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Nrf2 (NF-E2-related factor 2) pathway and autophagy both can respond to oxidative stress to promote cancer cells to survive in the
tumor microenvironment. We, therefore, explored the relevance between Nrf2 pathway and autophagy in pancreatic cancer cells
upon stimulation of reactive oxygen species (ROS). Pancreatic cancer cells were cultured under controlled ROS stressing condition
or basal condition. Different inhibitors were used to prevent autophagy at particular stages. Nrf2 siRNA was used to inhibit Nrf2
pathway activation. Ad-mRFP-GFP-LC3 infection was used to monitor autophagic flux. The result shows that a small amount of
exogenous hydrogen peroxide (H,0,) can significantly improve the level of intracellular ROS. Moreover, our findings indicate
that ROS promotes the activation of both Nrf2 pathway and autophagy in pancreatic cancer cells. Moreover, our data demonstrate
that suppression of autophagic activity at particular stages results in an increased promotion of Nrf2 pathway activation upon
ROS stimulation. Furthermore, we found that silencing of Nrf2 promotes autophagy upon ROS stimulation. In addition, Nrf2
interference effectively promotes autophagic flux upon ROS stimulation. In summary, our findings suggest that Nrf2 pathway and

autophagy have a negative interaction with each other upon ROS stimulation.

1. Introduction

Autophagy is an evolutionary conserved lysosomal degrada-
tion process in which the cells degrade long-lived proteins,
misfolded proteins, and damaged cytoplasmic organelles for
recycling [1]. Autophagy has been considered to maintain
the cellular homeostasis and adaption to stressed conditions
such as oxidative stress, nutrient starvation, and hypoxia [1-
4]. For its many important roles, it is not surprising that
impaired autophagic function promotes the progression of
cancer. However, cancer cells break down cellular damaged
organelles and accumulated proteins by autophagy, allowing
the catabolites to be recycled and thus used for biosynthesis
and energy metabolism to cope with the stressing conditions,
which is essential to enable cancer cells to survive [5, 6].

It has been considered that Nrf2, a transcriptional factor,
is an adaptive cellular response to protect cells against oxi-
dative stress. Nrf2 is targeted by Keapl (Kelch-like ECH-asso-
ciated proteinl) for ubiquitylation and proteasomal degra-
dation under normal condition [7]. When faced with cel-
lular stressing signals (e.g., oxidative stress), the interaction
between Nrf2 and Keapl is disrupted, resulting in Nrf2
stabilization and translocation from cytoplasm to the nucleus,
which is regarded as canonical way of Nrf2 activation [8].
As a result, the nuclear Nrf2 binds to antioxidant response
elements (AREs) or electrophile response elements (EpREs)
to deal with the stressing signals [9-11]. High levels of Nrf2
have been observed in many cancers, including head and
neck, gall bladder, lung cancer, and colorectal cancer [12-14],
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which promote the growth and survival of cancer cells under
stressing conditions. Nrf2 pathway and autophagy both have
the ability to antagonize cellular stressing signals by pro-
moting a series of antioxidant programs. Furthermore, stud-
ies have shown that Nrf2 and autophagy both contribute to
the chemoresistance [15-18].

The relationship between the Nrf2 pathway and auto-
phagy has been explored in recent years, and researchers
found that the association between them mainly relied on
p62/SQSTML, an adaptor for selective autophagy, and Keapl
[19-21]. Inhibition of autophagy leads to accumulation of
p62. P62 works to sequester Keapl into the autophago-
somes, inhibiting the ubiquitylation of Nrf2, resulting in the
noncanonical activation of Nrf2 [19-21]. Many studies have
shown that cancer cells accumulate more reactive oxygen
species (ROS) than normal cells [22, 23]. Consistent with
other researchers, we found that the level of ROS in pancreatic
cancer cells had elevated along with the increasing metastatic
ability [24]. With the increased ROS, cancer cells induce
antioxidant programs to set a new redox balance, resulting
in cellular adaptation. Studies have shown that autophagic
inhibitor (chloroquine) caused accumulated ROS in cells, and
downstream of Atgl, FIP200-(Atgl7 homologue) knockout
livers, and Atg5- and Atg7-knockout cells both increase
ROS production [25-30]. On the basis of these results,
we hypothesized that there is a possibility that autophagy
inhibition not only leads to accumulation of p62 to activate
Nrf2 pathway by a noncanonical way but also increase ROS
production to directly activate Nrf2 pathway.

In addition, another study indicated that Nrf2 could lower
the level of intracellular ROS [31]. Thus, we speculated that
the relationship between Nrf2 pathway and autophagy could
not be a simple upstream or downstream. The mechanism
of the interaction between Nrf2 pathway and autophagy is
needed to be investigated to facilitate the discovery of new
therapies. In this study, we set pancreatic cancer cells at an
increased ROS level to simulate oxidative stress condition and
explore the relevance between Nrf2 pathway and autophagy.

