AMPK, respectively) were purchased from
Sigma-Aldrich. AntagomiR anti-microRNA501-5p was bought from
Ambion (Thermo Fisher Scientific), while the plasmid expressing
miR501-5p sequences (PL501) was produced by OriGene Technologies
(Tema Ricerca, Bologna, Italy). The recombinant p53-GFP construct was
kindly gift from Dr. Schimmer (University Health Network, Toronto,
Canada), while the oligonucleotides for the silencing of p53 were pur-
chased from Santa Cruz Biotechnologies (D.B.A., Milan, Italy). GFP-LC3
and mCherry-eGFP-LC3 vectors were a gift of Prof. Guido Kroemer and
Prof. Paola Rusmini, respectively. MCU-Luc plasmid was prepared as
previously reported [12].

This work was in line with the ethical guidelines of the 1975
Declaration of Helsinki.

2.2. Cell lines, proliferation and migration

Embryonic kidney HEK293 cells (ATCC, Manassas, VA, USA) and
SW40-transformed normal epithelial kidney 4/5 cells [13] were used as
control. Non papillary kidney cancer KJ29 cells were established and
characterized as previously described [14], while clear cell renal cell
carcinoma (ccRCC) Caki-1 and Caki-2 cell lines were obtained from
ATCC. Original cell lines, starved in liquid nitrogen, were resuscitated
and cultured up to a maximum of six months at 37 °C in DMEM/F12
(1:1) medium supplemented with 10% FBS by a humidified incubator
(95% air-5% COy). All cell lines were periodically screened for myco-
plasma contamination.

Cell proliferation was analyzed by using the CellTiter method
(Promega, Milan, Italy). Briefly, 5000 cells for well were seeded in 96-
well plates and starved overnight in DMEM/F12 0.4% BSA. Next, cells
were transduced in DMEM/F12 1% FBS for 24 h with either shATG7
lentiviruses able to silence the ATG7 gene or pLKO lentivirus used as
control. After transduction, cells were cultured for further 24 h in
DMEM/F12 supplemented with 1% FBS and incubated at 37 °C for 5 h
with a solution containing tetrazolium salts that were converted by
living cells in formazan, a purple compound. Finally, the culture me-
dium was placed in a new 96-well plate and color intensity was
measured at 490 nm by a plate reader. The intensity of color is directly
proportional to the number of living cells [15].

The analysis of cell migration was performed seeding 30000 KJ29
and Caki-2 cells in 24 well plates. Next, cells were infected with pLKO or
shATG7 lentivirus for 24 h in DMEM/F12 medium supplemented with
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1% FBS and cultured up to confluence. Finally, a groove between the
cells was generated using a sterile tip and cells were grown for further
48 h. Cell migration (groove filling) was analyzed comparing images
acquired at T = 0 (empty groove) with those acquired after 48 h of
culture by a phase contrast microscope equipped with a CCD camera.
The percentage of cell spreading was calculated using the ImageJ
software.

2.3. Cell transfection and transduction

Control and cancer cells were transiently transfected by using the
non-immunogenic transfection reagent TurboFect (Thermo Fisher Sci-
entific). Before transfection, 200000 cells for well were seeded and
cultured overnight in DMEM/F12 medium supplemented with 10% FBS
using six well plates. After medium replacement (DMEM/F12 0.4%
BSA), cells were transfected for 6 h with either PL501 (1.5 pg/ml or 3
pg/ml) expressing miR501-5p sequences or an irrelevant plasmid
(control DNA) in combination with p53-GFP, GFP-LC3, mCherry-eGFP-
LC3, MCU-Luc and mtLUC constructs (ratio 3:1), as appropriate. The
downregulation of miR501-5p was performed transfecting control and
tumor cells with 30 nM of anti-miR501-5p sequences (AM). After
transfection, cells were washed twice with PBS buffer and cultured for
further 24 or 48 h in DMEM/F12 1% FBS and analyzed.

Lentivirus particles were produced transfecting HEK293 cells with
recombinant vectors (Sigma-Aldrich) expressing shRNAs for the
silencing of the ATG7 gene (shATG7) or with the empty vector used as
control (pLKO) in combination with helper plasmids pCMV-dr8.74 and
pCMV-VSVG. Briefly, HEK293 cells were seeded at the density of 1.5 x
108 cells/plate by using petri plates (100 x 20 mm) and cultured until
90% of confluence in DMEM/F12 10% FBS. Next cells were transfected
overnight with the plasmids described above by the TurboFect Trans-
fection Reagent and washed twice with PBS buffer. The transfected cells
were cultured for further 48 h in DMEM/F12 1% FBS and cell super-
natant containing viral particles was collected in sterile tubes. Finally,
cell supernatant was filtered by using 0.45 pm filters (Millipore, Sigma
Aldrich) to remove cell debris and used to infect cells or starved at —80
°C. The silencing of ATG7 gene was performed culturing 200000 KJ29
and Caki-2 cells in six well plates overnight in DMEM/F12 10% FBS.
After medium replacement (DMEM/F12 1% FBS), cells were transduced
with shATG7 and pLKO lentiviruses (medium dilution 1:10) for 24 h.
Finally, the medium containing lentivirus particles was discharged and
cells were cultured in DMEM/F12 1% FBS for further 24 h.

