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Abstract: Programmed cell death 4 (PDCD4) suppresses tumorigenesis, tumor progression, and invasion by in-
hibiting transcription and translation of oncogenes. However, the role of PDCD4 in lung tumorigenesis is unclear.
Sequestosomel/p62 mediates cell proliferation, survival, and death through multiple signaling pathways, including
autophagy and cell metabolism. p62/SQSTM1 is transcriptional target of Nrf2 and an important regulator of tumor
growth. The aim of this study was to clarify whether and how PDCD4 regulates the p62-Nrf2 pathway, and how
this regulation relates to tumorigenesis in human lung cancer cells. We established two stable human lung cancer
cell lines, A549 and H460 that each overexpressed PDCD4. We found that PDCD4 overexpression decreased p62
expression levels and inhibited cell proliferation, and also increased the expression levels of cleaved PARP and
cleaved caspase 3. Knockdown of p62 markedly increased the apoptotic rate of A549 and H460 cells overexpress-
ing PDCDA4. Furthermore levels of the epithelial-mesenchymal transition-related markers Slug, Snail, Twistl and
Vimentin were decreased and expression level of E-cadherin was increased in PDCD4-overexpressing cells. We
also found that PDCD4 suppressed transcriptional activation of Nrf2 (an upstream regulator of p62) and increased
endogenous levels of Keapl (a negative regulator of Nrf2). Upregulation of Keapl induced apoptosis and inhibited
cell proliferation by suppressing activity of the p62-Nrf2 pathway in PDCD4-overexpressing cells. As anticipated,
results from a mouse xenograft model showed that PDCD4 overexpression in xenografts inhibited cell proliferation
and tumorigenesis. Taken together, our results demonstrate that PDCD4 overexpression, which increased Keapl
expression, reduces the levels and activity of the p62-Nrf2 pathway, thereby inhibiting tumorigenesis. Our findings
suggest that PDCD4 may be a potential target for lung cancer therapies.

Keywords: PDCD4 (programmed cell death4), p62/Nrf2 signaling, Keapl, apoptosis, epithelial-mesenchymal tran-
sition

Introduction

Non-small cell lung cancer (NSCLC) has a poor
prognosis. Despite improvements in surgical
techniques and chemotherapeutics, NSCLC is
the leading cause of cancer deaths in the world
[1]. Hence, alternatives to conventional treat-
ment, such as new molecularly targeted thera-
pies, are urgently required.

The tumor suppressor programmed cell death
4 (PDCD4) inhibits cell proliferation, migration,
and invasion and promotes apoptosis in tumors
[2]. Expression of PDCD4 is downregulated in
human cancers and its loss is correlated with
tumor progression [3]. Similarly, PDCD4 expres-

sion is reduced in primary lung tumors and lung
cancer cells [4]. Conversely, PDCD4 overexpres-
sion suppresses proliferation of cancer cells
and tumors in a xenograft mouse model [3].

Sequestosomel/p62 plays a crucial role in cel-
lular functions including apoptosis, inflamma-
tion, cell proliferation, and tumorigenesis [6],
and it acts as an oncogene in tumor formation
and progression through regulation of NF-kB,
Nrf2, and Twist1 [7]. Furthermore, Ras induces
p62 expression in lung tumorigenesis [6].

Approximately 30% of human lung cancers
acquire mutations in Keapl and NFE2L2,
resulting in the stabilizations of Nrf2. In patients
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with NSCLC, Nrf2 stabilization is associated
with poor overall survival [8]. Additionally, the
expression of mutant Keapl in lung adenocar-
cinoma tumors correlates with reduced overall
survival [9].

