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Induced mitochondrial deficit by NDUFS3 -l
transient silencing reduces RAB7 expression
and causes lysosomal dysfunction

in pancreatic cancer cells
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Abstract

Background RAB7 is a small GTPase with multiple cellular roles, regulating late endocytic trafficking and lysosomal
biogenesis, influencing mitochondria-lysosome crosstalk, and contributing to many mitochondrial processes.
Mitochondrial dysfunctions are widely reported in cancer and the development of cancer therapeutic strategies
targeting mitochondria gained momentum in recent years. Mitochondrial impairment can cause alterations of
mitochondria-lysosome crosstalk and can influence lysosomal function. Here, we used cell models of pancreatic
cancer, one of the deadliest cancers worldwide, to cause a transient mild mitochondrial deficit lowering NDUFS3
protein levels in order to investigate the consequences on RAB7 and on the late endocytic pathway and, thus, the
contribution of the mitochondria-lysosomes communication alterations to cancer progression.

Methods NDUFS3 and RAB7 downregulation was obtained by RNA interference (RNAI). Seahorse assays, Western
blot analysis, mitochondrial staining, and Transmission Electron Microscopy (TEM) were used to assess silencing
effects on mitochondrial structure and functioning. Western blotting was used to investigate expression of late
endocytic pathway proteins and of the invasion marker vimentin. Confocal microscopy was used to analyze the
mitochondrial network and lysosomal assessment. Zymography was performed to evaluate the ability to digest the
extracellular matrix linked to cancer migration. SRB and colony assays were performed to assess cancer viability and
proliferation. Wound healing assay and FluoroBlok membranes were used to determine migration and invasiveness.

Results In pancreatic cancer cells, transient silencing of the NDUFS3 protein caused mitochondrial deficit, slower
oxidative metabolism, and mitochondrial morphology alterations. In this context, we observed RAB7 downregulation
and impairment of the late endocytic pathway. In addition, NDUFS3-silenced RAB7-downregulated cells showed less
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invasive tumorigenic potential revealed by reduced levels of vimentin and other Epithelial-to-Mesenchymal Transition
proteins, decreased viability, migration and invasiveness. Moreover, we found that modulation of RAB7 expression
may regulate vimentin levels and influence mitochondrial morphology and levels of mitochondrial proteins.

Conclusions Overall, our data show that mitochondrial deficit determines alterations of the crosstalk with lysosomes,
leading to dysfunctions, and that this process is requlated by RAB7 acting as an oncogene. This highlights the
synergic role of RAB7 and mitochondrial dysfunction, focusing on a cellular mechanism that may boost the effect of
mitochondrial dysfunction in the cells, leading to the reduction of the tumorigenic potential.

Keywords RAB7, Mitochondria, Lysosomes, Endocytosis, Pancreatic cancer

Introduction

RAB7A (hereafter referred to as RAB7) is a small GTPase
with multiple cellular roles as it regulates trafficking
from early endosomes (EE) to lysosomes, EE matura-
tion, lysosomal biogenesis, and clustering and fusion of
late endosomes (LE) and lysosomes in the perinuclear
region [1, 2]. RAB7 also plays a role in many mitochon-
drial processes, such as mitophagy [3], mitochondrial
fusion and fission [4—6], mitochondrial protein transla-
tion [7], and mitochondria-derived vesicle (MDV) bio-
genesis [8] and secretion [9]. Guanosine triphosphate
(GTP) hydrolysis by RAB7 promotes the untethering of
mitochondria-lysosome contact sites, influencing their
duration, number, and frequency [5], thus making RAB7
fundamental for these interactions. The alterations of
the crosstalk between mitochondria and lysosomes have
been reported in cancer and neurodegenerative diseases
[10-13]. Importantly, mitochondrial impairment can
influence lysosomal function and viceversa [10]. Tar-
geting mitochondria is a promising strategy for cancer
therapy. Indeed, due to the mitochondrial bioenergetic
and biosynthetic function, in the context of cancer, mito-
chondria are considered the metabolic hub of cell prolif-
eration, survival, and metastasis [14].

Despite the “Warburg effect,” in which cancer cells rely
primarily on glycolysis rather than mitochondrial oxida-
tive phosphorylation (OXPHOS) even in aerobic condi-
tions, how mitochondrial dysfunction contributes to
cancer progression is still debated [15]. Recent findings
in cancer metabolism have highlighted promising meta-
bolic targets that could affect cancer progression, inva-
siveness, metastasis formation, and response to therapies
[16, 17]. In this context, mitochondrial complex I (CI),
the first and rate-limiting enzyme of the OXPHOS sys-
tem, appears to be a particularly promising candidate
for developing anticancer strategies [18—20]. CI function
was explored using potent inhibitors that severely impact
respiratory chain function and cell metabolism resulting
in the suppression of tumor growth and progression [21—
23]. NDUFS3 is a subunit of CI already characterized in
cancer, highly conserved across evolution, and believed
to be essential for CI assembly. Indeed, NDUEFS3 ablation
causes Cl-deficient tumors as the knock-out of NDUFS3

in vitro models of two different cancer types induces a
severe decrease of CI activity and blocks mitochondrial
respiration, resulting in a major OXPHOS defect and
cancer indolence [18].

Thus, given the role of RAB7 in mitochondria-lyso-
somes communication, we used pancreatic cancer cell
lines to assess the effect of the mitochondrial deficit
caused by reduced levels of NDUFS3 transiently silenced
on RAB7 and, consequently, on the late endocytic path-
way and lysosomes. RAB7 has been described as a tumor
suppressor or as an oncogene [24] in the context of can-
cer progression, depending on cellular and environmen-
tal context. Still, its role in the context of dysfunctional
mitochondria in cancer has not yet been clarified. Here,
we provide evidence that in NDUFS3-silenced cells,
RAB?7 is downregulated and, consequently, the late endo-
cytic pathway and lysosomes are impaired. Furthermore,
although we silenced NDUEFS3 transiently, we observed
a reduction in cellular viability, colony formation capac-
ity, and vimentin levels compared to controls, indicating
that the decrease in CI and the mitochondrial deficit is
sufficient to attenuate aggressiveness and epithelial-mes-
enchymal transition in these cells by a RAB7-dependent
process, thus inducing a less aggressive phenotype.

Materials and methods

Cell lines and treatments

Two different pancreatic cancer cell lines, MIA PaCa-2
(Cellosaurus Research Resource Identifiers RRID:
CVCL_0428) [25] and YAPC (RRID: CVCL_1794) [25]
cells were grown in DMEM (Euroclone, Milano, Italy).
Media were supplemented with 10% FBS, 2 mM gluta-
mine, 100 U/mL penicillin, and 10 mg/mL streptomycin
(Euroclone, Milano, Italy). Cell lines were grown in a 5%
CO, incubator at 37 °C. MIA PaCa-2 cells were kindly
provided by Prof. Miriam Martini (University of Turin,
Turin, Italy) [26], while YAPC cells were a gift from Dr.
Loredana Moro (Memorial Sloan Kettering Cancer Cen-
ter, NY, USA) [27]. Where indicated, cells were treated
with MG132 (20 uM, Sigma-Aldrich, MO, USA), cyclo-
heximide (CHX) (50 uM, Sigma-Aldrich) for 2 h and
4 h, with Rotenone (1 pM, Santa Cruz, CA, USA) for
48 h (YAPC) and 72 h (MIA PaCa-2), and with carbonyl
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cyanide m-chlorophenyl hydrazone (CCCP) (10 uM,
Enzo Life Science, NY, USA) for 18 h.

RNA interference and transfection

NDUFS3 silencing was performed using Metafectene SI*
from Biontex (Martinsried, Germany) as indicated by the
manufacturer. Control RNA (Scrambled, Scr), NDUFS3,
and RAB7 small interfering RNAs (siRNAs) were pur-
chased from Eurofins Genomics (Ebersberg, Germany).
Control RNA and RAB7A siRNA efficiency were previ-
ously reported [28]. For NDUEFS3 silencing, two differ-
ent siRNAs (siRNA #1 and siRNA #2) were used. The
sequences of all siRNAs used are indicated in supple-
mentary Table S2. For all subsequent experiments, after
48 h from silencing medium was replaced and cells were
seeded for further analyses or processed. siRNAs effi-
ciency in NDUFS3 silencing and RAB7 protein levels
were tested by Western blotting at different times (for
YAPC cells 3, 5, 7 and 9 days; for MIA PaCa-2 cells 3,5, 7,
9 and 11 days).