2.4. Western blotting

Cells were washed twice in PBS buffer containing a cocktail of pro-
tease and phosphatase inhibitors (Sigma-Aldrich), detached and
collected by centrifugation for 10 min at 800xg. Cell pellets were lysed
in lysis buffer 1% Triton X-100 supplemented with a cocktail of protease
and phosphatase inhibitors. 50 pg of total protein lysate were electro-
phoresed in 8% or 12.5% SDS-polyacrylamide gel and transferred onto
nitrocellulose membranes (Euroclone). Filters were blocked at room
temperature for 1 h in 5% nonfat dried milk PBS-T (PBS with 0.05%
Tween 20) and probed overnight at 4 °C in blocking solution containing
the specific primary antibody with constant shaking. After three
washing in PBS-T, filters were incubated for 1 h at room temperature
with the appropriate horseradish peroxidase-conjugated secondary
antibody diluted in blocking solution and washed three more times in
PBS-T. Next, protein bands were detected by using Super Signal Femto
or Pico chemiluminescence systems (Thermo Fisher Scientific). Band
images, acquired by film scanning, were processed by ImageJ program.
Phosphorylation levels were calculated as ratio between the phosphor-
ylated form and total protein, while the protein content was quantified
as ratio between the protein of interest and f-Actin.
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2.5. Cell imaging and luciferase assay

Analysis of autophagy was also performed by fluorescence micro-
scopy using GFP-LC3 or mCherry-eGFP-LC3 chimeric proteins. 200000
HEK293 and KJ29 cells were seeded on 24 mm coverslips and cultured
overnight in DMEM/12 10% FBS. Next, cells were co-transfected with
the PL501 plasmid in combination with GFP-LC3 vector or LC3-mCherry
construct for 6 h using the Turbofect reagent (Thermo Fisher Scientific)
in DMEM/F12 0.4% BSA and cultured for further 24 h in DMEM/F12 1%
FBS. As control, cells were transfected with an irrelevant plasmid instead
of PL501 vector. After transfection, cells were washed twice in PBS
buffer, fixed at RT in 4% paraformaldehyde for 15 min and per-
meabilized in 100% methanol for 10 min at —20 °C, in order to preserve
the autophagic structures. Next, cells were washed twice with PBS
buffer, treated for 10 min with a Dapi solution and washed three more
times. Images were acquired at 40 x magnification using a Zeiss Axiovert
200 fluorescence microscope equipped with a back-illuminated CCD
camera (Roper Scientific, Tucson, AZ) and processed by ImageJ
software.

The co-localization of p53 protein in autophagosome structures was
investigated by fluorescence microscopy in cell transfected with a
plasmid expressing wild type p53 linked to GFP and treated with an anti-
LC3 antibody able to detect autophagosomes. Briefly, KJ29 and Caki-2
cells, cultured on 24 mm coverslips, were co-transfected with the PL501
construct or control plasmid and p53-GFP recombinant vector (ratio
3:1). After transfection, cells were fixed and permeabilized following the
procedure described above. Next, cells were blocked at room tempera-
ture for 1 h in PBS 2% BSA and treated with a primary anti-LC3 antibody
overnight at 4 °C. Finally, cells were washed three times in PBS, treated
with a secondary rhodamine-conjugated antibody (Thermo Fisher Sci-
entific) for 1 h and washed again for three times. Images were acquired
by a fluorescence microscope at 40x magnification and processed by
ImageJ software.

Luciferase assay was performed in HEK293 cells (200000 cells for
well) seeded in a six-well plate and cultured overnight in DMEM/F12
medium supplemented with 10% FBS. Next, cells were transfected with
the PL501 vector or control plasmid in presence of MCU-Luc (containing
the 3’ UTR region of MCU mRNA inserted downstream of luciferase
gene) and f-galactosidase recombinant constructs (ratio 3:1:1) for 6 h
using the Turbofect reagent (Thermo Fisher Scientific) in DMEM/F12
0.4% BSA. After transfection, cells were washed and cultured for further
24 h in DMEM/F12 medium supplemented with 1% FBS. Cells were
lysed and an aliquot of protein solution was mixed with luciferase and
B-galactosidase substrates in separated tubes following the manufac-
turer’s protocol (Promega). Luciferase and f-galactosidase activity was
measured as count number using a 20/20" luminometer (Turner Bio-
systems, Sunnyvale, CA). Values of luciferase activity were calculated as
ratio between counts of luciferase and those of p-galactosidase used for
sample normalization [16].