2. Materials and Methods

2.1. Cell Culture and Reagents. Human pancreatic cancer
cell lines BxPc-3, PANC-1, SW1990, AsPC-1, and MiaPaCa-
2 were obtained from and validated by the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China) and cultured
as per their instructions. Briefly, cells were cultured with
a humidified atmosphere of 95% air and 5% CO, at 37°C
in Dulbecco’s modified Eagle’s medium (DMEM) (HyClone,
Logan, USA) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) added with 100 ug/mL ampicillin and
100 pug/mL streptomycin. In experiments designed to elevate
the level of intracellular ROS, H,O, was added in the serum-
free media with a final concentration of 100 gmol/L for 24 h.
Different autophagic inhibitors were used in this study: 3-MA
of 5mmol/L or CQ of 40 ymol/L for 24 h. Antibodies were
obtained from the following resources: anti- 8-actin antibody
(Santa Cruz, USA), anti-Nrf2 antibody (Abcam, USA), anti-
Beclinl antibody (Abcam, USA), anti-LC3 antibody (Sigma,
USA), and anti-p62 antibody (Proteintech Group, USA).
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Autophagic inhibitors were obtained from the following
resources: 3-MA (HanBio, China) and CQ (Sigma, USA).

2.2. Cell Proliferation Analysis. PANC-1 cells were seeded
in 96-well plates at the point of 24h prior to the serum
free incubation at an amount of 5-10 x 10> cells per well.
Following the serum starvation of 24 h, cells were maintained
in medium with concentrations of H,0, ranging from 100
to 400 yumol/L. At the time point of 24 h, 48h, or 72 h, the
medium in each well was removed, and then MTT reagent
(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide) was added. After incubation of 4h at 37°C, DMSO
was added to each well with an amount of 150 uL. The
microplate reader (BIO-TEC Inc, VA) was used to measure
the optical densities (OD) at 490 nm. The proliferation rate
was determined as OD (cells plate)/OD (blank plate).

2.3. Detection of Intracellular ROS. The level of intracellular
ROS was detected using an oxidation-sensitive fluorescent
probe (DCFH-DA). After treatment with H,O, 100 gmol/L
or not, PANC-1 cells were washed twice with PBS. Then
cells were incubated with 10 gmol/L DCFH-DA for 20 min
at 37°C according to the manufacturer’s instructions. DCFH-
DA was oxidized to the fluorescent compound 2, 7-dichlo-
rofluorescein (DCF) in the presence of ROS. DCF fluo-
rescence was detected by FACScan flow cytometer (Becton
Dickinson). 10 000 events were collected for each sample.

2.4. RNA Extraction and Quantitative Real-Time PCR. Total
RNA was extracted from pancreatic cancer cells by Trizol
reagent (Invitrogen, CA, USA) according to the manufac-
turer’s instructions. Reverse transcription was carried out
using a PrimeScript RT reagent Kit (TaKaRa, Dalian, China),
and the real-time PCR assay was performed with an iQ5 Mul-
ticolor real-time PCR Detection System (Bio-Rad, Hercules,
CA, USA) and a SYBR Green PCR Kit (TaKaRa) followed by
their manufacturer’s instructions. The PCR primer sequences
of Nrf2, Beclinl, LC3 and f-actin are shown in Supplemen-
tary Table S1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2016/3897250. For all real-time PCR
analyses, f-actin was used as a normalization control to
quantify the relative expression of the target gene.

2.5. RNA Interference. Six siRNAs for NRF2 (Supplemen-
tary Table S2) were purchased from GenePharm (Shanghai,
China). Cells were seeded in six orifice plates with an amount
of 2x10° per well and transfected with a final concentration
of 100 nM siRNA using Lipofectamine RNAi MAX Reagent
(Invitrogen, CA, USA) according to the manufacturer’s
instructions. After transfection, cells were used for further
study at the time point of 48 h.

2.6. Western Blot. The protein levels of Nrf2, Beclinl, LC3,
and p62 were quantified by semiquantitative densitometric
analysis. Cell samples were lysed in RIPA, and a BCA protein
assay kit was used to determine the protein concentration.
Briefly, the total protein lysates were separated on 12% SDS-
PAGE gels for detecting Nrf2, Beclinl, LC3, and p62. Then
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the proteins were transferred to polyvinylidene difluoride
(PVDF) membranes, blocked with 5% skimmed milk for 2 h
at room temperature, and then immunoblotted with rabbit
polyclonal anti-human antibodies against 3-actin (1:1000),
Nrf2 (1:1000), Beclinl (1:1000), LC3 (1:1000), and p62
(1:1500) overnight at 4°C. This was followed by application of
a goat anti-rabbit peroxidase conjugated secondary antibody
(1:5000, Santa Cruz) for 2h at 37°C. Then the bands were
detected using the enhanced chemiluminescence system and
Quantity One image analysis software was used to measure
the band intensity. The housekeeping protein fS-actin was
used for loading control. For result analysis, we normalized
the band intensity of target protein to -actin in each sample,
and then we normalized the relative target protein expression
level of treated group to its control group.