Cells were transiently transfected with K4 Transfection
System from Biontex (Martinsried, Germany) accord-
ing to the manufacturer’s protocol. Plasmids pcDNA3.1
vector (Invitrogen, V79020) encoding 2xHA and 2xHA-
RAB7A wild type were previously described [29]. Briefly,
after 48 h of NDUEFS3 silencing, YAPC and MIA PaCa-2
cells were seeded and then transfected at day 3 for 18 h.
Then, the medium was replaced, and cells were collected
and used for Western blot analysis after 7 and 9 days from
silencing for YAPC and MIA PaCa-2 cells, respectively.

DQ-BSA (Self-Quenched BODIPY dye conjugates of bovine
serum Albumin) assay

Cells were seeded on coverslips in a 24-well plate to
achieve 70-80% confluency and treated with 50 pg/
ml Green DQ-BSA (# D12050, ThermoFisher Scien-
tific, Carlsbad, CA, USA) for 24 h. Glass coverslips were
fixed with 3% paraformaldehyde for 20 min, washed
with PBS (Phosphate Buffered Saline), and stained with
4',6-diamidino-2-phenylindole  (DAPI). Cells were
imaged using Zeiss LSM 900 confocal laser scanning
microscope (CLSM) (Germany) and quantitative analysis
was performed on at least 50 cells per sample using NIH
Image] (Bethesda, MD, USA).

Live imaging confocal microscopy

For live imaging assay, cells were seeded in 8 well p-slide
microscopy chambers (Ibidi GmBh, Martinsried, Ger-
many). After 24 h cells were treated with 20 nM of Pure-
BluTM Hoechst 33,342 Nuclear Staining Dye (BioRad)
and 100 nM LysoTracker Red DND-99 (Thermofisher) as
previously described [9, 30]. Similarly, we stained mito-
chondria with 50 nM MitoTracker Green FM (Thermo-
fisher), as previously described [30, 31].
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After 3 washes in PBS, L-15 medium (Leibowitz
medium without phenol red, Gibco, TermoFisher) was
added and cells were imaged by confocal microscopy.
Images were captured using CLSM (Zeiss, LSM 900, Ger-
many) equipped with a laser diode emitting at 405 nm, an
argon-ion laser for excitation at 488 nm, and a helium-
neon laser for excitation at 555 nm. Images were taken
with a Plan-Apochromat 63.0 x 1.40 oil-immersion objec-
tive DIC M27. Live imaging assay results were analyzed
by Image] (Bethesda, MD, USA).

Western blotting

Cells were lysed with Laemmli buffer (100 mM Tris—
HCI pH 6.8, 4% SDS, 20% glycerol, and 0.2% blue bro-
mophenol) and then quantified using the BCA assay
(Thermofisher Scientific). All antibodies used are listed
in Supplementary Table S1. Secondary antibodies con-
jugated with horseradish peroxidase (HRP) are used at
1:5000 dilution for immunoblot.

Images were acquired by the ChemiDoc MP Imaging
System and analyzed by Image Lab TM software version
6.0.1 (Bio-Rad Laboratories). Protein expression levels
were quantified by densitometry normalizing against
Heat shock protein HSP 90-alpha (HSP90) housekeeping
protein.

Gelatin zymography

The gelatin zymography assay was performed using 30 pug
of each sample as previously described [32]. Briefly, the
serum-free medium of the cultured cells was collected
and concentrated after 24 h. The secreted proteins were
separated under non-reducing conditions in a polyacryl-
amide gelatin gel. The gelatin-digested zone, shown as a
clear area on a blue background, is observed after Coo-
massie Blue staining.

Maturation of cathepsin D

Maturation of Cathepsin D was evaluated through West-
ern blot analysis using an anti-Cathepsin-D antibody
(Santa Cruz Biotechnology) that recognizes, not only
the 32 kDa mature form but also the 52 kDa and 44-kDa
immature forms. Protein levels were quantified by densi-
tometry with Image Lab TM software version 6.0.1 (Bio-
Rad) and the amount of maturation was expressed as the
ratio between immature forms (52/44 kDa) and mature
form (32 kDa) [30].

Measurement of mitochondrial morphology and network
complexity

Cells were seeded on 11 mm round glass coverslips in 24
well plates to achieve 70—-80% confluency. After 24 h, cells
were incubated with 75 nM MitoTracker Red CMXRos
(ThermoFisher Scientific) for 45 min at 37 °C. After 3
washes in PBS, cells were fixed with 3% paraformaldehyde
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for 15 min at 37 °C, incubated with NH,Cl 50mM for
10 min, washed 3 times with PBS 1X and then incubated
with DAPI for 5 min. Finally, coverslips were mounted on
a drop of Mowiol (Calbiochem-Nova biochem Corpora-
tion, La Jolla, CA, USA). Fluorescence images were cap-
tured using CLSM (Zeiss, LSM 900, Germany) described
above.

The width and height of individual mitochondria were
measured, and the aspect ratio was a measurement for
mitochondrial size. Established methods for multidimen-
sional measurements of mitochondrial morphology were
used to quantify the mitochondrial size and network
complexity [33, 34]. The Mitochondria Analyzer plugin
can be downloaded from http://sites.imagej.net/ ACMito/
and installed in Fiji of NIH Image]. Briefly, healthy mito-
chondria are generally mobile and tubular in shape and
exist in complex networks, whereas cells undergoing pro-
found stress or entering apoptosis often display swollen
and fragmented mitochondria. Thus, the mitochondria
analyzer is designed to measure both the size, the shape
of the individual mitochondrion, and network complex-
ity. The mitochondrial size can be measured in area and
perimeter. The shape is reflected by the aspect ratio
(maximal: minimal diameter) and by the form factor. The
complexity of the mitochondrial network is revealed by
the number of branch joints, branches and branch length.

Following the instructions in Chaudhry et al., [34], we
defined the mitochondrial morphology to three different
levels of complexity: Level 1 (L1) was for the highly com-
plex mitochondrial network with little or no fragmented
mitochondria; Level 2 (L2) represented less complex
mitochondrial network with fragmented mitochondria;
Level 3 (L3) was for highly fragmented mitochondria
with little or no network. For 2D analysis, the image was
first processed and thresholded. The blocking size of
1.05/1.25/1.45 um and C-value of 5/9/13 were applied for
L1, L2, and L3, respectively). The resulting binary image
was used as the input for the “analyze particles” com-
mand (size =100/70/40 pixels -infinity, circularity = 0.00—
1.00, for level 1/2/3). Note that only mitochondria larger
than 100/70/40-pixel units were taken into consideration
in those 3 conditions, respectively. The output measure-
ments generated for “area” and “perimeter” represented
the average size of mitochondria. The shape of mitochon-
dria was revealed by the values for both the aspect ratio
(AR) and the Form Factor (FF). FF was derived as the
inverse of the “circularity” output value to take into con-
sideration of curvatures.

Quantitative Real-Time PCR

Standard RNA procedures and quantitative Real-
Time PCR (qRT-PCR) were performed as previously
described [35]. Total RNA was extracted from MIA
PaCa-2 and YAPC cell lines after 3, 5, 7, 9, and 11 days
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from NDUFSS3 silencing and their controls using TRIzol
Reagent (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. Quality
control and quantification of the extracted RNA were
performed using a NanoDrop ND-1000 spectrophotom-
eter (Thermo Scientific, Waltham, MA, USA). Reverse
transcription of 500 ng of RNA was performed using an
iScript cDNA Synthesis kit (Bio-Rad). Quantitative Real-
Time PCR for RAB7 was performed with SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad) on a CFX96
TouchTM Real-Time PCR Detection System (Bio-Rad).
RAB?7 levels were normalized to RPLPO levels, used as a
housekeeping gene, and relative mRNA expression was
calculated using the AACt method and expressed as “fold
change” The specificity of PCR products was confirmed
by melting curve analysis. Primer sequences are reported
in Table S2.