2.6. Mitochondrial calcium and ATP measurements

Cells were seeded onto 13 mm glass coverslips and transfected with
the PL501 or control plasmid and the mtAEQ vector expressing the
photoprotein aequorin targeted to mitochondria (ratio 3:1). After 24 h,
cells were incubated with 5 pM coelenterazine for 1.5 h at 37 °C in
Krebs-Ringer modified buffer (125 mM NaCl, 5 mM KCl, 1 mM NazPOy,
1 mM MgSO4, 5.5 mM glucose, and 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid [HEPES], pH 7.4, supplemented with 1
mM CaCly) and transferred to the perfusion chamber of a luminometer.
Next, cell were stimulated with 100 pM ATP diluted in Krebs-Ringer
buffer supplemented with 1 mM CaCl, and perfused in a hypotonic
Ca?*-rich solution (10 mM CaCl, in H,0) supplemented with Triton X-
100 in order to discharging the remaining aequorin pool. The light
signals was calibrated into Ca?" values, as previously described [17].
Mitochondrial ATP generation was analyzed in cells seeded onto 13 mm
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glass coverslips and transfected with the PL501 or control plasmid and a
construct expressing the chimeric photoprotein luciferase targeted to the
mitochondria (mtLUC). After 36 h, cells were transferred to the perfu-
sion chamber of a luminometer and perfused in Krebs-Ringer buffer
supplemented with 1 mM CaCl,. Mitochondrial ATP basal content was
measured by adding a solution with 1 mM CaCly and 20 mM luciferin, as
previously reported [18]. Finally, the light output registered was
normalized on the luciferase protein levels detected by immunoblot.

2.7. Analysis of microRNA expression by Real Time RT-PCR

Total RNA was extracted from HEK293 and KJ29 non-transfected
cells as well as from KJ29 transfected with the PL501 plasmid, the
control vector and with antimiR501-5p oligonucleotides by TRIZOL
transfection reagent (Thermo Fisher Scientific). The synthesis of cDNA
was performed by using the Tag-Man MicroRNA Reverse Transcription
Kit (Thermo Fisher Scientific). The expression of miR501-5p was eval-
uated by Real Time RT-PCR using the small nuclear U6B RNA for sample
normalization (endogenous control). Quantitative PCR was carried out
using the TagMan method with the Rotor-Gene Q Real time PCR cycler
(Qiagen, Milan, Italy). The levels of miR501-5p (target) were obtained
by using the ACT method, which uses the threshold cycle (CT) number at
which the emitted fluorescence of the sample passes a fixed threshold
above the baseline. The abundance of the small nuclear U6B RNA was
used as endogenous control RNA for sample normalization (reference).
The ACT was calculated as follows: ACT = CT (target) - CT (reference).
Lower ACT values indicate higher amount of target. Thus, the sample
with the highest ACT that express the lowest amount of miR501-5p is
identified as the calibrator (1X expression level) and its value was sub-
tracted from ACT values of the other samples to determine the AACT
value, as shown by the following formula: AACT = ACT (sample) - ACT
(calibrator). The relative abundance of miR5015p, expressed as N fold
content, was calculated by using the formula N (target) = 27447, as
previously described [16].

2.8. Statistical analysis

Statistical analysis was performed by using the Anova test or Stu-
dent’s t-test, as appropriate. Data are reported as mean =+ standard de-
viation of at least three independent experiments and differences were
considered significant at p < 0.05. Statistical significance was calculated
by using the GraphPad Prism software. All data used to calculate the
statistical significance are inserted in Supplementary Table 1.