2.7. Immunofluorescence. The cells were washed with phos-
phate-buffered saline (PBS) for three times, fixed with 4%
paraformaldehyde for 20 min at room temperature, perme-
abilized with 0.5% Triton X-100 for 10 min, and then blocked
with 1% bovine serum albumin (BSA) for 1h at room temper-
ature. Next, cells were incubated with rabbit polyclonal anti-
human antibodies against Nrf2 (1:150), Beclinl (1:150), and
LC3 (1:150) at 4°C overnight, respectively. After that, cells
were washed and incubated with goat anti-rabbit dylight 594
(red) IgG antibody (QENSHARE BIOLOGICAL Inc., Xi'an,
China) or goat anti-rabbit FITC (green) IgG antibody (ZSGB-
BIO Inc., Beijing, China) at 1:150 dilution for 60 min at
room temperature. Nuclei were stained with 4',6-diamidino-
2-phenylindole for 5min. Cells were visualized with the
fluorescent microscope (Nikon Eclipse Ti-s, Japan) using
appropriate excitation wavelength.

2.8. Autophagy Detection Using mRFP-GFP Adenoviral Vector.
Ad-mRFP-GFP-LC3 was purchased from HanBio Technol-
ogy Co. Ltd. (HanBio, shanghai, China) and the process of
adenoviral infection was implemented according to the man-
ufacturer’s instructions. PANC-1 cells were plated in six ori-
fice plates and determined to reach at the desired confluency
0f50%-70% at the time of infection. Then, cells were cultured
in DMEM supplemented with 2% FBS with the adenoviruses
at a final MOI of 60 for 2h at 37°C. After infection, cells
were grown in medium with 10% FBS and used for further
study at the time point of 48h. Autophagy was observed
under a fluorescence microscope (Nikon Eclipse Ti-s, Japan).
Autophagic flux was determined by evaluating the number of
GFP and RFP puncta (puncta/cell were counted).

2.9. Live Cell Microscopy and Imaging. For live cell imaging,
PANC-1 cells infected with Ad-mRFP-GFP-LC3 were grown
on glass-bottom dishes (MatTek). Then, the cells were trans-
fected with Nrf2 siRNA. After transfection, cells were treated
with ROS stimulation and observed by Live Cell Imaging
Confocal Scanner System according to the manufacturer’s
instructions. Briefly, cells were maintained in a 5% CO,
chamber at 37°C through the acquisition. Three random
positions of the cells were selected to monitor the process
of autophagy. Cells were visualized with the fluorescent

microscope using appropriate excitation wavelength, and
images for the three selected positions were acquired at the
beginning and the time point of 24 h.

2.10. Statistical Analysis. All experiments were repeated at
least three times. Data are presented as Mean + SD. Statistical
analyses were performed using the Statistical Package for
Social Science (SPSS) version 17.0 (SPSS Inc., Chicago, IL,
USA). Student’s ¢-test and one-way ANOVA with the LSD
post hoc test were used to evaluate the differences of pre-
sented data. The overall P values presented here were two-
sided. The significance level was set at a P value less than 0.05.
In all figures, (#) denotes P < 0.05.

3. Results

3.1. Expression of Nrf2 in Pancreatic Cancer Cell Lines. To
explore the possible roles of Nrf2 pathway and autophagy
under oxidative stress in pancreatic cancer cell lines, we first
detected the expression of Nrf2 in 5 pancreatic cancer cell
lines (BxPc-3, PANC-1, SW1990, AsPC-1, and MiaPaCa-2)
by Western blot and real-time PCR analyses, respectively
(Figures 1(a)-1(b)). We found that Nrf2 expression and tran-
scription were the strongest in PANC-1 cells but the weakest
in BxPc-3 and AsPC-1 cells.

3.2. Expression of Autophagic Related Protein Level in Pancre-
atic Cancer Cells. Beclinl and LC3 were conducted to detect
the autophagic activity of pancreatic cancer cells for their
important roles in autophagy. We detected the expression of
Beclinl and LC3 in 5 pancreatic cancer cell lines (BxPc-3,
PANC-1, SW1990, AsPC-1, and MiaPaCa-2) by Western blot
and real-time PCR analyses, respectively (Figures 2(a)-2(c)).
We found that the expression of Beclinl and LC3-II protein
and also Beclinl and LC3 transcription were all the strongest
in PANC-1 cells. Therefore, we chose the cell line of PANC-1
for further study.