Transmission Electron microscopy (TEM)

Cells monolayers were rinsed with PBS, fixed using
2.5% glutaraldehyde at 4 °C and then post-fixed with 1%
osmium tetroxide containing 1.5% potassium cyanofer-
rate. Afterward, the cellular monolayers were gradu-
ally dehydrated in ascending concentrations of ethanol
and embedded in Epon resin. Thin sections of 80 nm
were obtained using an ultramicrotome and collected
onto copper TEM grids. The grids were finally stained
by UranyLess EM Stain (Electron Microscopy Sci-
ences), by following the standard protocol provided by
the manufacturer. TEM analysis was performed with a
JEOL JEM-1011 transmission electron microscope at
100 kV operating voltage, equipped with a 7 megapixel
CCD camera (Orius SC600A, Gatan, Pleasanton, CA).
TEM image analysis was achieved with Gatan Digital
Micrograph™ (DM) software. Statistical analysis of the
mitochondria size was performed analyzing at least 120
individual mitochondria.

Cell viability measurements

Cell viability of YAPC and MIA PaCa-2 NDUFS3 silenced
and Scr control cells were assessed using the Sulforhoda-
mine B (SRB) assay (Sigma-Aldrich) based on the mea-
surement of cellular protein content. After 48 h from
silencing, cells were seeded in 96-well plates (1500 cells/
well) in a complete medium. Plate reading was performed
on a Multilabel Plate Reader (Victor X5, PerkinElmer,
Waltham, MA, USA) at 570 nm. The viability of YAPC
and MIA PaCa-2 cells was calculated respectively after 7
and 9 days from NDUFS3 silencing, comparing silenced
cells with Scr cells.

Clonogenic assay
Anchorage-dependent cell growth capacity was deter-
mined for YAPC and MIA PaCa-2 NDUFS3 silenced and
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Scr control cells. After 48 h from silencing, suspensions
of cells (400 cells) were placed in duplicate in a 32-mm
dish and incubated at 37 °C in a humidified 5% CO,
atmosphere. Colonies formed by YAPC and MIA PaCa-2
cells, respectively, after 7 and 9 days from NDUFS3
silencing, were fixed, stained, and analyzed. Images of
the 32-mm dish were acquired using EVOS™ FL Auto 2
Imaging System (Thermo Fisher Scientific), scanning the
entire area of each well, and acquiring multiple images to
build a single stitched image for each well. Colonies were
counted using Image] (Bethesda, MD, USA).

Migration assay using FluoroBlok insert

Migration of NDUFS3-silenced YAPC and MIA PaCa-2
was assessed using Corning FluoroBlok 24-multi-
well insert plates (6.5 mm diameter) with 8.0 um pores
(Corning, MA, USA). Before seeding, nuclei of cells
were stained with 20 nM of PureBluTM Hoechst 33,342
Nuclear Staining Dye (Bio-Rad). DMEM containing 10%
FBS was added to the lower chamber of FluoroBlok cul-
ture plates. 10°NDUFS3-silenced YAPC and MIA PaCa-2
cells and their respective scrambled controls were seeded
into the upper chamber of Corning FluoroBlok insert
in serum-free DMEM. Following incubation for 24 h in
a 5% CO2 incubator at 37 °C, migration was assayed by
fluorescence of cells passing through the microporous
membrane. EVOS™ FL Auto 2 Imaging System (Thermo
Fisher Scientific) was used to acquire images of fluores-
cent cells that had traversed the membrane. Using Image]
(Bethesda, MD, USA), the mean number of cells was cal-
culated in 10 random fields (magnification 10X).

Wound healing assay

Wound healing assay was performed on NDUFS3-
silenced YAPC cells compared to the Scr control. Cells
were seeded in a two-well culture silicone insert (75 x 104
cells/well) with a defined cell-free gap of 500 um (Ibidi,
Germany). Once the cells reached 100% confluence, the
silicone insert was removed and the cells were cultured
for 24 h. Images of the wound area, clear of cells in the
well, were taken with EVOS™ Imaging System (Thermo
Fisher Scientific) at 0 (T0) and 24 h after wounding. The
wound areas were measured with Image] (Bethesda, MD,
USA). The migration rate was calculated as the change in
the wound area over time and expressed as the percent-
age of wound closure between 0 and 24 h for the two
different conditions. A high wound closure percentage
represents the cell line with more migration capacity over
time [36].

Seahorse XF oxygen consumption rate (OCR) assay

To evaluate mitochondrial respiration in YAPC and MIA
PaCa-2 NDUFS3 silenced and Scr control cells, the Mito
Stress Test Kit (Agilent Technology, CA, USA) was used
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following the manufacturer’s instructions and the oxygen
consumption rate (OCR) was measured using the Sea-
horse XFp Extracellular Flux Analyzers (Agilent Technol-
ogy) as previously reported [9]. Cells were seeded into
an 8-well Seahorse XFp Cell Culture Miniplate (Agilent
Technology) at the density of 3 x 10* cells/well in DMEM
complete medium and allowed to attach at 37 °C in a
humidified incubator with 5% CO,. The Mito stress test
foresees the sequential injection of the following drugs:
Oligomycin (1 pM), Carbonyl cyanide-p-trifluorome-
thoxyphenylhydrazone (FCCP) (1 pM) and Rotenone/
Antimycin A (0.5 puM). Three measurements of OCR
were obtained for each drug injection. At the end of each
experiment, the amount of total cell proteins/well was
determined using the BCA assay quantification method
(Thermofisher Scientific) described above. The OCR data
were analyzed by Seahorse Analytics software, expressed
as pmoles of O2 per minute (OCR), and normalized to
total protein levels in each well.

Statistical analysis

All experiments were conducted at least 3 times and
results are expressed as mean valuetstandard error
(SEM) (error bars). GraphPad Prism software (Ver-
sion 10.0) was used to generate the graphs. The statis-
tical significance was determined for all experiments
through Student’s t-test for unpaired data (*p<0.05, **
p<0.01, and *** p<0.001). Fluorescence intensity was
evaluated by quantifying Correct Total Cell Fluorescence
(CTCF); the number and size of acid compartments
and DQ-BSA puncta in cells were determined through
the “Analyze Particles” tool of Image]. For all measures,
at least 50 cells/samples were analyzed for at least three
independent experiments. Results are represented as
mean + standard error (SEM).

Results

Transient silencing of NDUFS3 causes a decrease in
mitochondrial subunit expression and bioenergetic deficit
It was already demonstrated that CI ablation caused by
genetic NDUFS3 knock-out in mesenchymal and epithe-
lial cancer cells induces a low-proliferative cancer phe-
notype and converts malignant cancers in oncocytomas
[18]. CI function was also reduced using inhibitor drugs
that impact respiratory chain function and cell metabo-
lism [21-23]. To understand the effects of mitochon-
drial deficit on mitochondria-lysosome communication
and on lysosomal function, transient siRNA-mediated
silencing of the nuclear-encoded mitochondrial NDUFS3
gene was carried out. We used two different siRNAs,
named siRNA#1 and siRNA#2, in two different pancre-
atic cancer cell lines, YAPC and MIA PaCa-2 (Fig. 1A
and C). Both siRNAs exhibit a high efficiency in reduc-
ing NDUEFS3 protein levels, lasting up to 9 and 11 days
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 Alteration of mitochondrial proteins and function in NDUFS3-silenced YAPC and MIA PaCa-2 cells. (A-B) YAPC and (C-D) MIA PaCa-2 cells were
treated with control RNA (Scrambled, Scr) or with two different NDUFS3 siRNAs (indicated as #1 and #2) and the expression of mitochondrial proteins was
evaluated by Western blotting. The efficiency of RNA interference (RNAi) was verified using an antibody against NDUFS3 and HSP90, as loading control.
The relative abundance of SDHB and NDUFB8 protein levels was determined through densitometric analysis using Image Lab Software version 6.0.1
normalizing against HSP90 and was reported as the ratio of NDUFS3-silenced cells (#1 and #2) compared to their control (Scr). (E) Mitochondrial function
was analyzed in NDUFS3-silenced (#1 and #2) and control (Scr) YAPC cells with the Seahorse Mito stress kit assay. Oxygen consumption rate (OCR) was
measured by Agilent Seahorse XF HS Mini analyzer. Basal respiration (F), ATP-production coupled respiration (G), proton leak (H), maximal respiration (1)
and non-mitochondrial oxygen consumption (J) were determined by data elaboration with Agilent Seahorse Analytics software. (K) Mitochondrial func-
tion was analyzed in NDUFS3-silenced (#1 and #2) and control (Scr) MIA PaCa-2 cells with the Seahorse Mito stress kit assay. Oxygen consumption rate
(OCR) was measured by Agilent Seahorse XF HS Mini analyzer. Basal respiration (L), ATP-production coupled respiration (M), maximal respiration (N) and
non-mitochondrial oxygen consumption (O) were determined by data elaboration with Agilent Seahorse Analytics software. Values are the mean + SEM

