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ABSTRACT
Autophagy-regulating function of NEDD4L
in pancreatic cancer cells

Autophagy, a highly conserved cellular degradative process, is important for
maintaining cellular homeostasis in stress conditions. ULK1, autophagy initiation
protein, is modulated by post-translational modification of this protein. However,
the precise role of ULK1 ubiquitination in modulating autophagy is unknown.
Here, we show that NEDD4, an E3 ubiquitin ligase, interacts with ULK1.
NEDD4L regulates ULK1 stability via ubiquitination. So, autophagy activity is
upregulated in NEDD4L depletion cells. NEDD4L-depleted cells exhibited an
increase in the cellular oxygen consumption rate (OCR) and maintained
mitochondrial fusion status in response to metabolic stress. Particularly, it is
reported that pancreatic cancer depended on autophagy for cell survival.
Particularly, it is reported that pancreatic cancer depended on autophagy for cell
survival. In a mouse xenograft model of pancreatic cancer, the use of autophagy
inhibitors suppressed tumor growth more in NEDD4L-depleted cells than in
tumors from control cells. Since this dependency on autophagy of pancreatic
cancer cells, autophagy can be targeted for a novel therapeutic strategy for
pancreatic cancer.
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1. Introduction
1.1 Autophagy
1.1.1 Autophagy
Autophagy is an intracellular catabolic process to degrade unnecessary or
damaged cellular components in the lysosomes. Under the nutrient deficiency
or environmentally stressful conditions, unnecessary organelles or long-lived
proteins are enwrapped by a vesicular membrane and then degraded by
lysosomal enzymes. Degraded products by autophagy are utilized as molecular
precursors for macromolecule synthesis or energy sources. This process is
known to play an important role in maintaining cellular homeostasis to
overcome stressful conditions (Figure 1) [1].
Autophagy was first discovered by a Belgian scientist, Christian de Duve in
the 1960s and turned out to be an evolutionary conserved ‘self-digestion
program’ (Autophagy means literally ‘self-eating’)[2]. In the late 1980s,
autophagy-related genes (Atg) were screened and characterized in the yeast as
a model system in multiple research groups. Yoshinori Ohsumi was awarded
the Nobel Prize for Physiology or Medicine in 2016 (Figure 2)[3].
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Figure 1. Depiction of the process of autophagy.
The cargo degraded by autophagy includes organelles, proteins and protein
aggregates, and constituents of the cytoplasm. Autophagy is suppressed by
nutrients and mTOR and activated by stress, AMPK, and HIF. Cargo is
degraded when autophagosomes fuse with lysosomes that provide the
hydrolytic enzymes. The breakdown products of autophagy are released into
the cytoplasm, where they are recycled into metabolic and biosynthetic
pathways [4].
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Figure 2. Timeline of the major discoveries leading to the successful
targeting of autophagy in cancer
De Duve first put the term ‘autophagy’ during a lysosomal conference in 1963.
Since then key discoveries have been made elucidating the mechanisms of the
process from yeast to cultured cell lines, into mice, and finally culminating in
successful clinical trials and case studies in patient tumors. The timeline
concludes with the Nobel Prize awarded to Yoshinori Ohsumi for Physiology
or Medicine in 2016, emphasizing the impact of his work as well as that of
many others along the way. CQ, chloroquine; HCQ, hydroxychloroquine [3].
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1.1.2 The step of autophagy
When autophagy is activated, a precursor of autophagosome with double
membranes called phagophore is formed in the cytoplasmic regions of a cell.
The autophagic cargoes to be degraded are gathered toward phagophore and
form a vesicle called autophagosome. The autophagosome is fused with
lysosome, become autolysosome. Finally, the cargo molecules inside of
autolysosomes are degraded by lysosomal hydrolases (Figure 3) [5, 6].
Autophagy is regulated by AMP-activated protein kinase (AMPK) and the
mammalian target of rapamycin (mTOR). AMPK is a key energy sensor which
is activated by high ratio of AMP/ATP levels, and regulates cellular
metabolism to sustain energy homeostasis. mTOR is a central regulator
supporting for cell growth which is induced by growth factors and nutrient
signals. As a representative catabolic process, autophagy is usually promoted
by AMPK but is inhibited by mTOR. This regulation is caused by
phosphorylation of ULK1 [7, 8].
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Figure 3. The steps of autophagy
Unc-51-like kinase family (either ULK1 or ULK2) complex is protein kinase
important for induction of autophagy, which is directly regulated by mTOR.
ATG14-containing class III phosphatidylinositol 3-kinase (PtdIns3K) complex is
involved in the nucleation of the phagophore. Ubiquitin-like (UBL) proteins
contribute to the expansion of the phagophore. Atg12 is conjugated to Atg5 by the
combined action of Atg7 and Atg10. The conjugation of microtubule-associated
protein 1 light chain, LC3 to the lipid called phosphatidylethanolamine (PE) by
Atg7 and Atg3 [9].
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1.2 ULK1
1.2.1 ULK1, an autophagy initiation protein
Among the autophagy-related (ATG) genes, ATG1 was the first identified
ATG gene in yeast; its mammalian homologue, Unc51-like kinase 1 (ULK1),
is a serine/threonine kinase that initiates autophagy in mammals [10]. ULK1
is important for the induction of autophagy, which is phosphorylated by the
nutrient sensors, AMPK and mTOR, respectively [7, 8, 11]. When the
autophagy process is stimulated by multiple triggers, ULK1 forms a complex
with three ATG proteins: ATG13, ATG101, and focal adhesion kinase (FAK)
family interacting protein of 200 kDa (FIP200), which initiates autophagy
process by phosphorylation of these substrates of ULK1.For next steps of
autophagy, Vps34-Beclin1-ATG14 complex is also regulated by ULK1 kinase
activity through phosphorylation [10]. STX17, essential proteins for fusion of
cellular membranes, is modulated by ULK1[12]. Moreover, phosphorylated
ULK1 is regulated localization of ATG9 which is critical component of the
phagophore [13].
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1.2.2 Post-translational modification (PTM) of ULK1
Protein post-translational modifications (PTMs) increase the functional
diversity of the proteome by the covalent addition of functional groups or
proteins, proteolytic cleavage of regulatory subunits, or degradation of entire