3. Results
3.1. MicroRNA501-5p upregulation increases autophagy in kidney cells

The role of autophagy in cancer development and progression is still
debated, but it may promote tumor cell survival, migration and invasion
[19]. We have found that KJ29, Caki-1 and Caki-2 kidney cancer cell
lines exhibited increased levels of LC3-II and reduced expression of
p62/SQSTM1 protein compared with 4/5 and HEK293 control kidney
cells (Fig. 1A). Consistently, cell transfection with a plasmid expressing
LC3 protein linked to GFP produced a greater number of autophago-
somes in KJ29, Caki-1 and Caki-2 than in HEK293 cells (Fig. 1B), sug-
gesting that autophagy could affect the fate of renal carcinoma.
Previously, we have reported that miR501-5p correlates with tumor
progression in kidney cancer [6], therefore it could be involved in the
regulation of autophagy. Interestingly, KJ29 tumor cells that show
increased autophagy exhibit higher levels of miR501-5p than HEK293
control cells (Fig. 1C). In order to test if the expression of miR501-5p
may affect autophagy, it was evaluated in KJ29 cells transfected with
a plasmid expressing miR501-5p sequences (PL501), with
anti-miR501-5p oligonucleotides (AM) and with an irrelevant plasmid
used as control (CTRL). The transfection of KJ29 cells with the PL501
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Fig. 1. Analysis of autophagy in control and cancer cells as well as in KJ29 tumor cells expressing different levels of miR501-5p. (A) Autophagy was analyzed by
Western blotting using anti-LC3 and anti-p62/SQSTM1 antibodies in HEK293 and 4/5 control kidney cells as well as in KJ29, Caki-1 and Caki-2 tumor cells. The
expression of LC3-II protein is higher, while the levels of p62/SQSTM1 are lower in cancer cells than in control cells (For LC3-II expression: KJ29 vs HEK293 *p <
0.05; Caki-1 and Caki-2 vs HEK293 **p < 0.01. For p62/SQSTM1 expression: KJ29 and Caki-1 vs HEK293 *p < 0.05; Caki-2 vs HEK293 **p < 0.01). (B) Autophagic
vesicles were visualized by using a fluorescence microscope at 40x magnification in HEK293, KJ29, Caki-1 and Caki-2 cells transfected with a recombinant plasmid
expressing LC3 protein linked to GFP. Nuclei were stained with Dapi. Images were acquired by a CCD camera and processed by ImageJ software. KJ29, Caki-1 and
Caki-2 tumor cells show more cytoplasmic dots than HEK293 control cells (***p < 0.001). (C) The analysis of miR501-5p expression by Real Time RT-PCR shows that
KJ29 cells express higher levels of this miR than HEK293 cells (***p < 0.001). (D) The transfection of KJ29 cells with a plasmid that express miR501-5p sequences
(PL501) increases the expression of this miR (***p < 0.001), enhances LC3-II levels (**p < 0.01) and reduces p62/SQSTM1 protein content (*p < 0.05) compared
with cells transfected with an irrelevant plasmid (CTRL). Conversely, the treatment with antagomiR sequences (AM) reduces miR501-5p expression, decreases the
levels of LC3-II and increases those of p62/SQSTM1 (*p < 0.05). Data, expressed as mean =+ standard deviation, were obtained from three independent experiments.
Statistical analysis was calculated by unpaired t-test for the section C, while for the other sections was evaluated by Anova test.
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vector not only enhanced the expression of miR501-5p, but also
increased the levels of LC3-II as well as reduced those of p62/SQSTM1
(Fig. 1D). Conversely, the treatment with AM sequences that reduced the
levels of this miR reverted the expression of these autophagic markers
(Fig. 1D). Consistently, the transfection of both HEK293 and KJ29 cells
with either PL501 plasmid or AM enhanced and reduced the number of
autophagosomes, respectively (Fig. 2A and B) confirming that the
microRNA501-5p regulates autophagy in kidney cells. Notably, the
accumulation of autophagosomes may be representative of activation of
autophagic process, as well as a blockage of downstream steps of this
pathway. In this latter case, autophagosomes accumulate due to an
inefficient fusion or decreased lysosomal degradation. Different
methods are used to verify the dynamic of LC3 turnover. Among them,
the employment of a tandem fluorescent construct expressing the LC3
protein, linked to a green fluorescent protein and a red marked cherry
(mCherry-eGFP-LC3) is the most used. When the autophagosome forms,
both mCherry and GFP are present in the autophagic vesicle, which is
yellow stained. Upon fusion with lysosome, the GFP signal disappears,
due to its degradation by acid lysosomal proteases. Overall, a dynamic
switch from yellow to red is representative of a functional LC3 turnover
[20]. The presence of red dots in both HEK293 (Fig. 3A and C) and KJ29
cells (Fig. 3B and D) co-transfected with either PL501 or CTRL plasmid
and mCherry-eGFP-LC3 vector were detected, indicating the presence of
autophagolysosomes. The fusion of autophagosomes and lysosomes in
autophagolysosomes suggests that the autophagic system is undamaged
in both normal and tumor cells, and the overexpression of miR501-5p
that positively modulates autophagy does not impair the autophagic
flux.

3.2. MicroRNA501-5p increases mTOR independent autophagy through
the activation of AMP kinase in a mechanism involving mitochondrial
activity

We have previously reported that the upregulation of miR501-5p
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increases the activity of mTOR kinase, an inhibitor of canonical auto-
phagy [6]. Despite this, the overexpression of this miR caused a signif-
icant increase of autophagy (Figs. 1D and 2). To explain this apparent
discrepancy, we have investigated mTOR-independent autophagy,
inhibiting mTOR and analyzing the activity of AMP kinase, the main
positive autophagy regulator [21]. As expected, the transfection of KJ29
cells with the PL501 plasmid enhanced both mTOR phosphorylation and
LC3-II protein expression (Fig. 4A). Moreover, the treatment with
rapamycin dramatically reduced mTOR phosphorylation in both KJ29
cells transfected either with PL501 or CTRL plasmid compared with
untreated cells (Fig. 4A). However, rapamycin administration enhanced
the expression of LC3-II only in cells transfected with the CTRL vector,
but not in same cells transfected with the PL501 plasmid, where the
levels of LC3-1I remained unchanged (Fig. 4A on the right). These ob-
servations indicate that the activation of autophagy by miR501-5p
upregulation is mTOR-independent. In fact, the phosphorylation of
AMPK was found higher in KJ29 cells transfected with different amounts
of PL501 plasmid than in those transfected with the CTRL vector
(Fig. 4B), confirming that the overexpression of miR501-5p induced
AMPK-dependent autophagy. Consistently, the inhibition of AMP kinase
in KJ29 CTRL and PL501 transfected cells by treatment with compound
C significantly reduced AMPK phosphorylation and LC3II expression
(Fig. 4C). Moreover, the phosphorylation of the mammalian
autophagy-initiating kinase (ULK1Ser317) that is directly phosphory-
lated by AMPK is enhanced in KJ29 cells transfected with the PL501
plasmid (Fig. 4D). The activation of AMP kinase may occur by mito-
chondrial dysfunction caused by the reduction of Ca?' transfer to
mitochondria, which is regulated by the mitochondrial calcium uni-
porter (MCU). The decreased mitochondrial activity leads to the inhi-
bition of mTOR kinase promoting the AMPK-depentdent pathway of
autophagy [22]. Interestingly, the bioinformatic analysis revealed that
the 3 UTR of MCU mRNA contains three seeding regions for the
miR501-5p (Fig. 5A), therefore the increased expression of this miR
should reduce MCU translation. Actually, the transfection of KJ29 cells
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Fig. 2. Study of autophagy in HEK293 control and KJ29 tumor cells expressing miR501-5p exogenous sequences. HEK293 (A) and KJ29 (B) cells were transfected
with either PL501 or CTRL vector as well as with antagomiR sequences (AM), mixed with a construct expressing the protein LC3 linked to GFP. Next, cells were
analyzed by using a fluorescence microscope equipped with a CCD camera at 40x magnification. Nuclei were strained with dapi and images were processed by
ImageJ program. The increased expression of miR501-5p enhances the formation of autophagic vesicles (green dots) in both HEK293 and KJ29 cells compared with