of at least three independent experiments. *p <0.05, ** p<0.01 and *** p<0.001

for YAPC and MIA PaCa-2 cells, respectively (Figure
S1). In YAPC and MIA PaCa-2 NDUFS3-silenced cells
we also found that the mitochondrial NADH: Ubiqui-
none Oxidoreductase Subunit B8 (NDUFB8), a protein
of CI, and SDHB, a protein of Complex II (CII), were
decreased compared to their respective scrambled (Scr)
controls (Fig. 1A-D). To ensure that the NDUFS3 siRNA-
mediated silencing results in an actual functional deficit,
the bioenergetic competence of YAPC and MIA PaCa-2
NDUFS3-silenced cells and Scr controls was determined
using Seahorse Mitostress kit assay (Fig. 1E-O). We found
that Oxygen Consumption Rate (OCR) was decreased in
both NDUFS3-silenced cell lines compared to their con-
trols (Fig. 1E and K). In particular, we observed that Basal
respiration, ATP production, Proton Leak, Maximal Res-
piration, and Non-mitochondrial OCR were significantly
reduced in YAPC cells silenced with both NDUFS3 siR-
NAs (Fig. 1F-J). In MIA PaCa-2 NDUFS3-silenced cells
we found a significant reduction in Basal respiration,
ATP production, Maximal Respiration, and Non-mito-
chondrial OCR (Fig. 1L-O). These results highlight that
transient NDUFS3-silencing is sufficient to induce a bio-
energetic deficit and a slower oxidative metabolism.

NDUFS3-silenced cell lines show alterations in
mitochondrial morphology

With the aim of investigating the effect of the transient
NDUFS3-silencing on mitochondrial morphology, we
performed mitochondrial staining using MitoTracker
Red CMXROS dye (Fig. 2A and J). Raw images were pro-
cessed with the Mitochondria Analyzer in Fiji/Image],
as described in the Materials and Methods, to quan-
tify the changes in NDUFS3-silenced cells compared to
their controls. Notably, network connectivity is critical
for remodeling mitochondrial morphology and activity
[37], and the numbers of branch junctions per mitochon-
drion, which is a measurement of network connectivity,
were also evaluated as previously described [33, 34]. As
shown in Fig. 2, in NDUFS3-silenced cells we observed a
decrease in the mitochondrial network complexity. Our
analyses have revealed that mitochondria in NDUFS3-
silenced YAPC cells exhibited a significant reduction in

the mean area (Fig. 2B) and perimeter (Fig. 2C). In addi-
tion, the form factor (Fig. 2E), the branch junctions for
mitochondrion (Fig. 2F), the branches for mitochondrion
(Fig. 2@G), the total length of branches (Fig. 2H) as well
as the average branch length (Fig. 2I) were also reduced
compared to the scrambled counterpart. In parallel, we
found that in MIA PaCa-2 cells the mean area (Fig. 2K),
the mean perimeter (Fig. 2L), and the form factor
(Fig. 2N) of the mitochondria were reduced after silenc-
ing of NDUFS3 compared to controls. Furthermore,
mitochondria, on average, showed a significant reduction
in the branch junction and the branches for mitochon-
drion (Fig. 20-P), in the total length of branches (Fig. 2Q)
as well as in the average branch length (Fig. 2R). Hence,
both cell lines showed alterations of mitochondrial mor-
phology in the presence of NDUFS3 silencing.

Moreover, we evaluated mitochondrial morphology
also by electron microscopy (Fig. 3A) measuring the
mitochondrial short axis and counting cristae, revealing
that NDUFS3-silenced YAPC cells were characterized
by a significant decrease in the number of cristae and an
increase in short mitochondrial axis width while in MIA
PaCa-2 cells the same trend was observed although not
reaching statistical significance (Fig. 3B-E). Finally, con-
focal microscopy live imaging assay using MitoTracker
Green FM showed that in both NDUFS3 silenced cell
lines, mitochondrial mass was significantly reduced
(Fig. 3F-H).

Taken together, these results provided strong evidence
that mitochondrial deficit can induce significant mito-
chondrial fragmentation, leading to a reduction in both
the mitochondrial network complexity and the mito-
chondrial size.

Silencing of NDUFS3 gene causes downregulation of RAB7
and other proteins of the late endocytic pathway

Emerging evidence suggests that RAB7 is the main regu-
lator of mitochondria-lysosome interorganellar commu-
nication [4, 5]. In particular, mitochondrial-lysosomal
crosstalk has been widely studied in neurodegeneration
[10], while its implication in cancer is still unclear. To
understand whether a mitochondrial deficit may cause
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Fig. 2 Alteration of mitochondrial network and morphology in NDUFS3-silenced YAPC and MIA PaCa-2 cells. (A) Representative images of mitochondria
stained with MitoTracker Red CMXROS dye from YAPC cells transfected with control RNA (Scr) or with two different NDUFS3 siRNAs (#1 and #2). Nuclei
were labeled with DAPI (blue). White boxes indicate zoomed areas below. Scale bar: 10 um. The images were analyzed and quantified using the Mito-
chondria Analyzer in Fiji/lmageJ software (ImageJ). The measurements for (B) Mean Area (umz), (C) Mean Perimeter (um), (D) Aspect Ratio (au), (E) Form
Factor (au), (F) Branch Junctions/Mito, (G) Branches/Mito, (H) Total Branch Length (um) and (I) Mean Branch Length (um) are presented. The numbers
of mitochondria analyzed are n=3954 from 15 images for the Scr control group, n=5683 from 19 images for siRNA#1, and n=2771 from 10 images for
SIRNA#2 transfected cells. (J) Representative images of mitochondria stained with MitoTracker Red CMXROS dye from MIA PaCa-2 cells transfected with
control RNA (Scr) and with two different NDUFS3 siRNAs (#1 and #2). Nuclei were labeled with DAPI (blue). White boxes indicate zoomed areas below.
Scale bar: 10 um. The images were analyzed and quantified using the Mitochondria Analyzer in Fiji/imageJ software (ImageJ). The measurements for (K)
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n=3361 from 10 images for siANA#1, and n=4517 from 20 images for siRNA#2 transfected cells. Values are the mean + SEM of at least three independent
experiments. Abbreviation: ns: not significant. *p < 0.05, ** p<0.01 and *** p<0.001
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Fig. 3 Differences in mitochondrial morphology in NDUFS3-silenced YAPC and MIA PaCa-2 cells compared to controls. (A) Representative electron mi-
crographs of YAPC and MIA PaCa-2 cells transfected with siRNA#1 and siRNA#2, respectively, or with control RNA (Scr). Scale bars: 1 um. (B-C) Evaluation
of the cristae number and (D-E) of the short mitochondrial axis width in NDUFS3-silenced YAPC and MIA PaCa-2 cells (indicated as #1 and #2, respectively)
compared to their Scr control. (F) Mitochondria were live stained in NDUFS3-silenced YAPC and MIA PaCa-2 cells (indicated as #1 and #2) and relative Scr
controls using MitoTracker Green FM dye. White boxes indicate zoomed areas below. Scale bar: 10 um. (G-H) Corrected total cell fluorescence (CTCF) of
mitochondria was determined by ImageJ software in NDUFS3-silenced YAPC and MIA PaCa-2 cells and reported as the ratio compared to their Scr control.
Each measure was obtained by analyzing at least 50 cells/samples from three or more independent experiments. Values are the mean+SEM of at least

three independent experiments. *p <0.05, ** p<0.01 and *** p<0.001

alterations in lysosomal functions, siRNA-mediated
silencing of the nuclear-encoded mitochondrial gene
NDUFS3 was carried out, and first of all, expression
levels of endocytic pathway proteins, including RAB7,
were analyzed. The results revealed that both NDUFS3-
silenced cell lines were characterized by a significant
downregulation of RAB7 of about 50% (Fig. 4A-D). In
previous work, it was demonstrated that the progressive
decrease of NDUEFS3 affected complex I stability at dif-
ferent times based on the type of cells [38]. Accordingly,
we observed that RAB7 underwent the most relevant sig-
nificant downregulation after 7 days in YAPC, and after 9
days in MIA PaCa-2 cells upon NDUFS3 silencing (Fig-
ure S1).