proteins. These modifications include phosphorylation, glycosylation,
ubiquitination, methylation, acetylation, lipidation and proteolysis. Therefore,
identifying and understanding PTMs of certain proteins is important to
understand the molecular functions of the proteins in cell biology [14]. ULK1
activity is regulated by multiple posttranslational modification [10, 15]. As a
post-translational modification, the ubiquitination of ULK1 is important for
regulating the autophagy pathway. ULK1 ubiquitination reduces the cellular
levels of ULK1, thereby suppressing autophagy [16]. ULK1 ubiquitination is
mediated by various autophagy proteins and E3 ubiquitin protein ligases,
including the AMBRA1-TRAF6 complex, chaperone-like protein p32, and
Cul3-KLHL20 ubiquitin ligase[16, 17]. A couple of deubiquitinases (DUBs)
also play a role in regulating ULK1 ubiquitination and stability [18, 19].
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1.3 NEDD4L
1.3.1 NEDD4L, E3 ubiquitin ligase protein
Ubiquitination is a small (76-amino acid) protein that is highly conserved and
widely expressed in all eukaryotic cells. Ubiquitination is a reversible process
due to the presence of deubiquitinating enzymes that can cleave ubiquitin from
modified proteins. Protein ubiquitination is catalyzed by the E1 activating
enzyme, the E2 conjugating enzyme, and the E3 ubiquitin ligase that mediates
substrate specificity. HECT E3s have a direct role in catalysis during
ubiquitination [20].
Neural precursor cell expressed developmentally down-regulated 4-like
(NEDD4L) is an E3 ubiquitin protein ligase that contains a HECT
(homologous to E6-associated protein C-terminus) domain. Mosst identified
targets of NEDD4L are membrane proteins, including ion channels and
transporters. Given the crucial role of ion channels in maintaining homeostasis,
the regulation of NEDD4L activity is important for maintaining blood pressure
and normal physiology [21]. Some amino acid transporters have been
identified as substrates of NEDD4L, although their physiological relevance is
currently unclear [22]. Also, NEDD4L is activated by c-Src, which is
important for ubiquitin-mediated p38 inflammatory signaling induced GPCRs
in endothelial cells [23]. NEDD4L also triggers the degradation of certain
proteins involved in cancer signaling pathways, including disheveled-2 (Dvl2)
and two Mothers Against Decapentaplegic homolog (SMAD) proteins:
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SMAD2 and SMAD7. The degradation of Dvl2 results in the suppression of
the Wnt signaling pathway [24, 25]. While the degradation of SMAD2 and
SMAD7 results in the down-regulation of transforming growth factor beta
(TGF-β) [26, 27] ; both of which are closely related to the regulation of tumor
progression. Multiple cancer cell types express low levels of NEDD4L relative
to normal cells [28-30]. Accordingly NEDD4L potentially deregulates the
stability of various proteins involved in tumor growth, thereby acting as a
tumor suppressor [31].
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1.4 Ubiquitination of autophagy proteins
In eukaryotes, there are two major cellular degradation mechanisms which
are autophagy-and proteasome-mediated degradation. Previous studies
showed the two mechanisms are activated independently or suppressed each
other. Proteasome-mediated degradation generally requires various types of
ubiquitination for target proteins. However, recent studies have indicated that
ubiquitination is also closely associated with autophagy and its related
degradation pathways[32]. For example, TRAF6 is the ubiquitin ligase that
plays an autophagy induction as the formation of K63-linked ubiquitin chain.
TRAF6 promotes K63 ubiquitination of ULK1, thereby enhancing ULK1
stability and function[16]. Autophagy is promoted by Beclin-1 ubiquitination
which mediated E3 ligase Cul4 with AMBRA1[33]. In contrast to TRAF6 and
AMBRA1, the ubiquitin ligases NEDD4 and RNF216 promote Beclin-1
proteasomal degradation to inhibit autophagy activity by K11- and K48-linked
ubiquitin [34, 35]. The ULK1 protein stability is regulated by deubiquitinase
USP20. The initiation of autophagy is upregulated by the high protein level of
ULK1 through USP20 deubiquitination[18].The HECT family ubiquitin ligase
NEDD4L and DUB USP20 also participate in autophagy termination. During
prolonged starvation, NEDD4L catalyzes the K27 and K29 ubiquitination on
ULK1[16], whereas the interaction between USP20 and ULK1 is
attenuated[18]. Both mechanisms lead to the downregulation of the ULK1
protein levels. Therefore, ULK1 ubiquitination could control the autophagy.
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1.5 Autophagy in cancer
Autophagy has dual potential as a tumor-suppressive and tumor-promoting
function dependent on cancer-stages or tissue-context [4]. Tumor-suppressive
role of autophagy has been considered by which autophagy process is involved
in elimination of oncogenic protein substrates, unfolded proteins and damaged
organelles to maintain cellular homeostatis. In particular, an important
autophagy protein, Beclin1 (Atg6) increased in normal tissue compared to
those of tumor regions in mice [36, 37]. Moreover, beclin-1 knock-out mice
exhibited early embryonic lethality due to its developmental failure [37].
When beclin-1 heterozygote mice were generated, overall tumor incidence
rates increased rather than wild type mice [36].
On the other hand, autophagy plays a tumor-promoting role in established
cancers through intracellular recycling that provides substrates for metabolic
needs and further maintains the functional pools of mitochondria. Different
tissue-specific Atg5 or Atg7 knockout mice for generally showed large
regression of tumor volume in lung and pancreatic cancers [38, 39].
In general, autophagy activity is upregulated in most cancers. For example, the
expression of H-rasV12 or K-rasV12 oncogene upregulates basal autophagy
which is required for tumor cell survival and tumorigenesis [40]. Especially
autophagy is constitutively activated in pancreatic cancer and contributed to
tumor growth [41]. Thus inhibition of autophagy can be a clinical utility in the
treatment of these cancer types, regardless of p53 status [38]. Moreover,
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autophagy/lysosomal regulator MiT/TFE play critical roles in metabolic
reprogramming to support growth of pancreatic cancers [42]. Taken altogether,
targeting autophagy can be potential new approaches to treat these aggressive
pancreatic cancers.
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2. Materials and Methods