control cells (

*p < 0.001). The treatment with antagomiR causes a significant reduction of autophagosomes in KJ29 tumor cells (*p < 0.05). Data, expressed as

mean =+ standard deviation, were calculated from three different experiments. Statistical significance was calculated by Anova test.
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Fig. 3. Analysis of autophagic flux by using double tag LC3 protein in HEK293 and KJ29 cells transfected with the PL501 plasmid. HEK293 (A) and KJ29 (B) cells,
seeded on 24 mm coverslips and cultured in six-well plates overnight, were co-transfected with either PL501 or CTRL plasmid in combination with mCherry-eGFP-
LC3 vector for 24 h. Next, cells were washed, fixed and visualized through a fluorescence microscope at 40 x magnification. Images, collected through a CCD camera,
were processed by ImageJ software. The upregulation of miR501-5p does not block the autophagic flux as shown by the presence of red dots (acidic vesicles). As
expected, the number of red dots is greater than yellow ones in both HEK293 (C) and KJ29 (D) cells (red vs yellow dots: **p < 0.01 in HEK CTRL and KJ29 PL501
cells; ***p < 0.001 in HEK PL501 and KJ29 CTRL). Data, expressed as mean + standard deviation, were obtained from three independent experiments. Statistical

analysis was performed by unpaired t-test.

with the PL501 plasmid caused a strong decrease of MCU protein levels
compared with same cells transfected with the CTRL vector (Fig. 5B).
Moreover, HEK293 cells co-transfected with this plasmid and a construct
containing the 3’ UTR of MCU mRNA inserted downstream of luciferase
gene showed a marked reduction of luciferase activity (Fig. 5C). As ex-
pected, the reduced MCU protein synthesis due to miR501-5p

overexpression affected mitochondrial Ca®* uptake causing a significant
reduction of calcium levels intro mitochondria after ATP stimulation
(Fig. 5D). Consequently, the reduction of intra-mitochondrial calcium
drops mitochondrial activity inducing a significant decrease of ATP
synthesis detected by a luciferase system (Fig. 5E). Taken together, these
findings indicates that miR501-5p is able to promote AMPK-dependent
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Fig. 4. Study of autophagy by AMPK activity and mTOR inhibition in KJ29 cells transfected with the PL501 plasmid. (A) The transfection of KJ29 cells with the
PL501 plasmid enhances the phosphorylation of mTOR and the levels of LC3-II protein (*p < 0.05 and ***p < 0.001, respectively). The treatment with rapamycin
(500 nM) for 24 h dramatically reduces mTOR activity in KJ29 cells transfected with both CTRL and PL501 plasmids compared with cells treated with vehicle (**p <
0.01 and ***p < 0.001, respectively). The inhibition of mTOR increases LC3-II protein levels in cells transfected with the CTRL plasmid (**p < 0.01), but not in those
transfected with the PL501 vector. (B) The transfection of KJ29 cells with different amounts of PL501 plasmid increases the phosphorylation of AMPK as compared to
cells transfected with the CTRL vector (*p < 0.05 and **p < 0.01). (C) KJ29 cells transfected with CTRL or PL501 plasmid (1.5 pg/mL) were treated with 5 pM of
compound C (CC) an inhibitor of AMPK for 24 h. The transfection with PL501 plasmid increases the phosphorylation of AMPK and the expression of LC3II compared
with control cells (*p < 0.05 for AMPK and **p < 0.01 for LC3II). The treatment with compound C reduces AMPK phosphorylation and LC3II expression in both CTRL
and PL501 transfected cells as compared to untreated cells (CTRL + CC vs CTRL: *p < 0.05; PL501 + CC vs PL501: **p < 0.01). (D) The transfection of KJ29 cells with
increased doses of PL501 plasmid enhances the phosphorylation of ULK1Ser317 compared with CTRL cells (**p < 0.01 and ***p < 0.001). Data, expressed as mean
+ standard deviation, were calculated from three different experiments. Statistical analysis was performed by unpaired t-test for sections A and C, while for sections B
and D was calculated by Anova test.
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calculated by unpaired t-test.
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autophagy by mitochondrial dysfunction through a mechanism
involving the downregulation of MCU channel.