Twistl also is required for oncogene-driven
NSCLC [10]. In tumors that are dependent upon
the potential number of oncogenic drivers,
including tumors with epidermal growth factor
receptor (EGFR) mutations, Twist1 suppresses
oncogene-induced senescence and apoptosis
[11]. PDCD4 interacts directly with Twistd,
which reduces cell proliferation through down-
regulation of Twistl target gene Y-box binding
protein-1 (YB-1) [12]. p62 stabilizes Twistl
protein to increase cell proliferation and migra-
tion in vitro and in mice [13]. Therefore, activa-
tion of the p62-Nrf2 pathway promotes cancer
progression and worsens prognosis in human
lung cancer. Despite these advances, the regu-
latory and functional role of p62 in lung can-
cer remains poorly understood. Here, we inves-
tigated whether PDCD4 affects p62 expres-
sion, and sought to characterize the mecha-
nism by which the p62-Nrf2 signaling path-
way regulates lung tumorigenesis. We found
that PDCD4 inhibited p62-Nrf2 pathway expres-
sion and activation. Downregulation of p62-
Nrf2 signaling stimulated apoptosis and sup-
pressed EMT in cells stably overexpressing
PDCDA4. Moreover, PDCD4 stabilized Keapl by
directly binding to Keapl, which increased
Keapl levels and led to the loss of p62 and
Nrf2 expression in lung tumorigenesis.

Materials and method
Cell culture

Human lung cancer cell lines A549 and H460
were stably transfected with pLenti4/V5-DEST
(Invitrogen, Thermo Scientific Inc.) encoding
human PDCD4, and pooled clones were gener-
ated. Lung cancer cells stably expressing
PDCD4 were maintained in RPMI medium
(Invitrogen, Thermo Scientific Inc.) contained
with 5 yg/mL puromycin. Stable cell lines were
continuously grown in the media containing the
same concentration of puromycin.

Cell proliferation assay

A459 and H460 cells were seeded at 1x10*
cells/well in 24-well plates. After culturing for 2
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days, the cells were transfected with PDCD4
wild-type or negative vector control. After 48 h,
cells were photographed under a light micro-
scope and then cell proliferation was measured
using a WST-8 assay kit as per the manufac-
turer’s instructions (Roche Applied Science,
Mannheim, Germany).

NRF2 luciferase reporter assays

Cells (5x10% were transiently co-transfected
with 1 pg of antioxidant response element
(ARE) reporter plasmid, along with 0.05 pg of
pPRL-TK (Renilla luciferase) control plasmid,
using Lipofectamine 2000 transfection reagent
(Invitrogen, Thermo Scientific Inc.). The lucifer-
ase activity was measured using the luciferase
reporter assay system (Promega) according to
the manufacturer’s protocol.

SiRNA transfection

p62 and NRF2 siRNAs were synthesized by
Bioneer (Seoul, Korea). Cells stably expressing
PDCD4 were transfected with p62, NRF2 or
non-specific siRNA using TransIT-LT1 siRNA
transfection reagent (Mirus bio). Two different
target siRNA sequences were used for each
gene: 5-CUUGCAUUAAUUCGGGAUATT-3’ and
5-GAUGCCCAAUGUGAGAACATT-3’ for NRF2,
and 5-GUGACGAGGAAUUGACAAUTT-3’ and 5'-
GGAGUCGGAUAACUGUUCATT-3’ for p62. Forty-
eight hours after transfection, cells were har-
vested for western blot analysis.

Western blot analysis and subcellular extrac-
tion

Protein samples were extracted with lysis buf-
fer and total protein was measured using the
BCA Protein Assay Kit (Thermo Fisher Scien-
tific, Inc). Equal amounts of protein were sepa-
rated by SDS-PAGE and transferred to nitro-
cellulose membranes. The membrane were
blocked in PBS containing 5% non-fat milk for 1
h at room temperature and incubated with
the following primary antibodies: PDCD4, cl-
eaved caspase-3, cleaved PARP, Nrf2, Twistl,
Slug, Snail, Vimentin and antibody from Cell
Signaling Technology; p62, Keapl, Lamin B,
Flag, E-cadherin, Ki-67 and HO-1 from Santa
Cruz Biotechnology; and anti-B-actin from
Sigma-Aldrich. Images were detected using
Bio-rad chemi-doc imaging system. Densities
were measured using NIH Image) (Bethesda,

Am J Cancer Res 2020;10(2):424-439



PDCD4 suppresses p62-Nrf2 signaling pathway

MD, USA). Cytoplasmic and nuclear fractions
were prepared using the NE-PER Nuclear and
Cytoplasmic Extraction Kit (Thermo Fisher
Scientific, Inc.).