2.1 Cell lines and culture conditions
HEK293T, HeLa, and MIA PaCa-2 cells were purchased from the American
Type Culture Collection (ATCC; Manassas, VA, USA). All cells were maintained
at 5% CO2 and 37 °C in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA),
100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco, Waltham, MA, USA).
DMEM without glutamine or glucose (Gibco) was supplemented with 10% fetal
bovine serum (FBS; Hyclone, Logan, UT, USA). Earle's Balanced Salt Solution
(EBSS; Hyclone) was used for nutrient-deprived condition. For amino acid
starvation medium, Hank’s balanced saline solution (HBSS) was supplemented
with 10% dialyzed FBS, glucose, vitamins, HEPES, and minerals at the same
concentrations as in DMEM.

GFP-LC3 or mCherry- GFP-LC3 was stably expressed in HeLa and
MIAPaCa-2 cells using a retroviral vector following standard protocols for
viral transduction. To knock down NEDD4L, cells were transduced with
the shNEDD4-2 lentiviral vector (Addgene #27016), and control cells
were transfected with a scramble shRNA control lentivirus.
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2.2 Antibodies and reagents
Primary antibodies against ULK1 (8054) and LC3B (2775) were purchased
from Cell Signaling Technology (Danvers, MA, USA); those against NEDD4L
(A302-514A), β-actin (A300-491A), and HA (A190-108A) were purchased from
Bethyl Laboratories (Montgomery, TX, USA); those against FLAG M2 (F1804)
and FLAG (F7425) were purchased from Sigma Aldrich (St. Louis, MO, USA);
and those against Ub(SC-8017) was purchased from Santa Cruz Biotechnology
(Dallas, Texas, USA). The secondary antibodies, horseradish peroxidase (HRP)linked anti-rabbit (A120-101P) and anti-mouse (A90-116P), were purchased
from Bethyl Laboratories. For IHC, primary antibodies against NEDD4L (IHC00713; Bethyl Laboratories); those against ULK1 (ab128859) and Ki67
(ab15580) were purchased from Abcam (Cambridge, UK) and those against
LC3B (2775), Caspase-3(9661) were purchased from Cell Signaling Technology.
Chloroquine (CQ, C6628), MG132 (M7449), CCCP (Carbonyl cyanide 3chlorophenylhydrazone, C2759) and phosphatase inhibitor cocktails 2 and 3 were
purchased from Sigma Aldrich. Oligomycin (sc-203342) was purchased from
Santa Cruz Biotechnology (Dallas, Texas, USA). Protease inhibitor cocktail tablets
were purchased from Roche Applied Bioscience (Penzberg, Germany). SBI0206965(S7885) was purchased from Selleck Chemicals (Houston, TX, USA).
DAPI (D3571), Lipofectamine 2000(11668019), RNAi Max (13778150) and
MitoTracker Green (M7514) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA).
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2.3 Transfections
Cells were transfected with Lipofectamine 2000, RNAi Max (Invitrogen,
Carlsbad, CA, USA) with plasmid DNAs in Opti-MEM media (Gibco) following
standard protocol. siRNA targeting the respective genes of interest and negative
control siRNA (non-targeting pool) were purchased from Genolution Inc (Seoul,
Korea).

The following siRNA sequences were used for the indicated target genes.
siULK1(#1)

GUGGCCCUGUACGACUUCCAGGAAA

siULK1(#2)

GCACAGAGACCGTGGGCAA

siNEDD4L

AACCACAACACAAAGUCACAG

2.4 LS-MS/MS analysis
The protein samples were precipitated using cold acetone, reduced with 10 mM
dithiothreitol (DTT), and alkylated with iodoacetamide (IAA). The alkylated
samples were digested with mass spec grade trypsin/lys-C mix in 50 mM TrisHCl (pH 8) for 12h at 37 °C. The digested peptides were analyzed by a Q
Exactive hybrid quadrupole-orbitrap mass spectrometer (Thermo Fisher
Scientific) coupled with an Ultimate 3000 RSLCnano system (Thermo Fisher
Scientific). The peptides were loaded onto trap columns (100 μm × 2 cm) packed
with Acclaim PepMap100 C18 resin, separated on an analytical column (EASYSpray column, 75 μm × 50 cm, Thermo Fisher Scientific), and sprayed into the
nano-ESI source. The Q Exactive Orbitrap mass analyzer was operated in a top
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10 data-dependent method. Full MS scans were acquired over a range of 300–2
000 m/z with a mass resolution of 70 000 (at 200 m/z). The automatic gain
control (AGC) target value was 1.0 × 106. The ten most intense peaks with
charge state ≥ 2 were fragmented in the higher-energy collisional dissociation
(HCD) collision cell with normalized collision energy of 30, and tandem mass
spectra were acquired in the Orbitrap mass analyzer with a mass resolution of 17
500 at 200 m/z.
Database searching of all raw data files was performed using Proteome
Discoverer 2.2 software (Thermo Fisher Scientific). SEQUEST-HT was used for
database searching against the Swiss-Prot Homo sapiens database. Database
searching against the corresponding reversed database was also performed to
evaluate the false discovery rate (FDR) of peptide identification. The database
searching parameters included precursor ion mass tolerance 10 ppm, fragment ion
mass tolerance 0.08 Da, fixed modification for carbamidomethyl cysteine, and
variable modifications for methionine oxidation. We obtained an FDR of less than
1% on the peptide level and filtered for high peptide confidence.

2.5 Immunoprecipitation
ULK1 was tagged with a FLAG or HA epitope. NEDD4L and ubiquitin were
tagged with a human influenza HA epitope. Epitope-tagged proteins were coexpressed in HEK293T cells. HEK293T cells were rinsed in ice-cold PBS and
lysed in lysis buffer composed of 1% NP-40, 20 mM Tris-HCl, 150 mM NaCl, 10%
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glycerol, 2 mM EDTA, 10 mM NaF, 1 mM Na3O4V, 0.2 mM PMSF, and
including a protease inhibitor cocktail (11836153001; Roche Applied Bioscience)
and 1% phosphatase inhibitor cocktail (Sigma Aldrich). Next, 0.5 mg lysates for
co-immunoprecipitation in cells overexpressing the above proteins were incubated
with 2 μg primary antibodies for anti-FLAG M2 (Sigma Aldrich), anti-HA
antibody (Bethyl Laboratories), or rabbit IgG (Sigma Aldrich) at 4 °C with
overnight shaking after adding 50 μl protein A agarose beads (GenDEPOT, Katy,
TX, USA). Immunoprecipitates were washed three times with wash buffer and
then eluted by boiling in SDS sample buffer with β-mercaptoethanol (β-ME) for 5
min. Then, the immunoprecipitate complex was analyzed by LC-MS or
immunoblotted with the indicated antibodies.

2.6 Western blotting
Cells were harvested in ice-cold RIPA lysis buffer (50 mM Tris-Cl, pH 7.4, 150
mM NaCl, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 1 mM EDTA)
containing protease inhibitor cocktail (Roche Applied Bioscience) and
phosphatase inhibitor (Sigma Aldrich). Soluble lysate fractions were isolated by
centrifugation at 20,000 × g, for 20 min at 4 °C and quantified using the Pierce
bicinchoninic acid (BCA) Protein Assay kit (Thermo Fisher Scientific). Samples
were resolved by SDS PAGE using equal concentrations of protein and transferred
to PVDF membranes. The membranes were blocked with 5% skim milk and then
probed with the indicated primary and secondary antibodies following protocols.
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2.7 Cellular energy metabolism analysis
The cellular OCR was measured using the Seahorse XFe96 extracellular flux
analyzer (Agilent Technologies, Santa Clara, CA, USA). Cells were plated in
appropriate multi-well plates and then the cartridge filled with calibrant buffer (XF
calibrant, 100840-000; Agilent Technologies) were set up on the cultured cells
(20,000 cell/ well /96well plate). All buffers were prepared with XF base medium
(10252-100; Agilent Technologies) and adjusted to reflect the pH of the cell
culture medium. For real-time measurements in living cells, the Mito-stress test kit
(MST:103015-100; Agilent Technologies) was used according to the
manufacturer’s instructions at a final concentration of 1 μM Oligomycin, 0.5 μM
FCCP, and 0.45 μM Rotenone/Antimycin A, respectively, during measurement.
The levels of OCR in real time were normalized by cell numbers which were
quantified by image-based HCS system Operetta CLS, immediately after the
analysis.