3.3. H,0, Induces Increased Generation of ROS in PANC-1
Cells. To elevate the level of intracellular ROS in PANC-1
cells, exogenous hydrogen peroxide (H,0,) was used to treat
cells. H, O, is a prototypic reactive oxygen species (ROS) gen-
erated as a by-product of the normal oxidative metabolism.
At low concentrations, H,O, acts as a survival molecule, but
at high concentrations it can lead to irreversible damage,
followed by cell death. With the increased concentration
of H,0, in serum-free medium, the capacity of inhibiting
proliferation for PANC-1 cells became more apparent. Ulti-
mately, we selected 100 ymol/L as the optimum concentration
through the MTT assay (Figure S1). Then, we observed that
a large number of cancer cells died after 48 h when treated
with 100 ymol/L H,O,. Thus, we choose 24 h as the optimal
H,0, treated time. Flow cytometry was used to detect the
intracellular ROS level in PANC-1 cells (Figure S2). The
results showed that a small amount of exogenous H,O, can
significantly improve the level of intracellular ROS.
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FIGURE 1: The expression of Nrf2 in pancreatic cancer cells. (a) The expression of Nrf2 at protein level in BxPc-3, PANC-1, SW1990, AsPC-1,
and MiaPaCa-2 cells was evaluated by Western blotting. (b) The expression of Nrf2 mRNA level was estimated in 5 pancreatic cancer cell
lines by qRT-PCR. The data are presented as Mean + SD for three independent experiments. The bar graph below shows the relative mRNA
expression levels among the cell lines. Column: Mean; bar: SD.
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FIGURE 2: The expression of Beclinl and LC3 in pancreatic cancer cells. (a) The expression of Beclinl and LC3-II protein in BxPc-3, PANC-],
SW1990, AsPC-1, and MiaPaCa-2 cells was evaluated by Western blotting. (b-c) The expression of Beclinl and LC3 mRNA level was estimated
in 5 pancreatic cancer cell lines by qRT-PCR. The data are presented as Mean + SD for three independent experiments. The bar graph shows
the relative mRNA expression levels among the cell lines. Column: Mean; bar: SD.

3.4. The Influence of ROS on Nrf2 Expression and Autophagy ~ improve the expression of Nrf2, Beclinl, and LC3-1II and also
in PANC-1 Cells. The expression of Nrf2 and autophagic  the level of p62 in PANC-1 cells. Inmunofluorescence analy-
related proteins were explored by Western blot. As shown in  ses indicated a marked increase of Nrf2 immunofluorescence
Figure 3(a), treatment with H,O, (ROS) could significantly ~ signal in both the cytoplasm and the nucleus, suggesting that
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FIGURE 3: ROS stimulation induces translocation of Nrf2 to the nucleus and autophagy in PANC-1 cells. (a) The expression of Nrf2, Beclinl
and LC3-II and also the level of p62 in PANC-1 cells under basal condition and upon ROS stimulation. (b-d) Immunofluorescence images
of PANC-1 cells for Nrf2, Beclinl and LC3 under basal condition and upon ROS stimulation. (e¢) Numbers of autophagosomes per cell were
counted in 10 random fields. The data are presented as Mean + SD for three independent experiments. Column: Mean; bar: SD.



the expression of Nrf2 and nuclear translocation of Nrf2 were
enhanced as an effect of increased ROS (Figure 3(b)). Fur-
thermore, we found a stronger immunofluorescence signal
for Beclinl in the cytoplasm of cells upon ROS stimulation
compared with control cells, indicating that the expression
of Beclinl was elevated by ROS (Figure 3(c)). Additionally,
LC3 changed from the diffuse state to gathered granular in
the cytoplasm (Figure 3(d)). We quantitated the occurrence
of autophagy and found that autophagosomes were signifi-
cantly promoted by ROS (Figure 3(e)). In addition, for the
accumulation of p62 reflects the inhibition of autophagy, the
increased level of p62 in our study indicated that ROS induces
the p62 transcription.

3.5. The Influence of ROS on Nrf2 Expression in PANC-1
Cells Under Suppressed Autophagy. To explore the effect of
ROS on Nrf2 pathway when the autophagic activity was
suppressed, we used different inhibitors (3-methyladenine: 3-
MA and chloroquine: CQ) to prevent autophagy in PANC-1
cells at particular stages. 3-MA has been used to prevent the
formation of autophagosomal precursors at the early stage of
autophagy as an inhibitor of class III phosphatidylinositol 3-
kinase and CQ, a lysosomotropic weak base, could inhibit
the fusion of autophagosome with lysosome to prevent the
process of autophagy [32]. As shown in Figure 4(a), we
found that the treatment of 3-MA inhibited the expression of
Beclinl, and CQ lead to accumulation of LC3-II in basal state.
These results indicated that 3-MA and CQ both can inhibit
the autophagic activity. Moreover, Western blot was used to
detect the expression of Nrf2, Beclinl, and LC3-II and also the
level of p62 when cells were under basal condition and upon
ROS stimulation with or without 3-MA or CQ. We found that
the treatment of 3-MA effectively arrested the ROS-induced
autophagic activation determined by low Beclinl expression
and accumulation of p62. Similarly, CQ prevented the ROS-
induced autophagy characterized as accumulation of LC3-1II
and p62 (Figure 4(b)).

Both inhibition and blockage of autophagy at particular
stages caused a marked increase in the expression level of
Nrf2 upon ROS stimulation (Figure 4(b)). Additionally, the
expression of Nrf2 in the cytoplasm and the nuclear translo-
cation of Nrf2 were both enhanced as an effect of autophagic
inhibitor treatment upon ROS exposure, as demonstrated by
immunofluorescence (Figure 4(c)). These findings indicated
that suppression of autophagic activity results in an increased
promotion of Nrf2 pathway upon ROS stimulation in PANC-
1 cells.