3.3. The activation of autophagy by miR501-5p overexpression induces
the degradation of p53 in kidney cancer cells

We described that the overexpression of miR501-5p induced the
ubiquitination of p53 by the increase of mTOR/MDM2 pathway leading
to its inactivation via proteasomal machinery in kidney cancer cells [6].
Nevertheless, the activation of AMPK-dependent autophagy by the
upregulation of miR501-5p could induce the degradation of p53 protein
also through this biological process. To test this hypothesis, KJ29 and
Caki-2 kidney cancer cells were co-transfected either with PL501 or
CTRL plasmid and a construct expressing wild type p53 linked to GFP.
Next, cells were treated with an anti-LC3 antibody conjugated with
rhodamine in order to recognize autophagic structures. As shown in
Fig. 6 and Supplementary Fig. 1, p53-GFP protein (green staining) is
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confined not only to the cytoplasm, but also in dot structures especially
in cells transfected with the PL501 plasmid, suggesting that this tumor
suppressor could be trapped inside autophagosomes. Actually, the pro-
tein p53, included in most of these vesicles, co-localizes with the auto-
phagic marker LC3 (yellow dots), confirming that part of this
onco-suppressor is seized and degraded by the autophagic machinery.

3.4. Autophagy inhibition restores p53 expression leading to the reduction
of cell growth and migration

Because p53 may be caught and removed by autophagosomes, the
inhibition of autophagy should restore the levels of this tumor sup-
pressor. The inhibition of autophagy was performed by cell transduction
with recombinant lentiviruses expressing specific shRNAs (shATG7) for
the silencing of ATG7 gene. As control, cells were infected with lenti-
virus particles containing the wild type vector (pLKO). As expected, the
infection of KJ29 and Caki-2 cells with shATG7 lentiviruses significantly

Fig. 6. Analysis of p53-GFP subcellular localization by fluorescence microscopy in cancer cells expressing miR501-5p exogenous sequences. KJ29 (A) and Caki-2 (B)
cells, seeded on 24 mm coverslips and cultured in six-well plates overnight, were co-transfected with either PL501 or CTRL plasmid and a recombinant vector
expressing wild type p53 linked to GFP for 24 h. Next, cells were fixed, permeabilized and treated, first, with an anti-LC3 primary antibody and then with a secondary
antibody conjugated with rhodamine. Finally, cells were analyzed by a fluorescent microscope at 40x magnification and images were processed by using ImageJ
software. Wild type p53 protein fused to GFP co-localizes with the autophagic marker LC3 in cytoplasmic vesicles (yellow dots). The transfection with the PL501
plasmid enhances the number of autophagosomes containing the p53 protein in both KJ29 and Caki-2 cells.



S. Patergnani et al.

reduced ATG7 protein expression compared with same cells transduced
with the control virus (Fig. 7A). Moreover, the silencing of ATG7 gene
caused the reduction of LC3-II expression indicating the occurred
autophagy inhibition (Fig. 7A). The reduction of autophagy enhanced
the levels of p53 protein in both KJ29 and Caki-2 cells (Fig. 7B), con-
firming that this process may be used by cancer cell to remove p53.
Consistently, a significant increase of p21 protein expression that is
positively modulated by p53 and a strong decrease of cell proliferation
in both cell lines transduced with shATG?7 lentivirus it has been observed
(Fig. 7B and C).

It is known that TP53 loss of function induces epithelial mesen-
chymal transition (EMT) promoting tumor progression in gastric cancer
[23]. Since autophagy modulates the expression of p53 protein, it could
affect EMT also in kidney cancer cells. In order to test this assumption,
we have inhibited autophagy by cell transduction with shATG7 lenti-
virus and analyzed EMT evaluating the levels of E-Cadherin and
Vimentin that are specific epithelial and mesenchymal markers,
respectively. The inhibition of autophagy increased the content of
E-Cadherin and reduced the levels of Vimentin in both KJ29 and Caki-2
cells (Fig. 8A). However, the silencing of TP53 significantly reduces
E-Cadherin expression but does not modify the levels of Vimentin
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(Fig. 8B). Moreover, a slower cell migration in both KJ29 and Caki-2 cell
lines silenced for ATG7 gene than in control cells was detected (Fig. 8C
and D). These findings indicate that the inhibition of autophagy in
kidney cancer cells leads to the reduction of cell growth, migration and
EMT in a mechanism involving p53 and, likely, other signaling
pathways.