2.8 Fluorescence microscopy analysis
To assess autophagy activity, two well-known marker proteins have been used.
LC3 is a component of the autophagosome, which is usually cytosolic diffused
form in basal condition, but it changes the subcellular localization into
autophagosome-attached LC3-II forms when autophagy is activated. When green
fluorescent protein (GFP)-fused LC3 plasmid is constructed and introduced to the
cells, fluorescence microscopy analysis could be used to determine autophagy
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activity by the change of its subcellular localization to the LC3 puncta form
which represents autophagosome [43]. When tandem mcherry-GFP-fused LC3
plasmid is constructed and introduced to the cells, fluorescence microscopy
analysis could be used to determine autophagy flux by a change of fluorescence
[44]. Cells stably expressing LC3B tagged with GFP or mcherry-GFP were used
for monitoring autophagy activity by confocal fluorescence microscopy. MIA
PaCa-2 and HeLa cells stably expressing GFP-LC3 or mCherry-GFP-LC3 and
transfected with either control or NEDD4L shRNA were cultured in a glassbottomed chamber (LabTek; Thermo Fisher Scientific) overnight, and then
replaced with DMEM culture medium containing the indicated chemicals or
starvation media for the indicated time periods. Nuclei were stained using DAPI
or Hoescht-33342. Images were acquired with the LSM780 confocal fluorescent
microscope (Carl Zeiss, Oberkochen, Germany) and the percent of either GFPLC3 puncta area or mCherry-LC3 puncta area were normalized to the DAPIstained area, which was quantified using ZEN black software (Carl Zeiss). The
area of LC3 puncta was counted in five different arbitrary areas from three
independent experiments.
HeLa cells transfected with siCTL or siNEDD4L were cultured in a glassbottomed chamber with DMEM medium. At the indicated time points, cells or
nuclei were stained with DAPI or Hoescht-33342, respectively, and mitochondria
were stained with MitoTracker Green (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Then, cells were further incubated with either vehicle
or 10 µM CCCP for 1h to induce the loss of mitochondrial integrity. Images were
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captured with an LSM880 confocal fluorescent microscope with AiryScan (Carl
Zeiss) at 1000 × magnification or higher, and then quantified with ZEN black
software (Carl Zeiss). At least five distinct regions were imaged per sample from
three independent experiments and the average area of MitoTracker Green signals
were normalized to the nucleus area.

2.9 Flow cytometry analysis of cell death
Cell viability was determined by annexin V and PI staining following standard
protocols at the indicated time periods (556547, BD Biosciences, San Jose, CA,
USA). Cells negative for both annexin V and PI were considered live cells. The
proportion of dead cells was measured based on the number of annexin V and PI
single and both-stained cells. The fluorescence of stained cells was detected using
the LSR-Fortessa FACS analyzer (BD Biosciences).

2.10 Cell proliferation
Cell proliferation was measured using the image-based cell proliferation analyzer
IncuCyteTM (Essen Instruments, Ann Arbor, MI, USA). Cells were cultured in
nutrient-complete DMEM media on multi-well plates overnight and imaged
throughout the indicated time period. IncuCyteTM automated cell proliferation
detector was used to measure cell proliferation through quantitative kinetic
processing metrics derived from time-lapse image acquisition and presented as a
percentage of cell confluence over time. For cell proliferation experiments with
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overexpression, cells were ectopically transfected with HA-tagged NEDD4L and
subsequently measured their proliferation.

2.11 In vivo tumor assessment
Six-week-old female BALB/C nude mice (Orient Bio Inc., Seongnam, Korea)
were handled using aseptic procedures and allowed to adjust to local conditions
for 1 week before experimental manipulations began. MIA PaCa-2 shCTL and
shNEDD4L cells (5 × 106) were mixed at a 1:1 dilution with Matrigel (354234;
Corning Inc., Corning, NY, USA) and injected subcutaneously into both flanks of
each mouse at a total final volume of 100 μL. Each group has five mice. When
tumors reached an average volume of 100 mm3, mice were treated with CQ
(25 mg kg-1 day-1), daily via intraperitoneal injection for up to 4 weeks. Tumor
growth was evaluated by the measurement of two perpendicular diameters of the
tumors and tumor size was calculated using the formula 4π/3×(width/2)2×(length/2).
The tumors were harvested at the experimental endpoint. Animal experiments
were performed in accordance with the protocols approved by the Institutional
Animal Care and Use Committee at the National Cancer Center, Republic of Korea.
The methods applied in this study were performed in accordance with the approved
guidelines.

2.12 Mouse breeding
KC mouse model was received from NCI mouse repository (NCI, Bethesda, MD,
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USA). The mice were used for generate KPC (KrasLSL-G12D/+; Trp53LSLR172H/+; Pdx1-Cre) mouse by routine breeding. The KPC model of PDAC was
first described in 2005 and incorporates, through Cre-Lox technology, the
conditional activation of mutant endogenous alleles of the Kras and Trp53 genes
[Hingorani, S.R., et al,2005].

2.13 PDAC mouse and pancreas isolation
Pdx1-Cre, LSL-KrasG12D, and LSL-Trp53R172H mice were received from NCI
mouse repository (http://mouse.ncifcrf.gov). LSL-KrasG12D; Trp53 R172H; Pdx1-Cre
(KPC) mice were obtained by crossing these mice. These mice were maintained in
C57BL/6J genetic background. Cre-mediated recombination in the KPC mouse
model leads to conditional expression of mutant Kras and Trp53 gene specifically
in the mouse pancreas. Because this model has the key features of human PDAC,
it is the most extensively studies genetic model of PDAC in cancer research and
preclinical studies. Pancreas was isolated from 22-month-old KPC mouse. This
study was reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of the National Cancer Center Research Institute, which is
an Association for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC International) accredited facility that abides by the
Institute of Laboratory Animal Resources guide (protocols: NCC-17-391; NCC15-239)
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2.14 Immunohistochemistry
For xenograft samples and pancreatic tissue from KPC mice, dissected tissues
were fixed immediately after removal in 10% buffered formalin solution for a
maximum of 24h at room temperature before being dehydrated and paraffinembedded under a vacuum. The tissue sections were deparaffinized with EZ Prep
buffer (Ventana Medical Systems, Santa Clara, USA). Antigen retrieval was
performed with CC1 buffer (Ventana Medical Systems), and sections were
blocked for 30 min with Background Buster solution (Innovex, Lincoln, RI, USA).
IHC detection was performed using the Discovery XT processor (Ventana Medical
Systems). All tumor tissues were harvested from mice and fixed in 4% PFA
overnight. Fixed tissues were dehydrated, embedded in paraffin, and sliced into 3µm sections. The tissue sections were deparaffinized with EZ Prep buffer, and
antigen retrieval was performed with CC1 buffer and heat treatment in citrate
buffer at pH 6.0 (Ribo CC, Ventana Medical Systems). Tumor sections were
incubated with the indicated primary antibodies and detection was performed with
a DAB detection kit (Ventana Medical Systems) according to the manufacturer’s
instructions, followed by counterstaining with hematoxylin (Ventana Medical
Systems). Images were obtained using Vectra Polaris (PerkinElmer).