3.6. The Influence of ROS on Autophagy in PANC-1 Cells
Transfected with Nrf2 siRNA. To confirm if Nrf2 pathway
could regulate autophagy under the treatment of ROS, Nrf2
siRNA was applied to knock down Nrf2 in PANC-1 cells
(Figure 5(a)). Using fluorescence microscope, we found that
the transfection efficiency is up to 98% (Figure S3A). Next,
we screened appropriate siRNA sequence with RT-PCR and
Western blot from six designed Nrf2 siRNAs. The result
showed that the inhibition efficiency of NRF2-homo-1498
was the most efficient (Figure S3B-C).
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We detected the expression of autophagic related proteins
when Nrf2 siRNA-PANC-1 cells were faced with ROS stimu-
lation by Western blot and immunofluorescence. As shown in
Figure 5(b), silencing of Nrf2 resulted in significant increase
in the expression of Beclinl and LC3-II after ROS interven-
tion; similar results were detected using immunofluorescence
(Figure 5(c)). Furthermore, we found a significant increase in
gathered granular of LC3 in the cytoplasm when PANC-1 cells
transfected with Nrf2 siRNA compared with NC siRNA upon
ROS exposure, as demonstrated by immunofluorescence
(Figure 5(d)). Additionally, we quantitated the occurrence of
autophagy and found that autophagosomes were significantly
promoted as a result of Nrf2 knockdown (Figure 5(e)).

P62, a link between LC3 and ubiquitinated substrates,
could be successfully degraded by autophagy [33]. To deter-
mine whether silencing of Nrf2 promotes the exact autoph-
agic flux of PANC-1 cells upon ROS stimulation, Western blot
detection of p62 was used to assess the capacity of autophagic
flux. As shown in Figure 5(b), the level of p62 protein was
decreased as an effect of silencing of Nrf2 in PANC-1 cells
upon ROS exposure. These findings indicated that silencing
of Nrf2 promotes autophagic flux upon ROS stimulation in
PANC-1 cells.

3.7. Silencing of Nrf2 in PANC-1 Cells upon ROS Stimulation
Enhances Autophagic Flux by Promoting Autolysosome For-
mation. As autophagy is a dynamic process, the detection of
LC3 processing by Western blot and formation of autophago-
somes by fluorescence to monitor autophagic activity is
insufficient to determine the entire autophagic system. For
example, the increased autophagosomes could suggest either
autophagic activation or an inhibition of lysosomal degra-
dation [34]. Therefore, to further confirm that the silencing
of Nrf2 promotes the progression of complete process of
autophagy (autophagic flux) upon ROS stimulation in PANC-
1 cells, we observed live cells infected with the Ad-mRFP-
GFP-LC3 to differentiate the autophagosome and autolyso-
some during autophagy. The assay takes advantage of the sta-
bility of red fluorescent protein (RFP) under acidic conditions
and the acid-sensitive green fluorescent protein (GFP) and
also the pH difference between autophagosome and autolyso-
some. Quenching of GFP and maintaining of RFP which
exhibits red puncta could represent the autolysosome by
indicating the fusion of autophagosome with acidic lysosomal
compartment. However, maintaining of both GFP and RFP
which exhibits yellow puncta could represent the autophago-
some. Live Cell Imaging Confocal Scanner System was used
to observe the autophagic flux of the same cells treated with or
without ROS. As shown in Figures 6(a)-6(b), we found a suc-
cessful introduction of this adenovirus displaying both fluo-
rescent proteins when cells were infected with the Ad-mRFP-
GFP-LC3. The results indicated marked fold increases of the
autophagosomes and autophagosomes in both Nrf2 siRNA
and NC siRNA-transfected PANC-1 cells when faced with
ROS stimulation, but the Nrf2 siRNA-transfected PANC-1
cells tend to have the higher fold increase which suggests that
inhibition of Nrf2 further promote the autophagic flux upon
ROS stimulation (Figures 6(c)-6(d)). These results further
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confirmed that silencing of Nrf2 promotes autophagic flux
upon ROS stimulation in PANC-1 cells.

4. Discussion

In the present study, we have provided direct evidence that
Nrf2 pathway and autophagy have a negative interaction with
each other in pancreatic cancer cells upon ROS stimulation.
We have successfully set a model with ROS stress to better
study the relevance of Nrf2 pathway and autophagy in pan-
creatic cancer cells.

It has been shown that high expression levels of Nrf2
have been observed in many cancers, including head and
neck, gall bladder, lung, pancreas, and colorectal cancer [12,
14, 35, 36]. Moreover, the research of Yang et al. indicates
a higher autophagic level in pancreatic cancer [6]. Nrf2
and autophagy both benefit the progression of pancreatic
cancer. As we know, loss of autophagic function leads to
accumulation of p62 which acts to sequester Keapl into