4. Discussion

Autophagy in cancer is not yet well defined, since it seems to work
differently depending on cellular context. In the early stage of disease,
autophagy may act as a mechanism of tumor suppression preventing cell
proliferation and inflammation [24]. However, in disease recurrence or
metastasis this process could promote cancer progression and therapy
resistance [24,25]. Here, we report that different kidney tumor cell lines
show increased levels of autophagy compared with control kidney cells,
therefore it could be associated with cancer progression. Previously, we
have described that miR501-5p which is upregulated in ccRCC cells as
well as in tumor tissues of patients with advanced disease, seems to
correlate with poor prognosis [6]. We postulate that the upregulation of
this miR may activate autophagy in kidney cancer cells. Actually, the

Fig. 7. Study of p53 and p21 protein expression and
cell proliferation after the inhibition of autophagy in
kidney cancer cells. (A) KJ29 and Caki-2 cells were
transduced with recombinant lentiviruses (shATG7)
able to suppress the ATG7 gene or with the control
virus (pLKO). The infection of KJ29 and Caki-2 with
shATG7 causes the reduction of ATG7 protein
expression in both cells lines compared with pLKO
transduced cells (**p < 0.01 for KJ29 and *p < 0.05
for Caki-2). Consistently, the silencing of ATG7 gene
reduces the levels of LC3-II protein (***p < 0.001 for
KJ29 and *p < 0.05 for Caki-2). (B) The inhibition of
autophagy by transduction of KJ29 and Caki-2 cells
with shATG7 lentiviruses increases both p53 and p21
protein expression compared with pLKO transduced
cells (**p < 0.01 for p53; **p < 0.01 and *p < 0.05
for p21). (C) The silencing of ATG7 gene reduces cell
proliferation in both KJ29 and Caki-2 cells compared
with control ones (***p < 0.001 for KJ29 and **p <
0.01 for Caki-2). Data, expressed as mean =+ standard
deviation, were obtained from three independent
experiments for sections A and B, while for the sec-
tion C data were calculated from four experiments.
Statistical significance was performed by using un-
paired t-test.
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Fig. 8. Evaluation of cell migration and epithelial mesenchymal transition (EMT) by E-Cadherin and Vimentin expression in kidney cancer cells silenced for ATG7
gene. (A) The inhibition of autophagy in KJ29 and Caki-2 cells transduced with shATG7 lentiviruses increases the levels of E-Cadherin and reduces the expression of
Vimentin compared with cells infected with pLKO (*p < 0.05 for E-Cadherin; *p < 0.05 and **p < 0.01 for Vimentin). (B) The silencing of TP53 reduces both p53 and
E-Cadherin protein levels but not changes those of Vimentin in KJ29 and Caki-2 cells (**p < 0.01 and *p < 0.05 for p53 in KJ29 and Caki-2, respectively; *p < 0.05
for E-Cadherin in both cell types). The inhibition of autophagy by ATG?7 silencing in KJ29 cells (C) and Caki-2 cells (D) causes a significant reduction of cell migration
in comparison with pLKO transduced cells (*p < 0.05). Images were acquired by a contrast phase microscope equipped with a CCD camera at 4x magnification. The
percentage of groove filling was calculated by ImageJ software. Data expressed as mean + standard deviation were obtained from three different experiments.

Statistical significance was calculated by unpaired t-test.

exogenous overexpression of miR501-5p in our renal cellular models
promotes autophagy confirming that this miR may modulate this bio-
logical process. However, the miR501-5p also increases the activity of
mTOR kinase and thus it should inhibit the autophagic machinery.
Therefore, we speculate that the upregulation of this miR may stimulate

11

the mTOR-independent autophagy in kidney cancer cells. Accordingly,
different tumors take advantage of this type of autophagy in response to
cellular stress or starvation, so that the cell undergoes a form of
self-eating to use as source of energy [26]. As postulated, the increased
autophagy observed in KJ29 tumor cells overexpressing the miR501-5p
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is mTOR-independent, because it is not induced by the inhibition of this
protein kinase. The triggering of autophagy could be supported by the
induction of AMP kinase that is activated in case of low energy avail-
ability [27]. In fact, we have observed a strong increase in AMPK
phosphorylation in KJ29 cells overexpressing miR501-5p. Consistently,
the inhibition of AMPK by cell treatment with compound C strongly
reduces both AMPK phosphorylation and LC3II expression. The activa-
tion of AMPK by the overexpression of miR501-5p leads to the phos-
phorylation of ULK1%*®17 which stimulates mTOR-independent
autophagy [28,29]. Taken together, these findings indicate that auto-
phagy induction by miR501-5p overexpression is driven through
AMPK-ULK1 pathway in kidney cancer cells. AMPK, a highly conserved
sensor of intracellular adenosine nucleotide levels, is a sensor of the
energy status of the cell, and is activated by ATP decreasing [27]. AMPK,
induced by mitochondrial dysfunction, phosphorylates BECN1 initiating
autophagy through mTOR-independent mechanisms [27]. The reduc-
tion of mitochondrial activity may occur by the impairment of Ca?*
influx into the mitochondrion that may compromise cell bioenergetics
leading to metabolic stress and activating the autophagic pathway [22].
The Ca?* uptake through mitochondria is regulated by the mitochon-
drial calcium uniporter (MCU) and is used by the dehydrogenases of
TCA cycle for ATP generation [30,31]. The upregulation of miR501-5p is
able to inhibit MCU protein synthesis by targeting the 3'UTR of MCU
mRNA. Consequently, the decrease of MCU channel protein induces a
significant reduction of mitochondrial Ca?* levels after ATP stimulation,
suggesting that miR501-5p is able to modulate mitochondrial Ca?* up-
take. As expected, the decrease of Ca2+ influx into the mitochondria
causes a robust lowering of mitochondrial activity resulting in reduced
ATP generation.