Then, we investigated if RAB7 downregulation in
NDUFS3-silenced cells was due to an increase in pro-
teasomal degradation or alteration of protein stability
by inhibiting the proteasome with MG132 or protein
translation with cycloheximide, respectively (Figure
S2). We found no change in the amount of RAB7 pro-
tein after proteasome or protein translation inhibitions
in YAPC (Figure S2 A-D) and MIA PaCa-2 (Figure S2
E-H) silenced cell lines. Furthermore, we analyzed RAB7
mRNA levels by qRT-PCR, and even in this case, we
found no changes after NDUFS3 silencing in both pan-
creatic cell lines (Figure S2 I-J). These results indicated
that NDUFS3-induced RAB7-downregulation was medi-
ated by other factors.

Subsequently, we analyzed the amount of several
other proteins involved in the endocytic pathway such
as dynein, a motor complex responsible for the move-
ment of all endocytic compartments on microtubules
and thus for their intracellular localization [2], Lysosomal
Associated Membrane Protein 1 (LAMP1), a lysosomal
glycoprotein highly abundant in the late endosomal and
lysosomal membranes [39], the transcription factor EB
(TFEB), which promotes lysosome biogenesis, autopha-
gosome formation, and lysosome fusion [40], the ATPase
H+ Transporting V1 Subunit G1 (ATP6V1G1), a vacu-
olar H+-ATPase subunit regulated by the RAB7 effector
RILP and responsible of lysosomal acidification [41] and,
finally, RAB9, a GTPase involved in sorting lysosomal
enzymes to late endosomes [42] (Fig. 4A-D). Interest-
ingly, we found that all these proteins were downregu-
lated in NDUFS3-silenced YAPC and MIA PaCa-2 cells
compared to the relative controls (Fig. 4B, D). Instead,

analysis of proteins involved in early endocytic steps or
recycling, such as RAB4, RAB5, and RAB11, revealed no
variation upon NDUFS3 silencing in both cell lines (Fig.
S3). Also, we didn’t detect changes in microtubule-asso-
ciated Protein 1 Light Chain 3-II (LC3-1I) upon NDUFS3
silencing in MIA PaCa-2 cells while a LC3-II downregu-
lation was detected in YAPC cells, indicating a cell line-
specific effect that calls for future investigation (Figure
S3).

Furthermore, a live-cell imaging assay using the Lyso-
Tracker DND-99 probe was performed. As shown in
Fig. 4E, we found in YAPC and MIA PaCa-2 NDUFS3-
silenced cells a significant reduction in intensity, number,
and size of acidic compartments (namely late endosomes
and lysosomes) (Fig. 4F-K).

NDUFS3-mediated RAB7 downregulation induces an
impairment of the late endocytic pathway

In light of the central role of RAB7 in regulating endo-
cytic trafficking from early endosomes to the maturation
and acidification of lysosomes [1, 2], since we observed
an NDUFS3-mediated downregulation of RAB7 and,
consequently, of other proteins of the late endocytic
pathway, we decided to investigate cathepsin D matura-
tion (Fig. 5A). Cathepsin D is a lysosomal protease syn-
thesized as a preprocathepsin D precursor. The precursor
is converted into procathepsin D (52 kDa) in the endo-
plasmic reticulum, and further processed in the acidic
milieu of late endosomes and lysosomes, into the 44-kDa
form, and finally into the 32-kDa mature form [43]. Pro-
cathepsin D is exported to the acidic extracellular envi-
ronment in cancer cells promoting cancer cell metastasis
[44]. Interestingly, the ratio between the two immature
forms and the 32 kDa mature form was significantly
altered in cells in both NDUFS3-silenced cell lines com-
pared to controls, indicating that processing of Cathepsin
D is impaired (Fig. 5B).

In order to confirm alterations of lysosomal activity
suggested by the analysis of Cathepsin D maturation,
we decided to perform a DQ-Green BSA assay (Fig. 5C)
[45]. This dye is strongly self-quenched by conjugation to
BSA, but digestion of BSA determines its dequenching
and the release of dye-labeled protein fragments brightly
fluorescent. Furthermore, DQ-BSA is insensitive to pH
from pH 3-11 allowing the direct detection of proteo-
lytic activity in situations where the pH is unknown and
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cannot be controlled or where the pH is known to be low
(e.g., endosomes and lysosomes). The analysis of DQ-
BSA showed a strong decrease in dye fluorescence and in
the number of puncta in YAPC (Fig. 5D-E), and in MIA
PaCa-2 (Fig. 5F-G) cells upon silencing of NDUFS3, indi-
cating that mitochondrial impairment is accompanied by
lysosomal dysfunction.

Moreover, interestingly, in about 18% of MIA PaCa-2
cells silenced with siRNA#2, we found “megamitochon-
dria” as defined previously as an effect of mitochondria-
lysosomal dysregulation [46] (Fig. 5H-I).

Finally, to assess if effects on RAB7 and other endoly-
sosomal proteins also occur when mitochondria are
impeded by a different mechanism, we treated YAPC
and MIA PaCA-2 cells with Rotenone, an inhibitor of CI,
and with CCCP, a mitochondrial oxidative respiration

uncoupler. In both cases, we found that RAB7 and
LAMP-1 proteins are reduced in treated cells compared
to controls (Fig. 5J-O). Interestingly, we observed a
greater decrease in RAB7 levels in cells treated with rote-
none (Fig. 5]J), demonstrating that inhibition of CI can
affect late endocytic trafficking, acting on RAB7.

NDUFS3-silenced RAB7-downregulated cells show reduced
levels of vimentin protein along with a lower replicative
and tumorigenic potential

Intermediate filaments are highly dynamic and funda-
mental for organelle positioning, transport, and function,
thus being an important regulatory component of mem-
brane traffic. Vimentin is a class III intermediate filament
protein, and RAB7 is one of its interactors [47]. In par-
ticular, it was demonstrated that overexpression of RAB7
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Fig. 5 Late endocytic pathway impairment in NDUFS3-silenced RAB7 downregulated cells. (A) The presence of Cathepsin D immature forms was evalu-
ated by Western blot analysis on cell lysates from NDUFS3-silenced YAPC and MIA PaCa-2 cells (indicated as #1 and #2) and their respective controls using
an anti-Cathepsin-D antibody. An antibody against NDUFS3 was used to verify silencing, while an antibody against HSP90 was used to verify correct
loading. (B) Protein levels were quantified by densitometry with Image Lab Software version 6.0.1, and we quantified the ratio between immature forms
(52/44 kDa) and mature form (32 kDa). The difference is reported as the ratio of NDUFS3-silenced cells compared to their Scr control. (C) Representative
images of DQ-Green BSA assay in YAPC and MIA PaCa-2 silenced cells using NDUFS3 siRNA #1 and #2 and their respective Scr controls. Nuclei were labeled
with DAPI (blue). White boxes indicate zoomed areas below. Scale bar: 10 um. (D-G) For each cell line, CTCF intensity and DQ-BSA puncta were quantified
by Image] software. Data are reported as the ratio of NDUFS3-silenced samples (indicated as #1 and #2) compared to their Scr control. Measures were
obtained by analyzing at least 50 cells/samples derived from three or more independent experiments. (H) Representative images of megamitochondria
stained with MitoTracker Red CMXROS dye in MIA PaCa-2 cells NDUFS3-silenced (with SiRNA #1 and #2) and relative control (Scr). Nuclei were labeled with
DAPI (blue). White boxes indicate zoomed areas below. Scale bar: 10 um. (I) Quantification of cells with megamitochondria in MIA PaCa-2 silenced cells
and control compared with the total number of cells analyzed. (J) Relative protein abundance of RAB7 and LAMP-1 was assessed by Western blotting in
YAPC and MIA PaCa-2 cells after treatment with Rotenone (1 puM) for 48 h and 72 h, respectively. An antibody against HSP90 was used to verify correct
loading. (K-L) Protein levels were quantified by densitometry with Image Lab Software version 6.0.1. (M) Relative protein abundance of RAB7 and LAMP-1
was assessed by Western blotting in YAPC and MIA PaCa-2 cells after treatment with CCCP (10 uM) for 18 h. An antibody against HSP90 was used to verify
correct loading. (N-O) Protein levels were quantified by densitometry with Image Lab Software version 6.0.1. Values are the mean + SEM of at least three