2.15 Statistical analyses
Immunoblotted proteins or immunohistochemistry (IHC) DAB intensities were
quantified and using ImageJ software (NIH, Bethesda, MD, USA) and normalized
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by loading control or nucleus area. Data are expressed as the mean ± standard
deviation (SD) or standard error of the mean (SEM) which are from at least three
independent experiments. Statistical significance was calculated using Student’s ttest in Graph Pad Prism 8. A value of P < 0.05 was considered statistically
significant (* P < 0.05; ** P < 0.01).
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3. Results

3.1 NEDD4L is involved in the stability of ULK1
3.1.1 NEDD4L interacts with ULK1
To identify as a candidate ULK1-interacting partner, we performed
immunoprecipitation combined with mass spectrometry. NEDD4L was
identified as one of the ULK1-interacting proteins (Table 1). To verify whether
ULK1 interacts with NEDD4L, co-transfection of FLAG-tagged ULK1 with
HA-tagged NEDD4L and subsequent immunoprecipitation revealed a band
corresponding to the FLAG-ULK1 that co-immunoprecipitated with the HANEDD4L (Figure 4). These result show that NEDD4L bind to ULK1.
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Table 1. The list of ULK1 binding partners.
Mouse embryonic fibroblast (MEF) cells were transiently transfected with
vector alone or FLAG-ULK1 encoding plasmid, respectively. After 24h, cell
lysates were immunoprecipitated with anti-FLAG antibody (M2) or with IgG
as a negative control ULK1-interacting proteins were eluted from the immunocomplex and identified by LC-MS/MS analysis. The top lists of ULK1
interacting partners are given.
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Figure 4. NEDD4L interacts with ULK1
FLAG-ULK1 and/or Hemagglutinin (HA)-NEDD4L plasmid were expressed
in HEK293T cells. Cells were treated with 10μM MG132 for 1h before lysis.
Lysates

were

immunoprecipitated

with

immunoblotted against NEDD4L and ULK1.
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anti-FLAG

antibody

and

3.1.2 NEDD4L is concerned with the accumulation of ULK1
I also examined the ULK protein levels in NEDD4L knockdown cell lines.
NEDD4L knockdown cell lines (shNEDD4L) were generated using a lentiviral
vector containing small hairpin RNA (shRNA) targeting NEDD4L and
shControl (shCTL) cells, which were infected with a vector containing
scramble shRNA.
ULK1 protein levels were higher in shNEDD4L cells compared to shCTL
cells in three different pancreatic cancer cell lines (Figure 5). These results
suggest that ULK1 protein levels are accumulated in NEDD4L depletion cells.
Because protein stability is related to protein ubiquitination and NEDD4 is E3
ubiquitin ligase protein, we investigated the ubiquitination levels of ULK1 in
presence and absence of NEDD4L. shCTL cells showed relatively higher
ubiquitin levels than shNEDD4L cells on the immunoblot analysis of the
ULK1-immunoprecipitated complex with anti-FLAG (Figure 6A). In addition,
immunoblot analysis of the ULK1-immunoprecipitated complex indicated that
the ectopic expression of NEDD4L increased ubiquitination levels of ULK1
compared to the empty vector-expressed condition (Figure 6B). These data
show that NEDD4L plays a negative role in maintaining ULK1 stability
through the ubiquitination of ULK1.
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Figure 5. Deficiency of NEDD4L accumulates ULK1 protein level.
Cell lysates were prepared from MIA PaCa-2, PA-TU 8988T and Panc1 stably
expressing shCTL or shNEDD4L and immunoblotted against ULK1 and
NEDD4L. β-actin was used as loading control. The WB band intensities were
quantified by Image J and error bars indicate the mean ± SEM for three
independent experiments.
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Figure 6. NEDD4L regulates ULK1 levels by ubiquitination.
(A) HA-ubiquitin (HA-Ub) and FLAG-ULK1 plasmids were co-transfected
into shCTL and shNEDD4L HEK293T cells, respectively. Cell lysates were
immunoprecipitated with anti-FLAG antibody. ULK1 ubiquitination was
determined by immunoblotting against HA and FLAG.
(B) Immunoprecipitation of HA-ubiquitin (HA-Ub) and FLAG-ULK1 in
HEK293T cells as in (A) was observed in WT cells and cells with NEDD4L
ectopically overexpressed. (Courtesy of Jiyea Kim)
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3.2 NEDD4L deregulates the activity of autophagy
3.2.1 Autophagy activity is upregulated in NEDD4L depletion cells
Since ULK1 is an initiation protein of autophagy, I focused on examining
whether NEDD4L influences on autophagy. Autophagy activity was assessed
by a marker protein LC3, which monitors the changes of subcellular
localization of green fluorescent protein (GFP)-tagged LC3 through confocal
fluorescence microscopy. Under autophagy-inducing conditions such as
nutrient starvation, cytoplasmic GFP-LC3 conjugates to the autophagosome
membrane and exhibits a distinct punctate form, indicating the activation of
autophagy. Under the amino acid starvation condition (-AA), shNEDD4L cells
showed more GFP-LC3 puncta formation compared to shCTL cells under both
nutrient-rich and -deprived conditions (Figure 7A). Moreover, tandem
mCherry-GFP-LC3 was monitored through confocal microscopy to represent
autophagy flux. mCherry signals by lysosome-mediated autophagic
degradation were significantly increased in siNEDD4L cells compared to that
in siCTL cells, indicating autophagy flux was enhanced by NEDD4L depletion
(Figure 7B). These data suggest that NEDD4L plays as a negative regulator of
autophagy activity.
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A