Taken together, our observations show that miR501-5p upregulation
causes the reduction of both mitochondrial calcium influx and energy
production by the downregulation of MCU protein levels leading to the
activation of AMPK that in turn promotes mTOR-independent
autophagy.

Interestingly, autophagy may be used by tumor cell to degrade
ubiquitinated proteins [32]. Our previously observations show that the
tumor suppressor p53 is ubiquitinated through the activation of
mTOR/MDM2 pathway in renal cancer cells [6]. Thus, part of p53
protein could be degraded by the autophagic system. Actually, the
exogenous expression of wild type p53 co-localizes with autophagosome
structures, in particular, in tumor cells overexpressing miR501-5p se-
quences, suggesting that the autophagic machinery is used by kidney
cancer cells to remove this oncosuppressor. Consistently, the inhibition
of autophagy causes a dramatic increase of p53 levels confirming that
this process contributes to p53 inactivation. Furthermore, the reduction
of autophagy leads to the induction of the cell cycle inhibitor p21 and
the inhibition of cell proliferation likely through the increased expres-
sion of p53. The tumor suppressor p53 may also regulate EMT, in fact,
the loss of p53 induces EMT in gastric epithelial cells [23]. In addition,
p53 inhibits the RAS-mediated EMT and EMT-associated stemness of
human mammary epithelial cells increasing the expression of E-Cad-
herin and p-Catenin [33]. Accordingly, the inhibition of autophagy that
restores p53 expression leads to the reduction of both cell migration and
EMT through the upregulation of E-Cadherin and the downregulation of
Vimentin. However, the silencing of TP53 causes the reduction of
E-Cadherin but not affects the expression of Vimentin suggesting that
the decrease of autophagy reduces EMT also through the involvement of
other factors. Moreover, the link between autophagy and EMT is still
unclear because some studies show that the inhibition of autophagy
promotes EMT in different cancer types [33], while other observations
report that the silencing of ATG3 and ATG7 genes suppresses EMT in
hepatocellular carcinoma cells [33]. Our findings support data involving
autophagy in disease progression promoting cell growth, expansion and
EMT also by p53/p21 contribution. Furthermore, it is well known that in
different tumors including kidney cancer the p53/p21 pathway has been
found impaired [34]. Thus, the reactivation of p53 could represent an
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important option for the treatment of advanced kidney carcinoma. In
this regard, interventions aimed at restoration of p53 expression by
using MDM2-proteasome inhibitors showed encouraging results in
pre-clinical models and have been approved for clinical trials in different
tumors [35]. However, the role of p53 in kidney cancer remains unclear
and is still debated, because the overexpression of this tumor suppressor
may be associated with poor prognosis [36]. This apparent paradox
could be due to the acquisition of sequential mutations of TP53 gene in
cancer cells during tumorigenesis, which may generate oncogenic pep-
tides, contributing to cancer development and progression [37]. More-
over, p53 dysfunction may also activate autophagy, because the
deletion, depletion or inhibition of TP53 induces autophagy in human
and mouse cells [38]. Consistently, mutations of p53 can disrupt the
ability of this tumor suppressor to downregulate autophagy promoting
tumor aggressiveness in colorectal cancer [39]. Based on these obser-
vations, the design of therapies solely addressed to the increase of p53
levels, such as the targeting of MDM2-proteasome proteins, should be
carefully evaluated in order to prevent the synthesis of p53-mutated
peptides, which may activate both oncogenic signals and autophagy.

In summary, we report that kidney cancer cells activate mTOR-
independent autophagy leading to p53 inactivation in a mechanism
involving the upregulation of miR501-5p, the downregulation of MCU,
the drop of energy availability that consequently sustain the autophagic
status through the AMPK-ULK1 axis.

The inhibition of autophagy by ATG7 gene silencing restores p53/
p21 axis, reduces both cell growth and migration and negatively regu-
lates EMT through the upregulation of E-Cadherin and the down-
regulation of Vimentin.

Findings obtained by our cellular models for kidney cancer support
the hypothesis that autophagy may provide for the recovery of energy
metabolites needed for cancer cell growth and progression in renal
carcinoma, as observed by some authors in kidney cancer and other
tumors [24,25,40,41].

Finally, the targeting of autophagic proteins could be a promising
option for the treatment of metastatic kidney carcinoma, since the in-
hibition of autophagy may restore p53 function and, at the same time,
subtract energy resources crucial for cancer cell survival.
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