independent experiments. *p<0.05, ** p<0.01 and *** p<0.001

causes an increase in vimentin phosphorylation at dif-
ferent sites, determining its redistribution in the soluble
fraction, whereas RAB7 silencing causes an increase in
assembled vimentin present in the insoluble fraction [47].

In cancer, acquisition of the invasive phenotype is
accomplished by several molecular alterations as a pre-
lude to the Epithelial-to-Mesenchymal Transition (EMT)
process and upregulation of the mesenchymal proteins,
among which vimentin, are molecular changes involved
in EMT and indicative of the invasion and metastasis
potential of cancer cells [48].

To understand whether RAB7 downregulation in
NDUFS3-silenced YAPC and MIA PaCa-2 cells could
affect levels of vimentin, we have evaluated this protein
by Western blot analysis (Fig. 6A, E). We found a signifi-
cant reduction of vimentin expression in both NDUFS3-
silenced RAB7-downregulated cellular models compared
to their respective controls (Fig. 6B, F). Moreover, analy-
sis of other proteins involved in EMT showed that, upon
NDUES3 silencing, N-cadherin and Slug were signifi-
cantly downregulated in YAPC cells (Fig. 6A, C-D) while
Snail was reduced in MIA PaCa-2 cells (Fig. 6E, G).

Then, we analyzed by zymography assay metallo-
protease-2 (MMP-2) and metalloprotease-9 (MMP-9)
activities. These extracellular endopeptidases are able
to facilitate migration and metastasis by breaking down
barriers formed by the extracellular matrix (ECM) [49].
A decrease in the activity of MMP-2 and MMP-9 was
found in both NDUFS3-silenced RAB7-downregulated
YAPC and MIA PaCa-2 cells (Fig. 6H) compared to their
respective controls.

Interestingly, NDUFS3-silenced RAB7-downregulated
cells displayed a significantly lower proliferation rate
(Fig. 6]) and a decreased ability to form colonies in a clo-
nogenic assay in anchorage-dependent growth condi-
tions compared to control, which was concordant with
a less aggressive phenotype (Fig. 6]-M). Furthermore, we
performed a wound healing assay with NDUFS3-silenced

RAB7-downregulated YAPC cells (Fig. 6N) and found a
significantly reduced migration capacity in them after
24 h (Fig. 60). Finally, we measured the number of
migrating cells after NDUFS3-silencing in YAPC and
MIA PaCa-2 cells by using seeding on a fluoroblok insert
(Fig. 6P-Q), and we observed a significant reduction
in this number for both cell lines compared to controls
(Fig. 6R-S).

Therefore, these results suggest a potential reversion
of the aggressive behavior in NDUFS3-silenced RAB7-
downregulated cells.

RAB7 regulates vimentin expression and influences
mitochondrial morphology in NDUFS3-silenced cells

In order to understand if observed changes in aggres-
sive cancer phenotype were due to RAB7 downregula-
tion or were only a consequence of NDUFS3-silencing,
we performed the rescue of RAB7 expression level by
transfecting HA-RAB7 protein in NDUFS3-silenced cells
(Fig. 7A).

Interestingly, we observed a significant rescue of
vimentin levels in YAPC and MIA PaCa-2 cells (Fig. 7A-
C), indicating that RAB7 has a pivotal role in this process
and can act as an oncogene in pancreatic cancer cells,
modulating vimentin expression in the context of mito-
chondrial deregulation.

Furthermore, it was previously demonstrated that
RAB7 promotes mitochondria-lysosome contact forma-
tion [5]. In particular, it was discovered that lysosomal
contacts functionally mark sites of mitochondrial fis-
sion to allow the regulation of mitochondrial networks
by lysosomes. Conversely, mitochondrial contacts regu-
late lysosomal RAB7 hydrolysis [5, 10]. Thereby, mito-
chondrial and lysosomal dynamics are bidirectionally
regulated by mitochondria—lysosome contacts and may
explain the dysfunction observed in both organelles
in various human diseases. Here, we demonstrated an
altered mitochondrial morphology in NDUFS3-silenced
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Fig.6 NDUFS3-silenced RAB7-downregulated cells are characterized by a less aggressive phenotype. (A) Lysates from YAPC cells transfected with control
RNA (Scr) and with NDUFS3 siRNA#1 were subjected to SDS-PAGE and analyzed by immunoblotting using a specific antibody for vimentin, N-cadherin
and Slug. An antibody against NDUFS3 was used to check the efficiency of silencing and an antibody against RAB7 was used to confirm the downregula-
tion of this protein in silenced cells. (B-D) Relative abundance was quantified by densitometric analysis normalizing against HSP90 and it was reported as
the ratio of NDUFS3 RNAi samples (#1) compared to their Scr control. (E) Lysates from MIA PaCa-2 cells transfected with control RNA (Scr) and with NDUFS3
SIRNA#2 were subjected to SDS-PAGE and analyzed by immunoblotting using a specific antibody for vimentin and Snail. An antibody against NDUFS3
was used to check the efficiency of silencing and an antibody against RAB7 was used to confirm the downregulation of this protein in silenced cells.
(F-G) Relative abundance was quantified by densitometric analysis normalizing against HSP90 and it was reported as the ratio of NDUFS3 RNAi samples
(#2) compared to their Scr control. (H) Conditioned medium from NDUFS3-silenced YAPC (siRNA#1) and MIA PaCa-2 (siRNA#2) and relative control (Scr)
was used to assess the activity of secreted MMP-2 and MMP-9 by gelatin zymography. Lysates from YAPC and MIA PaCa-2 NDUFS3-silenced cells and their
respective control cells were subjected to SDS-PAGE and analyzed by immunoblotting using an antibody against NDUFS3 to check the efficiency of RNA,
an antibody against RAB7 to confirm the downregulation of this protein in silenced cells, and an antibody against HSP90 to verify the correct loading. (1)
Viability of YAPC and MIA PaCa-2 cells transfected with control RNA (Scr) and with NDUFS3 siRNA#1 and siRNA#2, respectively. Data are presented normal-
ized to TO and the ratio of NDUFS3 RNAi samples (#1 and #2) compared to their Scr control was reported. (J-K) Capacity of YAPC and (L-M) MIA PaCa-2
cells transfected with control RNA (Scr) and with NDUFS3 siRNA#1 and siRNA#2, respectively, to form colonies in an anchorage-dependent manner. The
ratio of NDUFS3 RNAi samples compared to their Scr control was reported. (N-O) YAPC cells transfected with control RNA (Scr) and with NDUFS3 siRNA#1
were imaged during the wound healing assay at an initial time point (T0) and 24 h after the scratch. Cell migration was measured as wound closure
percentage after 24 h in Scr and in NDUFS3 siRNA#1 YAPC cells. Scale bar: 200 um. (P-Q) Nuclei of migrating YAPC and MIA PaCa-2 cells transfected with
control RNA (Scr) and with NDUFS3 siRNA#1 and siRNA#2, respectively, stained with 20 nM of PureBIuTM Hoechst 33,342 Nuclear Staining Dye. Scale bar:
200 um. (R-S) The mean number of migrating cells was calculated as the ratio of NDUFS3 RNAi samples (#1 and #2) compared to their Scr control. Values