Detection of apoptotic cells by flow cytometry

PDCD4-expressing and control cells were har-
vested, washed twice with pre-chilled PBS, and
resuspended in 100 pyL of 1x binding buffer.
The cells were then stained with fluorescein
isothiocyanate (FITC)-conjugated annexin V and
propidium iodide (Pl) using the Annexin V-FITC
& PI Apoptosis Detection Kit (BD Biosciences,
San Jose, CA, USA).

Immunoprecipitation

A549 and H460 cells were lysed in IP lysis buf-
fer (Thermo Fisher Scientific, Inc.). Lysates were
precleared using magnetic beads; 10% of the
supernatant was saved as the input sample,
and the remainder was used for IP. Magnetic
beads were incubated with PDCD4 antibody or
normal rabbit IgG (Cell Signaling Technology) at
4°C overnight. The beads were washed three
times with wash buffer and eluted from the
beads with elution buffer and used to western
blot. For the reciprocal IP experiment, PDCD4-
overexpressing A549 cells were transfected
with FLAG-tagged Keapl for 24 h, and immuno-
precipitation was performed with anti-FLAG
antibody.

Caspase-3 assay

PDCD4-overexpressing and control cells were
seeded at 1x10° cells/well in 6-well plates.
After 24 h, the cells were collected, centrifuged,
and lysed on ice for 10 min in 50 pL of lysis
buffer, and incubated with DEVD-AFC sub-
strate and reaction buffer at 37°C for 1.5 h.
Caspase-3 activity was detected using a colori-
metric caspase-3 assay kit (@b39401, Abcam).
Each experiment was performed in duplicate.

Immunofluorescence staining

PDCD4-overexpressing cells grown on 4-well
chamber slides were fixed in 4% paraformalde-
hyde and permeabilized with 0.1% Triton X-100.
Cells were incubated with rabbit polyclonal
anti-PDCD4 antibody (1:100 dilution; Cell Sig-
naling Technology) and mouse polyclonal anti-
Keapl antibody (1:100 dilution; Santa Cruz
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Biotechnology). After three washes with phos-
phate-buffered saline, the slides were incubat-
ed for 2 h with FITC-conjugated goat anti-
rabbit 1gG (to detect anti-PDCD4) and RITC-
conjugated goat anti-mouse IgG (to detect
anti-Keapl) (Molecular Probes). The cells were
washed twice with phosphate-buffered saline,
and nuclear DNA was stained with DAPI.
Fluorescence images were obtained on an
Olympus confocal microscope.

Reverse transcription-quantitiative polymerase
chain reaction

Total RNA was extracted with TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) in
A549 and H460 cells. The SuperScript IV
Reverse transcriptase kit (Thermo Fisher
Scientific, Inc.) was used to synthesize cDNA.
The mRNA expression levels of PDCD4, p62,
Keapl, Nrf2 and HO-1 were assessed by
SYBR Green incorporation on a Roche
LightCycler real-time PCR system (Roche
Diagnositcs, Indianapolis, IN, USA), with the
specific primers: human PDCD4: forward,
5-AGGCCGAGGTGGGCGGATCATTTG-3’, rever-
se, 5-GCCACCATGCCTGGCTACT-3; SQSTM1
(p62): forward, 5-CGGGAGTCCGCAGTCTTA-
3’, reverse, 5-GCTTGAGGGTCTTG-3’; KEAP1:
forward, 5-TGTTTCAGCATCAACACTGGCACG-3’,
reverse, 5-TGCATGACAACTAAAGCACCGCAC-3’;
NFE2L2 (NRF-2): forward, 5-ATCCAGACAGA-
CACCAGTGGATC-3’, reverse, 5-GGCAGTGAAG-
ACTGAACTTTCA-3’; HMOX1 (HO-1): forward,
5-TGCTCAACATCCAGCTCTTTG-3’, reverse, 5-
GCAGAATCTTGCACTTTGTTGCT-3". Relative tr-
anscript levels were calculated using the 24¢
method, with GAPDH used for normalization.
Results from three independent experiments
are expressed as fold change relative to the
corresponding values in the control cell line
(defined as 1.0). Statistical significance was
determined by Student’s t-test analysis: *,
P<0.05; **, P<0.01.