the autophagosomes, inhibiting the ubiquitylation of Nrf2,
resulting in the noncanonical activation of Nrf2. However,
it has been demonstrated that persistent activation of Nrf2
is critical for liver tumorigenesis that occur in mice with
autophagy-deficient hepatocyte [37]. Moreover, Riley et al.
consider that the accumulation of poly-Ub chains in circum-
stances with defects in autophagy is an indirect consequence
of activation of Nrf2 [38]. Persistent activation of Nrf2 results
in tumorigenesis, in this way, the Nrf2 inhibitors can be
used to inhibit the persistent Nrf2 activation induced by
loss of autophagic function to prevent the progression of
pancreatic cancer. Meanwhile, a study showed that inhibition
of autophagy leads to robust tumor regression and prolonged
survival in pancreatic cancer xenografts and genetic mouse
models. It seems that the inhibition of autophagy combined
with Nrf2 inhibitors would be more effective to prevent
the progression of pancreatic cancer due to its dark side of
activating Nrf2 pathway.
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Since the nutrient-limited environment in pancreatic
cancer cells could lead to elevated ROS level, followed by
activation of both Nrf2 pathway and autophagy, they may
be involved in the protection of cells against oxidative stress.
Low level of ROS could promote the antioxidant production
and the tumor growth in cancer cells, but further increased
production of ROS and/or decrease in antioxidant capacity
would lead to the imbalance in oxidant-antioxidant system
of cancer cells, resulting in cell death [39]. Some evidence
indicated that Nrf2 has the ability to lower intracellular ROS
by its antioxidant program [31]. For autophagy, its function
of removing damaged organelles and accumulated proteins
could prevent the further increase of ROS. Taken together,
Nrf2 pathway and autophagy are required coordinately
reducing the intracellular ROS accumulation to ensure the
survival of pancreatic cancer cells, but their inner relationship
is unclear. It is puzzling whether Nrf2 pathway or autophagy
is the upstream regulator to modulate the other one. To
make it clear, we first used exogenous H,O, to improve
the level of intracellular ROS, which resulted in activation
of both Nrf2 pathway and autophagy. Then, for the several
steps of autophagic process, different inhibitors (3-MA and
CQ) were used to prevent autophagy at early or late stage,
and the result showed that suppression of autophagic activity
at different stages lead to an increased promotion of Nrf2
pathway. This indicates that when faced with oxidative stress,
if the autophagic function of cancer cell is suppressed, the
further activation of Nrf2 pathway is required to respond to
excessive ROS to help cancer cell to survive.

On the other hand, we showed that silencing of Nrf2
resulted in significant increase in the expression of Beclinl
and LC3-II, which suggest that Nrf2 pathway regulates
autophagy at both the initial and the final steps. As autophagy
is a dynamic process, Western blot detection of p62 and Ad-
mRFP-GFP-LC3 infection were used to monitor the change
of autophagic flux after Nrf2 knockdown. Interestingly, our
findings showed that silencing of Nrf2 promotes the exact
autophagic flux. This indicates that when faced with oxidative
stress, if the activation of Nrf2 pathway in cancer cell is
repressed, the further promotion of effective autophagic
flux is required to deal with the ROS mediated damage to
avoid cell death. Thus, the relationship between Nrf2 path-
way and autophagy cannot be a simple upstream or down-
stream. Taken together, when we regard ROS as the key
factor, Nrf2 pathway and autophagy would be in a negative
interaction with each other, and autophagy inhibition not
only leads to accumulation of p62 to activate Nrf2 pathway
by a noncanonical way but also increase ROS production to
directly activate Nrf2 pathway.

Antioxidant programs inhibit excessive ROS production
to maintain pancreatic cancer cells at quiescent state, causing
chemotherapeutic and radio therapeutic resistance [40, 41].
We suggest that cancer cells with higher activated Nrf2 path-
way and autophagy may have stronger ability to survive under
oxidative stress due to their capacity to lower intracellular
ROS. Combined with their negative interaction with each
other, we suggest that novel drug targets for coinhibition of
Nrf2 pathway and autophagy may be a potential therapy for
preventing the progression of pancreatic cancer.

Oxidative Medicine and Cellular Longevity

5. Conclusions

In summary, our findings suggest that Nrf2 pathway and
autophagy have a negative interaction with each other upon
ROS stimulation, and autophagy inhibition not only leads to
accumulation of p62 to activate Nrf2 pathway by a noncanon-
ical way but also increase ROS production to directly activate
Nrf2 pathway. The demonstrated relationship between Nrf2
pathway and autophagy will advance our understanding of
the progression of pancreatic cancer induced by ROS. Thus,
novel drug targets for coinhibition of Nrf2 pathway and
autophagy may be a potential therapy for preventing the
progression of pancreatic cancer.

Conflict of Interests

The authors declare no conflict of interests.

Acknowledgments

This study was supported by grants from the National Nat-
ural Science Foundation of China (nos. 81201824, 81172360,
81301846, and 81402583).

References

[1] N. Mizushima, B. Levine, A. M. Cuervo, and D. J. Klion-
sky, “Autophagy fights disease through cellular self-digestion,”
Nature, vol. 451, no. 7182, pp- 1069-1075, 2008.

[2] M. Kundu and C. B. Thompson, “Autophagy: basic principles
and relevance to disease;,” Annual Review of Pathology: Mecha-
nisms ofDisease, vol. 3, pp. 427-455, 2008.

[3] R. Kiftin, U. Bandyopadhyay, and A. M. Cuervo, “Oxidative
stress and autophagy;,” Antioxidants & Redox Signaling, vol. 8,
no. 1-2, pp. 152-162, 2006.