are the mean + SEM of at least three independent experiments. *p <0.05, ** p<0.01 and *** p<0.001

cells (Fig. 2) in the presence of RAB7 downregulation.
To understand whether RAB7 has a role in the observed
alterations of mitochondrial morphology, as shown in
Fig. 7, we rescued the level of RAB7 in NDUFS3-silenced
RAB7-downregulated YAPC and MIA PaCa-2 cells.
Thus, after GFP-RAB7 transfection, we performed mito-
chondrial staining using MitoTracker Red CMXROS dye
(Fig. 7D and M). Raw images were processed to quan-
tify the differences between GFP-RAB7 transfected
NDUFS3-silenced cells and mock control. We observed
that restored RAB7 levels were accompanied by a less
fragmented mitochondrial morphology and an increase
in mitochondrial network complexity (Fig. 7D-U). In
particular, we observed in NDUFS3-silenced YAPC
cells transfected with GFP-RAB7 a significant increase
in mitochondria mean area (Fig. 7E) and perimeter
(Fig. 7F), in the aspect ratio (Fig. 7G), in the form factor
(Fig. 7H), in the branches for mitochondrion (Fig. 7J),
in the total length of branches (Fig. 7K) as well as in the
average branch length (Fig. 7L). In parallel, we found
that in MIA PaCa-2 cells, the mean area (Fig. 7N), the
mean perimeter (Fig. 70), and the aspect ratio (Fig. 7P)
of the mitochondria were increased after rescue of RAB7
expression in NDUFS3-silenced cells compared to con-
trols. Furthermore, mitochondria, on average, showed
a significant increase in the total length of branches
upon RAB7 expression rescue (Fig. 7T). Finally, TFEB
is the main regulator of lysosomal biogenesis [50] and,
thus, to clarify the role of RAB7 in the impairment of
late endocytic function induced by mitochondrial defi-
cit, we analyzed TFEB levels upon RAB7 silencing and
after rescue of RAB7 levels after NDUFS3 downregula-
tion (Figure S4A, C). We observed a significant reduction
in TFEB expression after RAB7 RNAi (Figure S4B), but
unchanged levels of this protein after RAB7 restoration

in pancreatic NDUFS3 silenced cells (Figure S4D-E).
These results suggest that the effects on TFEB could be
due to RAB7 downregulation, while the rescue of vimen-
tin levels and of mitochondrial morphology (Fig. 7A, D
and M) are only due to RAB7 in a TFEB-independent
manner. This demonstrates the key role of RAB7 in the
context of mitochondrial deficit, highlighting its influ-
ence on mitochondrial dynamic regulation.

Modulation of RAB7 influences the expression of
mitochondrial transport chain subunits

In order to investigate if RAB7 has a specular role in
influencing mitochondrial-lysosomal crosstalk, we
decided to silence RAB7 in YAPC and MIA PaCa-2 cells
and to evaluate expression levels of NDUFS3 and other
mitochondrial proteins by Western blot analysis at differ-
ent times (Fig. 8A and F).

In the first instance, we observed a significant reduc-
tion of RAB7 up to 7 days and 9 days for YAPC (Fig. 8A-
B) and MIA PaCa-2 cells (Fig. 8F-G), respectively. In
RAB7-silenced YAPC cells, we found, at the same time
points, a significant reduction of NDUFS3, NDUFBS, and
SDHB, proteins of complex I and complex II, respectively
(Fig. 8A and C-E), except for NDUFS3 at the 3 days-
time point. Similarly, we observed that the downregu-
lation of RAB7 in MIA PaCa-2 cells induced a decrease
in NDUFS3, SDHB, and NDUFBS8 expression, mostly
at 7 and 9 days (Fig. 8F and H-J). These data demon-
strated that the downregulation of RAB7 can affect mito-
chondrial protein expression and can induce organelle
deregulation.
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Fig. 7 Effect of rescued RAB7 levels on vimentin expression and mitochondrial morphology. (A) YAPC and MIA PaCa-2 NDUFS3-silenced cells and their
respective controls were transfected with HA-RAB7 after 3 days of silencing. Levels of vimentin were analyzed by Western blot analysis respectively after
7 and 9 days from silencing. The same lysates were used to perform immunoblotting using antibodies against the HA tag to verify transfection, NDUFS3
to check the efficiency of RNAI, RAB7 to confirm the downregulation of this protein in silenced cells, HSP90 to show the correct loading. (B-C) Vimentin
signal intensity was quantified by densitometric analysis by Image Lab Software version 6.0.1 in both cell lines and conditions and reported as the ratio
of samples compared to their respective Scr control. (D) Representative image of GFP-RAB7 (green) and mitochondria (red, stained with MitoTracker
Red CMXROS dye) in NDUFS3-silenced RAB7-downregulated YAPC cells transfected with GFP-RAB7 at day 3 of silencing. Nuclei were labeled with DAPI
(blue). White boxes indicate zoomed areas on the right. In panel (a) mitochondria (red) in GFP-RAB7 transfected cells (green). In panel (b) mitochondria
(red) in mock not transfected cells. Scale bar: 10 um. The images were analyzed and quantified using the Mitochondria Analyzer in Fiji/imageJ software
(ImageJ). The measurements for (E) Mean Area (um?), (F) Mean Perimeter (um), (G) Aspect Ratio (au), (H) Form Factor (au), () Branch Junctions/Mito,
(J) Branches/Mito, (K) Total Branch Length (um) and (L) Mean Branch Length (um) are presented. The numbers of mitochondria analyzed are n=10,562
from 30 images for the Mock control group, n=4555 from 15 images for GFP-RAB7 transfected cells. (M) Representative image of GFP-RAB7 (green) and
mitochondria (red) in MIA PaCa-2 NDUFS3-silenced RAB7-downregulated cells transfected with GFP-RAB7 at day 3 of silencing. Mitochondria were stained
with MitoTracker Red CMXROS dye. Nuclei were labeled with DAPI (blue). White boxes indicate zoomed areas on the right. In panel (a) mitochondria
(red) in GFP-RAB7 transfected cells (green). In panel (b) mitochondria (red) in mock not transfected cells. Scale bar: 10 um. The images were analyzed and
quantified using the Mitochondria Analyzer in Fiji/lmageJ software (ImagelJ). The measurements for (N) Mean Area (um?), (0) Mean Perimeter (um), (P)
Aspect Ratio (au), (Q) Form Factor (au), (R) Branch Junctions/Mito, (S) Branches/Mito, (T) Total Branch Length (um) and (U) Mean Branch Length (um) are
presented. The numbers of mitochondria analyzed are n=4754 from 19 images for the Mock control group, and n=2119 from 20 images for GFP-RAB7
transfected cells transfected cells. Values are the mean +SEM of at least three independent experiments. Abbreviation: ns: not significant. *p <0.05, **

p<0.01and ***p<0.001

Discussion

The mechanisms of communication between mito-
chondria and lysosomes and the impact that the altera-
tion of one organelle could have on the integrity of the
other may contribute to the development of pathologies
deserving attention [10]. A key stress component in the
cell is metabolism that allows to redirect fuels to generate
energy or to convert it into building blocks. Thus, anabo-
lism and catabolism rely heavily on mitochondria and
lysosomes which are also regulators of metabolic activity
across the cells. The assessment of the endocytic status in
the context of mitochondrial deregulation and its impli-
cation in tumorigenesis and cancer progression has been
up to now poorly investigated.