Xenograft study

Male nude mice (5 weeks old) were purchased
from Central Lab Animal (Seoul, Korea) and
housed in a pathogen-free room. All animal
studies were approved by the Institutional
Review Board Committee at Daegu Catholic
University Medical Center, which conforms to
the US National Institutes of Health guidelines
for care and use of laboratory animals. Cells
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were washed and resuspended in a 50% mix-
ture of Matrigel (BD Bioscience) in culture
medium at a final concentration of 1.0x107
cells/mL. A 0.1 mL volume of the cell suspen-
sion (1x10° cells) was injected subcutaneously
into the left hind legs of ten mice. The mice
were checked for tumor growth every other day,
and weighed every week. Tumor tissues from
representative mice in each group were sec-
tioned, embedded in paraffin, and processed
for hematoxylin and eosin (H&E) staining.

Immunohistochemistry

Tumor tissue section were deparaffinized in
xylene and rehydrated with graded alcohol,
then washed and incubated in 3% hydrogen
peroxide for 15 minutes to quench endoge-
nous peroxidase activity. After washing in ph-
osphate-buffered saline (PBS), the tissue sec-
tions were incubated with 3% bovine serum
albumin (BSA) in PBS for 1 hour at room tem-
perature to block the unspecific binding sites.
Primary antibodies were applied on tissue sec-
tions overnight at 4°C. The following day, the
tissue sections were washed and incubated
with secondary horseradish peroxide-conju-
gated antibodies for 2 hours at room tempera-
ture. Antigen-antibody complexes were detect-
ed with the streptavidin-peroxidase method
with diaminobenxidine using Vectastain elite
ABC kit (Vector Laboratories, Inc.). After wash-
ing, tumor tissue sections were stained with
hematoxylin for 1 min at room temperature and
washed with xylene. Cover slips were mounted
using Permount (Thermo Fisher Scientific, Inc.),
and the slides were reviewed using a light
microscope (Olympus Corporation).

Statistical analyses

Data are represented as mean + SD. Statistical
analysis was performed using Student’s t-test.
All study represents at least three independent
replications. The statistical significance of dif-
ferences (*, P<0.05 and **, P<0.01) was indi-
cated in figures.

Results

PDCD4 inhibits p62 expression in lung cancer
cells

The NF-kB pathway is activated by increased
p62 expression, and PDCD4 inhibits NF-kB
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transactivation in cancer cells. To investigate
whether PDCD4 also regulates p62 expres-
sion, we transfected A549, H1299 and H460
human lung cancer cells with wild-type PDCD4
and then performed real-time PCR and we-
stern blot assays. Wild-type PDCD4 signifi-
cantly decreased p62 protein and mMRNA
expression in A549 and H460 cells, but only
slightly decreased p62 mRNA expression in
H1299 cells (Figure 1A, 1B). For further stud-
ies, we generated A549 and H460 cell lines
stably overexpressing PDCD4. We then investi-
gated whether the effect of p62 downregula-
tion on cell proliferation is dependent on
PDCD4 overexpression, by using A549 and
H460 cell lines expressing inducible wild-type
PDCDA4. Wild-type PDCD4 induced a morpholo-
gy typical of an apoptotic cell compared to the
non-transfected and vector transfected cells
(Figure 1C). Moreover, proliferation of A549
and H460 cells (measured using the WST-8
assay) was significantly decreased after wild-
type PDCD4 transfection, but remained
unchanged when vector control was expressed
(Figure 1D). These results indicate that wild-
type PDCD4 expression suppresses expres-
sion of p62 and induces cell death in lung
cancer cells. In contrast to findings in other
cancer cells, PDCD4 overexpression did not
decrease p62 protein expression (Figure S1).
These findings indicate that overexpression of
PDCD4 specifically inhibits p62 gene and pro-
tein expression in lung cancer cells.