[4] Y. Kondo, T. Kanzawa, R. Sawaya, and S. Kondo, “The role
of autophagy in cancer development and response to therapy;’
Nature Reviews Cancer, vol. 5, no. 9, pp. 726-734, 2005.

[5] Z.J.Yang, C.E. Chee, S. Huang, and E A. Sinicrope, “Autophagy
modulation for cancer therapy;,” Cancer Biology & Therapy, vol.
11, no. 2, pp. 169-176, 2011.

[6] S.Yang, X. Wang, G. Contino et al., “Pancreatic cancers require
autophagy for tumor growth,” Genes ¢ Development, vol. 25, no.
7, pp. 717-729, 2011.

[7] M. McMahon, N. Thomas, K. Itoh, M. Yamamoto, and J. D.
Hayes, “Dimerization of substrate adaptors can facilitate cullin-
mediated ubiquitylation of proteins by a ‘tethering’ mechanism:
a two-site interaction model for the Nrf2-Keapl complex,” The
Journal of Biological Chemistry, vol. 281, no. 34, pp. 24756-
24768, 2006.

[8] I. M. Copple, C. E. Goldring, N. R. Kitteringham, and B. K.
Park, “The Keapl-Nrf2 cellular defense pathway: mechanisms of
regulation and role in protection against drug-induced toxicity;’
Handbook of Experimental Pharmacology, vol. 196, pp. 233-266,
2010.

[9] J. M. Maher, M. Z. Dieter, L. M. Aleksunes et al., “Oxidative
and electrophilic stress induces multidrug resistance-associated
protein transporters via the nuclear factor-E2-related factor-2
transcriptional pathway,” Hepatology, vol. 46, no. 5, pp. 1597-
1610, 2007.



Oxidative Medicine and Cellular Longevity

(10]

(12]

(17]

(18]

(19]

(20]

(22]

(23]

(24]

[25]

H. Sasaki, H. Sato, K. Kuriyama-Matsumura et al., “Electrophile
response element-mediated induction of the cystine/glutamate
exchange transporter gene expression,” The Journal of Biological
Chemistry, vol. 277, no. 47, pp. 44765-44771, 2002.

Y. Hagiya, T. Adachi, S.-I. Ogura et al., “Nrf2-dependent induc-
tion of human ABC transporter ABCG2 and heme oxygenase-1
in HepG2 cells by photoactivation of porphyrins: biochemical
implications for cancer cell response to photodynamic therapy;’
Journal of Experimental Therapeutics and Oncology, vol. 7, no. 2,
pp.- 153-167, 2008.

D. R. Stacy, K. Ely, P. P. Massion et al., “Increased expression of
nuclear factor E2 p45-related factor 2 (NRF2) in head and neck
squamous cell carcinomas,” Head ¢ Neck, vol. 28, no. 9, pp. 813-
818, 2006.

T. Shibata, A. Kokubu, M. Gotoh et al., “Genetic alteration
of Keapl confers constitutive Nrf2 activation and resistance to
chemotherapy in gallbladder cancer,” Gastroenterology, vol. 135,
no. 4, pp. 1358.e4-1368.e4, 2008.

T. Shibata, T. Ohta, K. I. Tong et al., “Cancer related mutations
in NRF2 impair its recognition by Keapl-Cul3 E3 ligase and
promote malignancy,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 105, no. 36, pp.
13568-13573, 2008.

X.-J. Wang, Z. Sun, N. E Villeneuve et al., “Nrf2 enhances
resistance of cancer cells to chemotherapeutic drugs, the dark
side of Nrf2,” Carcinogenesis, vol. 29, no. 6, pp. 1235-1243, 2008.
L. Liu, M. Yang, R. Kang et al., “HMGBI-induced autophagy
promotes chemotherapy resistance in leukemia cells,” Leu-
kemia, vol. 25, no. 1, pp. 23-31, 2011

L. Liu, M. Yang, R. Kang et al., “DAMP-mediated autophagy
contributes to drug resistance,” Autophagy, vol. 7, no. 1, pp. 112-
114, 2011.

H. Akhdar, P. Loyer, C. Rauch, A. Corlu, A. Guillouzo, and
E Morel, “Involvement of Nrf2 activation in resistance to 5-
fluorouracil in human colon cancer HT-29 cells) European
Journal of Cancer, vol. 45, no. 12, pp. 2219-2227, 2009.

M. Komatsu, H. Kurokawa, S. Waguri et al., “The selective
autophagy substrate p62 activates the stress responsive tran-
scription factor Nrf2 through inactivation of Keapl,” Nature Cell
Biology, vol. 12, no. 3, pp. 213-223, 2010.

A. Lau, X.-J. Wang, E Zhao et al., “A noncanonical mechanism
of Nrf2 activation by autophagy deficiency: direct interaction
between keapl and p62,” Molecular and Cellular Biology, vol. 30,
no. 13, pp. 3275-3285, 2010.

A. Jain, T. Lamark, E. Sjottem et al., “p62/SQSTMI is a target
gene for transcription factor NRF2 and creates a positive
feedbackloop by inducing antioxidant response element-driven
gene transcription,” The Journal of Biological Chemistry, vol. 285,
no. 29, pp. 22576-22591, 2010.