B

C

Figure 7. NEDD4L depletion increases autophagy activity.
(A) shCTL or shNEDD4L MIA PaCa-2 cells stably expressing GFP-LC3 were
plated overnight and subsequently starved in amino acids-deprived media(-AA)
for 4h. Cell nuclei were stained with Hoechst 33342 or DAPI, and images were
acquired using a confocal fluorescence microscope. At least five distinct
regions were imaged per condition and quantified. Scale bar: 20μm
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(Magnification, 400 ×). Percent of GFP-LC3 puncta area were normalized to
the DAPI-stained area per cell. Error bars indicate the mean ± SEM for three
independent experiments. * P < 0.05; ** P < 0.01.
(B) Hela cells stably expressing mCherry-GFP-LC3 were reverse-transfected
with either scrambled siRNA (siCTL) or NEDD4L-specific siRNA
(siNEDD4L) respectively for 24~48h. Subsequently, cells were incubated in
nutrient-complete or amino acids-deprived medium (Starv) for 2h prior to
image acquisition using a confocal fluorescence microscope. Scale bar: 20μm
(Magnification, 400 ×). Percent of mCherry puncta area was quantified and
normalized to the DAPI-stained area per cell. The data are representative of at
least three independent experiments. Error bars indicate the mean ± SEM for
three independent experiments. * P < 0.05; ** P < 0.01.
(C) Hela cells were harvested from the same condition of (B), and lysed
samples were examined by western blot using NEDD4L and Actin antibodies.
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3.2.2 Increased autophagy in NEDD4L depletion cells, is mediated
by ULK1
To examine whether increasing autophagy activity in shNEDD4L cells, is
regulated by accumulated ULK1, I observed the GFP-LC3 puncta formation in
additional ULK1 knockdown cells using siRNA transfection. Under the
starvation condition, GFP-LC3 puncta formation was increased in NEDD4L
depletion cells. However, upregulated GFP-LC3 puncta formation in NEDD4L
depletion cells was repressed in additional ULK1 knockdown (Figure 8). These
results suggest that NEDD4L depletion enhanced autophagy activity which is
mediated by ULK1.
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A

B
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Figure 8. NEDD4L depletion enhances autophagy activity by ULK1.
(A) shCTL and shNEDD4L HeLa cells stably expressing GFP-LC3 plasmid were
reverse-transfected with either scramble siRNA (siCTL) or ULK1-specific siRNA
(siULK1). Subsequently, cells were incubated in nutrient-complete or amino
acids-deprived medium for 4h prior to image acquisition. At least five distinct
regions were imaged per sample. Scale bar: 20μm (Magnification, 400 ×). Percent
of GFP-LC3 puncta area was normalized to the DAPI-stained area per cell. The
data are representative of at least three independent experiments. Error bars
indicate the mean ± SEM for three independent experiments. * P < 0.05; **
P < 0.01.
(B) Hela cells were harvested from the same condition of (A), and lysed samples
were examined by western blot using NEDD4L, ULK1 and Actin antibodies.
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3.3 NEDD4L depletion improves mitochondrial functions
3.3.1 Mitochondrial respiration was increased in NEDD4L depletion
cells
ULK1-mediated autophagy plays a critical role in maintenances of
mitochondrial homeostasis [45]. I examined the function of mitochondrial
respiration by measuring the mitochondrial oxygen consumption rate (OCR).
The OCR is higher in both basal and maximal OCR (after carbonyl cyanide-4(trifluoromethoxy) phenylhydrazone [FCCP] treatment) in shNEDD4L cells
were higher than that in shCTL cells (Figure 9). These data show that
mitochondrial respiratory function is enhanced in NEDD4L depletion cells.
To examine whether the effect of mitochondrial function is regulated in
ULK1-dependent manner, I also measured the OCR analysis of NEDD4L cells
using additional ULK1 knockdown conditions. When ULK1 is knock downed
in NEDD4L depletion cells, the increased OCR levels shown in siCTL was
decreased in siULK1 treatment (Figure 10). These data indicate that increasing
mitochondrial respiration by NEDD4L deletion can be mediated by ULK1induced autophagy.
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Figure 9. Mitochondrial respiration increases in NEDD4L depletion cells.
Mitochondrial oxygen consumption rate (OCR) of MIA PaCa-2 shCTL and
shNEDD4L cells was measured by an extracellular flux (XF 96) analyzer in basal
media and in response to treatment with the indicated regulators of mitochondrial
activities

including

1μM

Oligomycin,

0.5μM

FCCP,

and

0.45μM

Rotenone/Antimycin A, for the indicated time periods. The levels of OCR were
normalized by cell numbers which were measured by image-based HCS system
Operetta CLS immediately after the analysis. * P < 0.05; ** P < 0.01.
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B

Figure 10. NEDD4L depletion stimulates mitochondrial respiration via ULK1.
(A) shCTL and shNEDD4L MIA PaCa-2 cells were reverse-transfected with
siCTL, siULK1 and incubated for 48h. The levels of mitochondrial OCR in each
knockdown were measured by an extracellular flux analyzer in basal media and in
response to treatment with the indicated mitochondrial regulators. * P < 0.05; **
P < 0.01.
(B) Cells were harvested from the same condition of (A), and lysed samples were
examined by western blot using ULK1 and Actin antibodies.
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3.3.2 Intact morphology of mitochondria is maintained in NEDD4L
depletion cells
Mitochondrial fusion and fission which morphology of mitochondria are
reported that it’s important to mitochondria function. We investigated the effect
of NEDD4L on mitochondrial morphology using an airy-scan confocal
microscope.to represent the mitochondrial function NEDD4L knockdown cells
contained longer mitochondria with more intact fusion states compared to
shCTL cells, especially in response to CCCP (Figure 11).
Next, we examined whether the changes of mitochondrial morphology in
NEDD4L depleted cells is influenced by accumulated ULK1. The confocal
microscopy analysis showed alteration of mitochondrial morphology with
Mitracker-green staining, after additional ULK1 knockdown to shNEDD4L
cells. Mitochondrial intact fusion states are maintained in NEDD4L depletion
cells, but the length of mitochondria has a shorter and fragmented when ULK1
was additionally knocked down. Also, the quantified graph represented a
significantly smaller area of mitochondrial length in ULK1 additional
knockdown cells (Figure 12). These results suggest that the intact morphology
of mitochondria is more consistently maintained in NEDD4L knockdown cells
than in control cells, which is repressed by ULK1 deletion.
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A