Inhibition of p62 promotes apoptosis and
suppress EMT in PDCD4-overexpressing lung
cancer cells

To determine whether PDCD4-mediated inhibi-
tion of p62 can also regulate autophagy, we
measured autophagy-related protein expres-
sion by western blot in A549 and H460 cells
stably expressing PDCD4. As shown in Figure
S2, overexpression of PDCD4 did not affect the
expression of autophagy-related proteins in
several cancer cell lines. This result indicates
that PDCD4 does not affect autophagy in lung
cancer cells, even though p62 expression is
suppressed.

PDCD4 overexpression facilitates apoptosis in
cancer cells, we hypothesized that PDCD4-
mediated suppression of p62 might activate
apoptosis. To test this idea, we first examined
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Figure 1. PDCDA4 inhibits p62 expression and suppressed cell proliferation in human lung cancer cells. Three lung
cancer cell lines were transiently transfected with PDCD4 wild-type and analyzed by gRT-PCR and western blot. A.
PDCD4 and p62 protein expression levels. B. PDCD4 and p62 mRNA levels. C. Phase-contrast images of the control
(left), vector control (middle) and PDCD4 overexpression cells (right) at 48 h after PDCD4 wild-type treatment. D.
PDCD4 wild-type transfected into A549 (left panel) and H460 cells (right panel) and after 48 h, cell growth were

analyzed by WST-8 assay.

the expression of pro-apoptotic proteins using
western blot analysis in PDCD4-overexpressing
A549 and H460 cells. Cleaved caspase-3 and
cleaved PARP expression levels were signifi-
cantly elevated in PDCD4-overexpressing cells
relative to vector controls (Figure 2A). We con-
firmed the effect of p62 silencing on apoptosis
by annexin V/FITC staining. Flow cytometry
revealed that the proportion of apoptotic cells
was significantly higher in PDCD4-overex-
pressing cells transfected with p62 siRNA
than in non-transfected control cells (Figure
2B). We also measured caspase-3 activation
as an indicator of apoptosis induction. Ca-
spase-3 activity was significantly higher in
PDCD4-overexpressing cells transfected with
p62 siRNA than in non-transfected control
cells (Figure 2C). Based on these results, we
explored the possibility that p62 overexpres-
sion inhibits apoptosis in PDCD4-overexpres-
sing cells. For this purpose, we expressed
HA-tagged p62 plasmid, and then performed
western blot and cleaved caspase-3 immuno-
fluorescence assays. Overexpression p62 de-
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creased the expression levels of cleaved
caspase-3 and cleaved PARP (Figure 2D).
Caspase-3 activity also was significantly re-
duced in A549 and H460 cells by overexpres-
sion of p62 (Figure 2E). Furthermore, immuno-
fluorescence assays revealed that the level of
cleaved caspase-3 was lower in p62-overex-
pressing cells than in p62-knockdown cells
(Figure 2F and 2G).

We also explored the possibility that p62
overexpression induces EMT in PDCD4-over-
expressing cells. For this purpose, we expres-
sed a HA-tagged p62 plasmid in PDCDA4-
overexpressing cells, and then performed
western blot analysis of EMT marker proteins.
Overexpression of p62 increased the expres-
sion levels of Slug, Vimentin and Twistl.
Expression of E-cadherin was significantly
higher in A549 and H460 cells overexpress-
ing PDCD4 but not in cells overexpressing
p62 (Figure 2H). Moreover, we also confir-
med the effect of p62 silencing on EMT in
PDCD4-overexpressing cells. Expression of
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Figure 2. p62 expression regulates apoptotic cell death in PDCD4-overexpressing cells. A. Expression levels of
cleaved caspase-3, cleaved PARP, and B-actin were measured by immunoblotting in two independent PDCD4-over-
expressing cell lines. B. Annexin V-FITC and Pl assays were used to evaluate apoptosis in PDCD4-overexpressing
cells (left panel). The quantification of the apoptotic rates was analyzed by flow cytometry. C. PDCD4-overexpressing
cells were transiently transfected with control and siRNA p62, and analyzed for caspase-3 activity using a colo-
rimetric assay kit. D. PDCD4-overexpressing cells were transfected with plasmid encoding HA-tagged p62, and
cell lysates were immunoblotted with antibodies against cleaved caspase-3, cleaved PARP, and B-actin. E. PDCD4-
overexpressing cells were transiently transfected with plasmid encoding HA-tagged p62 for 24 h, and then analyzed
for caspase-3 activity using a colorimetric assay kit. Mean + SD shown for three independent experiments, and
statistical significance was calculated by Student’s t-test (*, P<0.05; **, P<0.01). F. PDCD4 overexpressing A549
cells were co-transfected with plasmid encoding HA-tagged p62 and siRNA targeting p62, and then immunostained
with anti-cleaved caspase-3 antibody (green) and DAPI (blue). Stained cells were visualized on an Olympus confocal
microscope. Scale bar; 50 um. G. Quantification of the cleaved caspase-3-positive cells. Error bars represent s.d.
*P<0.05 from Student’s t-test. H. PDCD4-overexpressing cells were transfected with plasmid encoding HA-tagged
p62, and cell lysates were immunoblotted with antibodies against Vimentin, Slug, Twist1, E-cadherin and B-actin. I.
PDCD4-overexpressing cells were transfected with siRNA targeting p62, and cell lysates were immunoblotted with