S. T. Lau, Z. X. Lin, and P. S. Leung, “Role of reactive oxygen
species in brucein D-mediated p38-mitogen-activated protein
kinase and nuclear factor-xB signalling pathways in human
pancreatic adenocarcinoma cells,” British Journal of Cancer, vol.
102, no. 3, pp. 583-593, 2010.

N. McCarthy, “Tumorigenesis: oncogene detox programme,’
Nature Reviews Cancer, vol. 11, no. 9, pp. 622-623, 2011.

W. Li, Q. Ma, J. Li et al., “Hyperglycemia enhances the invasive
and migratory activity of pancreatic cancer cells via hydrogen
peroxide,” Oncology Reports, vol. 25, no. 5, pp. 1279-1287, 2011.
E. O. Farombi, “Genotoxicity of chloroquine in rat liver cells:
protective role of free radical scavengers,” Cell Biology and
Toxicology, vol. 22, no. 3, pp. 159-167, 2006.

(26]

(31]

(32]

(33]

(34]

(35

[36

(37]

(38]

[41]

1

J. Pare, K. Choi, E. Jeong, D. Kwon, E. N. Benveniste, and C.
Choi, “Reactive oxygen species mediate chloroquine-induced
expression of chemokines by human astroglial cells,” Glia, vol.
47, no. 1, pp. 9-20, 2004.

E Liu, J. Y. Lee, H. Wei et al., “FIP200 is required for the cell-
autonomous maintenance of fetal hematopoietic stem cells,”
Blood, vol. 116, no. 23, pp. 4806-4814, 2010.

T. Hara, K. Nakamura, M. Matsui et al., “Suppression of basal
autophagy in neural cells causes neurodegenerative disease in
mice,” Nature, vol. 441, no. 7095, pp. 885-889, 2006.

J.J. Wu, C. Quijano, E. Chen et al., “Mitochondrial dysfunction
and oxidative stress mediate the physiological impairment
induced by the disruption of autophagy;” Aging, vol. 1, no. 4, pp.
425-437,2009.

A. Takamura, M. Komatsu, T. Hara et al., “Autophagy-deficient
mice develop multiple liver tumors,” Genes & Development, vol.
25, no. 8, pp. 795-800, 2011.

G. M. DeNicola, E A. Karreth, T. ]. Humpton et al., “Oncogene-
induced Nrf2 transcription promotes ROS detoxification and
tumorigenesis,” Nature, vol. 475, no. 7354, pp. 106-110, 2011.
D.J. Klionsky, E C. Abdalla, H. Abeliovich et al., “Guidelines for
the use and interpretation of assays for monitoring autophagy,”
Autophagy, vol. 8, no. 4, pp. 445-544, 2012.

G. Bjorkey, T. Lamark, A. Brech et al., “p62/SQSTM1 forms
protein aggregates degraded by autophagy and has a protective
effect on huntingtin-induced cell death,” The Journal of Cell
Biology, vol. 171, no. 4, pp. 603-614, 2005.

X.-J. Zhang, S. Chen, K.-X. Huang, and W.-D. Le, “Why should
autophagic flux be assessed?” Acta Pharmacologica Sinica, vol.
34, no. 5, pp. 595-599, 2013.

T. Shibata, A. Kokubu, M. Gotoh et al., “Genetic alteration
of Keapl confers constitutive Nrf2 activation and resistance to
chemotherapy in gallbladder cancer,” Gastroenterology, vol. 135,
no. 4, Article ID el354, pp. 1358-1368, 2008.

A. Lister, T. Nedjadi, N. R. Kitteringham et al., “Nrf2 is overex-
pressed in pancreatic cancer: implications for cell proliferation
and therapy;,” Molecular Cancer, vol. 10, article 37, 2011.

H.-M. Ni, B. L. Woolbright, J. Williams et al., “Nrf2 promotes
the development of fibrosis and tumorigenesis in mice with
defective hepatic autophagy;” Journal of Hepatology, vol. 61, no.
3, pp. 617-625, 2014.

B. E. Riley, S. E. Kaiser, T. A. Shaler et al., “Ubiquitin accumu-
lation in autophagy-deficient mice is dependent on the Nrf2-
mediated stress response pathway: a potential role for protein
aggregation in autophagic substrate selection,” The Journal of
Cell Biology, vol. 191, no. 3, pp. 537-552, 2010.

Y. Yang, S. Karakhanova, J. Werner, and A. V. Bazhin, “Reactive
oxygen species in cancer biology and anticancer therapy,” Cur-
rent Medicinal Chemistry, vol. 20, no. 30, pp. 3677-3692, 2013.
D. Z. Ewton, J. Hu, M. Vilenchik et al., “Inactivation of
mirk/dyrklb kinase targets quiescent pancreatic cancer cells,”
Molecular Cancer Therapeutics, vol. 10, no. 11, pp. 2104-2114,
2011.

J. Zhou and Y. Du, “Acquisition of resistance of pancreatic
cancer cells to 2-methoxyestradiol is associated with the upreg-
ulation of manganese superoxide dismutase,” Molecular Cancer
Research, vol. 10, no. 6, pp. 768-777, 2012.