B

Figure 11. Mitochondrial intact morphology maintains in NEDD4L depletion
cells.
(A) HeLa cells were reverse-transfected with either siCTL or siNEDD4L and were
treated with vehicle (DMSO), CCCP (10μM), or OA (1μM/3μM) for 1h.
Subsequently, the cells were stained with MitoTracker Green to visualize
subcellular mitochondrial morphology using a confocal fluorescence microscope.
Scale bar: 5μm (Magnification, 1000 ×). The average area of MitoTracker Green
signal was quantified and presented as an average from at least five different
images in three independent experiments. * P < 0.05; ** P < 0.01. (Courtesy of
Jiyea Kim)
(B) Cells were harvested from the same condition of (A), and lysed samples were
examined by western blot using NEDD4L and Actin antibodies.
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Figure 12. NEDD4L depletion encourages mitochondrial morphology.
(A) HeLa cells were reverse-transfected with siCTL or siULK1 in siCTL and
siNEDD4L respectively. Cells were stained with MitoTracker Green and then
treated with either vehicle (DMSO) or CCCP (5μM) for 1h. Subcellular
mitochondrial morphology were imaged using a confocal fluorescence microscope.
Scale bar: 5μm (Magnification, 1000 ×). The average area of MitoTracker Green
was quantified. The data are representative of at least three independent
experiments. Error bars indicate the mean ± SEM for three independent
experiments. * P < 0.05; ** P < 0.01. (Courtesy of Jiyea Kim)
(B) Cells were harvested from the same condition of (A), and lysed samples were
examined by western blot using NEDD4L, ULK1 and Actin antibodies.
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3.4 ULK1 regulates cell death in NEDD4L depletion cells
3.4.1 Inhibition of ULK1 occurs more cell death in NEDD4L
depletion cells
Because autophagy has been reported as a cell survival process, I observed the
cell death in the absence of NEDD4L using Flow Cytometry (FACS) analysis.
In addition, the effect of ULK1 on cell death under the autophagy-inducing
conditions, was examined in NEDD4L depleted cells. There is no significant
effect of cell death in NEDD4L depletion cells under the nutrient complete
condition (COM). However, cell death increased in ULK1-knockdown in
addition to NEDD4L depletion under the starvation condition (Starv) (Figure
13A). Moreover, treatment of cells with pharmacological inhibitors SBI0206965 (ULK1 inhibitor) showed significant increase of cell death in
NEDD4L depletion cells compared to control cells (Figure 13B). These results
suggest that ULK1 stabilized in NEDD4L deficient condition plays a key role
in autophagy which contribute to cell survival.
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Figure 13. ULK1 executes an important role for cell survival, especially in
NEDD4L depletion cells.
(A) shCTL and shNEDD4L MIA PaCa-2 cells were reverse-transfected with
siCTL or siULK1 for 24h. Cells were then incubated in nutrient-complete media
or glutamine-free (Starv) media for 48h. Cell death was assessed using annexin
V/propidium iodide (PI) staining by flow cytometry. The dead cell portion was
measured based on the number of annexin V and PI single-stained cells. Error bars
indicate the mean ± SEM for three independent experiments. * P < 0.05; **
P < 0.01. (B) shCTL and shNEDD4L MIA PaCa-2 cells were treated with vehicle
(0.5% DMSO) or SBI 0206965 (ULK1 inhibitor) for 48h. Error bars indicate the
mean ± SEM for three independent experiments. * P < 0.05; ** P < 0.01.

44

3.5 Tumor progression is reduced in NEDD4L deficiency
3.5.1 Reduction of proliferation by NEDD4L indicates a tumor
suppressor
Since it has been reported that autophagy is important for proliferation of
pancreatic cancer cells [46]. We examined the cell growth upon NEDD4L
protein levels in multiple pancreatic cancer cells. I investigated cell
proliferation using the IncuCyteTM which is an analysis program based on cell
imaging. Cell growth was increased in NEDD4L depletion cells, but it was
decreased in NEDD4L-overexpressing cells in MIAPaCa-2 and 8988T cell
lines (Figure 14).
To support our data that suppression of cell growth by NEDD4L, I have
examined tumor growth analysis using in vivo xenograft mice models
administered with human pancreatic cancer cell line MIA PaCa-2 with (shCTL)
or without (shNEDD4L) NEDD4L. As expected, injection of NEDD4L
knockdown cells showed the higher tumor volume in xenograft models
compared to control cells (Figure 15A). Next, to examine tumor histological
phenotypes, I performed immunohistochemistry (IHC) analysis of tumors from
figure 12A. NEDD4L depletion cells derived-tumor showed not only increased
autophagy proteins ULK1 and LC3, but also elevated levels of cell proliferation
marker Ki67 (Figure 15B). These data indicate that NEDD4L can act as a tumor
suppressor to block cancer growth in in vitro and vivo systems.