antibodies against Vimentin, Slug, Twist1, E-cadherin and B-actin.

Slug, Vimentin and Twistl was lower while
E-cadherin expression was higher in PDCD4-
overexpressing cells transfected with siRNA
p62 than in non-transfected control cells
(Figure 2l1). Together, these results show that
PDCD4-dependent inhibition of p62 promotes
apoptosis and suppresses EMT in lung cancer
cells.

Pdcd4 inhibits p62 expressions by suppress-
ing of Nrf2 activation

p62 is a downstream target of Nrf2, and non-
canonical pathways for Nrf2 activation involve
competitive inhibition of the Keap1-Nrf2 inter-
action through activation of p62 [14]. The
results described above imply PDCD4 plays a
role in inhibition of Nrf2 activation. Hence, we
investigated whether PDCD4 inhibits endoge-
nous expression levels of Nrf2 and its tran-
scriptional activity. To this end, we transfected
PDCD4-overexpressing and vector control cells
with an ARE-luciferase reporter plasmid. Nrf2
transactivation was significantly inhibited in
PDCD4-overexpressing cells, but not in control
cells (Figure 3A). Nrf2 is upstream regulator of
p62; thus, accumulation of Nrf2 expression in
the nucleus should be associated with elevated
p62 expression levels. To investigate whether
PDCD4 directly regulates Nrf2 to modulate
p62 expression, we analyzed Nrf2 protein
expression in cell lysates of A549 and H460
cells overexpressing PDCD4. Endogenous lev-
els of Nrf2 were significantly lower in PDCD4-
overexpressing cells than in vector control
cells. The expression of Keapl protein (a
repressor of Nrf2) was upregulated in PDCD4-
overexpressing cells (Figure 3B).
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Nuclear translocation of Nrf2 is essential for
activation of the Nrf2 signaling pathway, and
nuclear accumulation of Nrf2 is required for
transcriptional activation of p62 [15]. To inves-
tigate whether PDCD4 overexpression mediat-
ed nuclear translocation of Nrf2, we monitored
the subcellular localization of Nrf2 protein by
western blot analysis. As shown in Figure 3C
and 3E, PDCD4 expression substantially de-
creased the level of Nrf2 protein in the nu-
clear fraction in both lung cancer cell lines.
Confocal microscopy confirmed that PDCD4
overexpression inhibited nuclear translocation
of Nrf2. Thus, PDCD4 regulates Nrf2 trans-
criptional activity by inhibiting Nrf2 nuclear
localization translocation (Figure 3D, 3F),
implying that Nrf2 inhibition could suppress
p62 by driving overexpression of PDCDA4.
Together, these results indicate that PDCD4
suppresses the p62-Nrf2 signaling pathway in
lung cancer.