In this work, we have analyzed the endocytic pathway
in NDUFS3-silenced pancreatic cancer cells in order to
investigate the impact on of late endocytic pathway and,
in particular on lysosomes. NDUFS3 is a nuclear-encoded
mitochondrial gene, whose ablation was reported to
impair CI function [18]. It is necessary to premise that, in
the first instance, we have assessed the effect of transient
silencing of NDUFS3 on mitochondria. Indeed, this pro-
tein is essential to CI assembly and mitochondrial func-
tion [38], but transient silencing may not be enough to
induce functional effect because of the polyploidy nature
of mitochondria and the existence of several compensa-
tory mechanisms [51, 52]. Thus, after performing RNA
interference for different times, we chose the 7 and 9 day
time points for YAPC and MIA PaCa-2 cells, respectively,
to establish whether prolonged low levels of NDUFS3
protein may affect mitochondrial function. Interestingly,
analyses of the expression of mitochondrial respiratory
chain subunits, mitochondrial function, and abundance
demonstrated that NDUFS3 transient silencing is suffi-
cient to affect mitochondrial physiology.

After the assessment of cellular models, we concen-
trated our attention on the role of RAB7, a key factor
in the regulation of the late endocytic pathway. Emerg-
ing evidence suggests that this protein has many roles
in mitochondrial homeostasis and processes [3, 6-8].
Moreover, RAB7 is already known as the main actor of
mitochondria-lysosomes communication regulation [4,
5]. Nevertheless, although we recently demonstrated that
in ovarian cancer cells, defects in mitochondria-lysosome
communication, caused by a downregulation of RAB7,
can influence the response to chemotherapy through
the modulation of mitochondria-derived vesicle (MDYV)
secretion [9], most of the studies were concentrated on
its role in neurodegenerative disease [10] and the role of
RAB7 in the context of dysfunctional mitochondria in
cancer has not yet been clarified.

Pancreatic ductal adenocarcinoma (PDAC) is a highly
aggressive malignancy, representing one of the lead-
ing causes of cancer-related death, with a 5-year relative
survival rate of 12% and a progressive annual increase
in the number of diagnoses due to its challenging diag-
nosis and limited treatment options [53, 54]. RAB7
expression was described as a prognostic factor of poor
diagnosis in PDAC [55] and mitochondrial dysfunction is
widely described in PDAC [56]. Indeed, pancreatic can-
cer metabolism was reported as highly heterogeneous
with different metabolic behaviors between the primary
tumor and metastasis [57].

Thus, despite the enormous progress achieved in the
past years, the identification of an effective cancer ther-
apy remains today one of the main challenges of cancer
research, in particular for PDAC. It is increasingly clear
that not only cancer cells but also the tumor microen-
vironment (TME) is essential to guarantee neoplastic
formation and proliferation [58, 59] and this is particu-
larly true in pancreatic cancer [60]. To this purpose, it
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after RAB7 RNA interference) and the respective Scr control were subjected to SDS-PAGE and analyzed by immunoblotting using specific antibodies
for NDUFS3, NDUFB8, SDHB. (B) The signal intensity of RAB7 was quantified by densitometric analysis by Image Lab Software version 6.0.1, normalizing
against HSP90 to show the efficiency of silencing at different time points. (C-E) Relative abundances of NDUFS3, SDHB, and NDUFB8 were quantified by
densitometric analysis by Image Lab Software version 6.0.1, normalizing against HSP90. (F) Lysates from MIA PaCa-2 RAB7-silenced cells at different time
points (3, 5, 7, 9 days after RAB7 RNA interference) and the respective Scr control were subjected to SDS-PAGE and analyzed by immunoblotting using
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was previously demonstrated that complete CI ablation
induced the acquisition of benign and low-proliferat-
ing phenotype in different cancer types, subsequently
accomplished by an adaptive survival response tumor
associated macrophages (TAM)-mediated [18]. In this
work, we perform transient silencing of NDUFS3 to
avoid this adaptive response and emulate in vitro effects
of the inhibitors of CI, actually objects of clinical trials for
cancer treatment [57, 61, 62]. It was previously demon-
strated that in cells in which the expression of NDUFS3
could be repressed by doxycycline (Dox) in a tetracy-
cline (Tet)-off system, the effect on CI ablation was evi-
dent after about 8 days of exposure [38]. Accordingly, for
most experiments, we performed the NDUFS3 transient
RNA interference for up to 7 days and 9 days for YAPC
and MIA PaCa-2 cells, respectively, and these time points
correspond to the strongest RAB7 downregulation.

In this work, for the first time, we show the role of
RAB?7 in the regulation of mitochondria and lysosome
crosstalk in pancreatic cancer cells. We found that
impairment of the late endocytic pathway occurs in a
context of mitochondrial deficit. We demonstrated that
RAB7 transcriptional levels, proteasomal degradation,
and protein stability were unchanged when NDUFS3 was
silenced, and we hypothesize that RAB7 expression levels
could be modulated by its secretion in extracellular vesi-
cles (EVs), as described in the occurrence of a synergistic
dysfunction of mitochondria and lysosomes [9].

In particular, RAB7 downregulation is accompanied by
a decrease in several endocytic protein amounts and by
dysfunctional lysosomal activity. Several works described
RAB7 as an oncogene and oncosuppressor based on cel-
lular and tissue context [24] and it was demonstrated
that downregulation of RAB7 in myeloid-derived sup-
pressor cells (MDSCs) determined glucose metabolic
reprogramming, the increase of healthy mitochondria,
and abrogation of tumor growth and invasion in vivo
[63, 64]. In contrast, a reduced level of RAB7 in prostate
cancer is needed to prevent lysosome localization next
to the plasma membrane and consequent secretion of
proteases avoiding larger tumor formation in vivo and
increased invasive capability into surrounding tissue [65,
66]. In our work, the downregulation of RAB7 is directly
associated with MMP secretion, which can be respon-
sible for ECM degradation and TME activation. More-
over, when we modulated NDUEFS3 levels, the decrease
in RAB7 was accompanied by reduced expression of its
interactor vimentin [47], by the decrease in other EMT
proteins, such as N-Cadherin, Slug, and Snail proteins, by
reduced viability of cancer cells, by a decrease in colony
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formation, migration and invasiveness. All these data
indicate the acquisition of a low proliferating behavior in
silenced cells, possibly determined by RAB7 downregula-
tion. In fact, the rescue of RAB7 expression in NDUFS3-
silenced cell models determines the corresponding
rescue of vimentin expression levels, independently of
NDUFS3 expression, suggesting a pivotal role of RAB7
in the regulation of cancer aggressive phenotype. More-
over, to support our hypothesis, we demonstrated that
rescue of RAB7 expression is also associated with restor-
ing mitochondrial morphology. At the same time, RAB7
silencing is able alone to decrease the levels of some pro-
teins of the electron chain mitochondrial subunits, sup-
porting its role in mitochondrial homeostasis.

Altogether, our results demonstrate that in the context
of mitochondrial deficit, RAB7 can be the needle of bal-
ance in the regulation of mitochondrial and lysosomal
homeostasis and its imbalance can influence cancer
behavior. This opens a therapeutics perspective in which
the use of mitochondria complex inhibitors, such as met-
formin [21-23] coadjuvated by treatment with inhibitors
of RAB7 function, might represent a potential strat-
egy for pancreatic cancer treatment to reach synthetic
lethality.

Conclusions

We were able, through transient silencing of NDUFS3, to
induce not only mitochondrial deficit but also lysosomal
dysfunction, emulating synergistic organelle impairment,
which often characterizes cancer cells. In particular, in
this work, we focused our attention on pancreatic cell
models, and we found that in the context of mitochon-
drial deregulation, RAB7 is a key determinant of cancer
cells’” aggressive behavior (Fig. 9).

In fact, although it is already known that RAB7 con-
trols many cellular pathways among which endocytosis
and autophagy but also a number of mitochondrial path-
ways, the novelty of this work is the demonstration that
mitochondrial dysfunction can act on RAB7, the key fac-
tor of endocytic trafficking, and that expression of RAB7
is able to revert the effects of mitochondria deregulation.

Furthermore, it is known that RAB7 can act as an
oncosuppressor and oncogene in different tissue and can-
cer contexts, and the definition of its role as an oncogene
in these pancreatic cell models adds a further important
tile in the knowledge of this aggressive cancer.

Our principal perspective will be to reproduce this
model in vivo to confirm our observations. Further-
more, this work provides the basis for hypothesizing
future approaches in which synergistic inhibition of
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