45

Figure 14. NEDD4L blocks cell proliferation in pancreatic cancer cell lines.
shCTL or shNEDD4L MIA PaCa-2 and PA-TU 8988T cells or MIA PaCa-2, PATU 8988T after ectopic expression of NEDD4L were incubated in the IncuCyteTM
analyzer to monitor cell proliferation, respectively. Cell confluence levels were
measured real-time and presented as a percentage using the IncuCyteTM analyzer.
Error bars indicate the mean ± SEM for three independent experiments. * P < 0.05;
** P < 0.01.
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Figure 15. NEDD4L inhibits tumor growth in mouse xenograft model.
(A)Nude mice were injected subcutaneously with 5 × 106 shCTL or shNEDD4L
MIA PaCa-2 cells. When the average tumor size reached 40 mm3, tumor size was
measured at the indicated time points. After 4 weeks, the tumors were removed for
morphological and histochemical examinations. Representative images of tumors
from shCTL (top) and shNEDD4L cells (bottom) are shown. * P < 0.05.
(B)Immunohistochemistry of NEDD4L and ULK1 proteins detected from tumor
tissues in (A). Tumors derived from shCTL or shNEDD4L MIA PaCa-2 cells were
dissected 6 weeks after cell inoculation and embedded in paraffin, and tumor
sections were stained with antibodies against NEDD4L, ULK1, Ki67, or LC3B.
Scale bar: 50μm.
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3.5.2 NEDD4L inhibits tumor growth in mouse models
To examine the inverse co-relationship between NEDD4L and ULK1, I performed
IHC analysis of pancreas from the spontaneous pancreatic ductal adenocarcinoma
(PDAC) mouse model, which is driven by KrasLSL-G12D/+; Trp53LSL-R172H/+;
Pdx1-Cre (KPC). Similar to the results from xenograft mice, the PDAC tumor
regions with higher levels of ULK1 also showed higher levels of Ki67 staining, but
those regions exhibited relatively lower amount of NEDD4L (Figure 16). These
results support the critical role of NEDD4L in deregulating the protein stability of
ULK1, thereby effectively diminishing autophagy and further repressing
pancreatic cancer growth.
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Figure 16. NEDD4L is inversely correlated with ULK1 in KPC mouse.
Representative images of H&E staining and immunohistochemistry of
NEDD4L and ULK1 proteins in pancreatic tumor tissues from KPC mice.
Pancreas from KPC mice were dissected at 20 weeks after birth and embedded
in paraffin, and pancreas sections were stained with H&E and with antibodies
against NEDD4L, ULK1 or Ki67. Scale bars: 50μm.
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3.5.3 Blockade of autophagy impedes aggressive tumor growth in
NEDD4L depletion
As shown in Fig. 12A, tumor growth in mice given shNEDD4L-containing
pancreatic cancer xenograft was substantially higher than in mice given shCTLcontaining tumors. Next, I investigated whether autophagy induction mediated
by NEDD4L depletion would promote tumor growth in the in vivo mouse
model. Daily administration of autophagy inhibitor chloroquine (CQ) via
intraperitoneal injection effectively impaired growth in shNEDD4L pancreatic
cancer cell-derived tumors, but the growth of shCTL cell-driven tumors was
unaffected by CQ admiration (Figure 17A). Moreover, to examine tumor
histological phenotypes in figure14A, I examined immunohistochemistry (IHC)
analysis. As the levels of ULK1 were induced, Ki67 intensities were
significantly increased in shNEDD4L cell-driven tumors compared to those in
shCTL tumor. However, shNEDD4L tumors from CQ-injected mice, showed
significant increase of the levels of Caspase 3, a cell death marker compared to
shNEDD4L tumors from vehicle –injected mice (Figure 17B). These data
suggest that autophagy inhibition effectively blocks tumor growth through
stimulation of cell death mechanism, particularly in NEDD4L depleted tumors.
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Figure 17. Autophagy inhibition blocks tumor growth in NEDD4L
deficient conditions.
(A)Subcutaneous shCTL or shNEDD4L MIA PaCa-2 cell-derived tumors were
established in 6-week old female mice. Then, chloroquine (CQ; 20 mg kg-1)
was administered daily via intraperitoneal injection and tumor growth was
assessed once the tumor volume reached 100 mm3 at the indicated time points.
Data are shown as the mean of five mice in each group ± SEM. * P < 0.05.
(B)Immunohistochemistry of NEDD4L and ULK1 proteins detected from
tumor tissues in Fig 6B. Tumors derived from shCTL or shNEDD4L MIA
PaCa-2 cells either with CQ injection or with vehicle injection were dissected
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after tumor assessment test and embedded in paraffin, and tumor sections were
stained with antibodies against NEDD4L, ULK1, Ki67, Caspase-3 or LC3B
Scale bar: 50μm. The levels of DAB for Ki67 or Caspase-3 were quantified by
Image J and error bars indicate the mean ± SEM for three independent
experiments. * P < 0.05; ** P < 0.01.
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3. Discussion
Although diverse mechanisms maintaining ULK1 protein expression have been
reported [15-17, 47], the molecular mechanisms responsible for ULK1 stability
have not yet been fully elucidated.
Herein, we investigated the mechanisms by which ULK1 is modulated by an
E3 ubiquitin ligase, NEDD4L, and suggest the physiological significance of
these molecular regulations on tumor progression. We propose a novel
mechanism showing that cancers expressing low levels of NEDD4L enhance
autophagy and mitochondrial metabolism via deregulating the protein activity
of ULK1 and so promote tumor development. Our findings in this study that
when NEDD4L is suppressed, certain cancer cells appear to have more intact
and functional mitochondria compared to counterpart cells with wild-type
levels of NEDD4L, implying that NEDD4L might have an inhibitory role in
maintaining mitochondrial metabolic functionality.
First, we showed that ULK1 associates with NEDD4L in pancreatic cancer cells.
Ubiquitination of ULK1 decreased when NEDD4L expression was suppressed,
resulting in higher levels of ULK1 and increased autophagy activity. These
results indicate that NEDD4L suppresses autophagy by reducing cellular ULK1
protein levels. Autophagy activity enhanced by NEDD4L depletion was
repressed by the knockdown of identified NEDD4L-target genes, ULK1,
suggesting that the stabilization of ULK1 mediated by low expression of
NEDD4L is critical for activating autophagy.
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Moreover, we found that NEDD4L inversely regulated mitochondrial energy
metabolism by affecting the OCR, mitochondrial membrane potential, and
mitochondrial morphology; furthermore, such effect of NEDD4L on
mitochondrial integrity was compromised by the additional knockdown of
ULK1. We could conclude that NEDD4L depletion in cancer cells facilitated
ULK1-mediated autophagy to supply appropriate fuel to activate mitochondrial
metabolism and maintain mitochondrial functional integrity. Cancers with low
NEDD4L expression tend to display enhanced mitochondrial metabolic
functions due to ULK1-mediated autophagy. Therefore, the increased
mitochondrial energy production found in NEDD4L-depleted cancers can be
effectively targeted by autophagy inhibition, which can be considered as a
promising therapeutic approach.
Based on these unique features of NEDD4L, we were prompted to next
investigate the effect of NEDD4L expression on cancer cell proliferation and
survival. Low NEDD4L expression improved cancer cell growth and viability.
Moreover, shNEDD4L cells were sensitized to pharmacological inhibition of
ULK1, as well as to the blockade of ULK1 gene when compared to shCTL cells,
suggesting that NEDD4L-knockdown cancer cells rely on mitochondrial
metabolism to sustain cell growth and survival. Finally, in vivo tumor
assessment showed that shNEDD4L cells promote tumor progression to a
greater extent than shCTL cells in xenograft pancreatic cancer mouse model,
the enhanced tumor growth was then repressed by treatment with the autophagy
inhibitor CQ. More interestingly, the protein levels of NEDD4L and ULK1 was
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inversely expressed in both xenograft tumor and tumor from spontaneous
PDAC mouse model, KPC mice. Overall, the results suggest that NEDD4L
plays a key role in suppressing tumor progression by inhibiting autophagy and
mitochondrial respiratory function. Our study also suggests the importance of
the regulatory mechanisms between the ubiquitin proteasome system and
autophagy pathway, which further links cancer-specific metabolic alterations
to the response metabolic stress, and potentially for certain types of
tumorigenesis.
Multiple cancer cell types have been previously observed to have lowered
expression of NEDD4L compared to healthy counterparts [28, 29, 48, 49]. In
contrast, certain types of cancer, such as melanomas, express relatively high
levels of NEDD4L, and tumor growth is inhibited when NEDD4L expression
is suppressed [50]. Moreover, the expression of various oncogenic effector
proteins can be regulated by HECT domain-containing E3 ubiquitin ligases
including NEDD4L. Due to these conflicting findings, the role of NEDD4L
during tumor development has not yet been fully defined.
The Cancer Genome Atlas (TCGA) datasets (TCGA 2012 provisional;
cbioportal.org) showed that NEDD4L levels were both up-regulated in kidney
and prostate cancer but generally down-regulated in multiple human tumor
patients including lung and pancreatic cancers although which were not
significantly correlated with overall survival in cancer patients. However, more
than 15% of in human pancreatic cancers from Cancer Cell Line Encyclopedia
(CCLE; gepia.cn) datasets showed the down-regulation of Nedd4-2 gene
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expression.
In summary, our results suggest that the E3 ubiquitin ligase NEDD4L downregulates ULK1 protein levels, thereby reducing autophagy activity and
mitochondrial metabolic activity. Specifically, pancreatic cancer cells with low
levels of NEDD4L predominantly relied on the activation of autophagy and
mitochondrial OXPHOS for cancer growth and survival in both in vitro and in
vivo studies. Our results revealed a possible mechanism by which NEDD4L, as
a tumor suppressor, prohibits autophagy activity under metabolic stress
conditions via the destabilization of an autophagy protein, ULK1, thereby
inhibiting mitochondrial functionality and ultimately suppressing tumor
progression. These findings suggest a novel therapeutic strategy for patients
with low levels of NEDD4L in cancer.
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