Downregulation of the Nrf2/p62 signaling
pathway involves a direct interaction of PDCD4
with Keapl1

Keapl is a substrate adaptor protein that
recruits the CUL3 ubiquitin ligase to Nrf2, tar-
geting it for proteasomal degradation [16]. To
determine whether Keapl levels must be in-
creased in order for Nrf2 inhibition to lead to
suppression of p62, we measured Keapl and
Nrf2 protein levels by western blotting. Based
on our findings that PDCD4 significantly up-
regulates Keapl and inhibits Nrf2 activation,
we tested the possibility that PDCD4 directly
interacts with Keapl. Therefore, we immuno-
precipitated whole-cell lysates from PDCD4-
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Figure 3. PDCD4 inhibits Nrf2 activity and nuclear localization. A. Western blots for Nrf2 and Keapl in PDCD4-
overexpressing cells. B. Two lung cancer cell lines (A549 and H460) stably expressing PDCD4 were co-transfected
with pRL-TK Renilla and ARE (NRF2-luciferase) plasmids, and subjected to luciferase reporter activity assays. Mean
+ SD shown for three independent experiments, and statistical significance was calculated by Student’s t-test (*,
P<0.05; **, P<0.01). C. Subcellular localization of Nrf2 in A549 cells. A549 cells were transfected with the indi-
cated amounts of PDCD4 WT plasmid for 24 h and then Nrf2 levels in the cytosolic and nuclear fractions of indi-
cated cells were determined by western blotting. Lamin B was used as a nuclear protein marker, and (-actin as a
loading control. D. PDCD4-overexpressing cell lines (A549) were immunostained with anti-Nrf2 antibody (green) and
counterstained with DAPI (blue). E. Subcellular localization of Nrf2 in H460 cells. H460 cells were transfected with
the indicated amounts of PDCD4 WT plasmid for 24 h and then Nrf2 levels in the cytosolic and nuclear fractions of
indicated cells were determined by western blotting. Lamin B was used as a nuclear protein marker, and B-actin as
a loading control. Scale bar; 20 uym. F. Two PDCD4-overexpressing cell lines (H460) were immunostained with anti-
Nrf2 antibody (green) and counterstained with DAPI (blue).

overexpressing and vector control cells with
PDCD4 antibody or control rabbit sera, and

overexpressing cells transfected with FLAG-
Keapl were immunoprecipitated with FLAG

then performed immunoblotting with Keapl
and PDCD4 antibodies. Endogenous Keapl
co-precipitated with PDCD4 in PDCD4-over-
expressing cells, but not in control immunopre-
cipitations. Furthermore, immunoprecipitation
with a PDCD4 antibody followed by immunob-
lotting for p62 or Nrf2 revealed no interaction
between PDCD4 and p62 or PDCD4 and Nrf2
(Figure 4A). We also performed a reciprocal
experiment in which lysates of PDCD4-
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antibody; the results confirmed that FLAG-
Keapl physically interacted with PDCD4
(Figure 4B). To further confirm the PDCD4-
Keapl interaction in the cytoplasm, we used
a multicolor confocal immunofluorescence
microscope to ascertain the subcellular local-
izations of PDCD4 and Keapl in PDCDA4-
overexpressing A549 cells. The immunofluores-
cence signal for PDCD4 (green) was distributed
in both the cytoplasm and nucleus, whereas
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Figure 4. Interaction PDCD4 with Keapl inhibits Nrf2-p62 signaling activation in lung cancer. A. Total protein ex-
tracts from control-A549 cells and PDCD4-overexpressing cells (A549) were immunoprecipitated with anti-PDCD4
or anti-IgG antibodies. PDCD4, Keapl, p62, and Nrf2 were detected by western blot after IP with anti-PDCD4. B.
PDCD4-overexpressing A549 cells were transfected with plasmid encoding FLAG-tagged Keapl and immunopre-
cipitated with anti-Keap1 antibody; western blots were performed to detect PDCD4 and Keapl proteins. C. PDCD4-
overexpressing A549 cells were immunostained with anti-PDCD4 (green), anti-Keapl (red), and DAPI (blue). Stained
cells were visualized on an Olympus confocal microscope. Scale bar; 10 um. D. A549 and H460 cells were tran-
siently co-transfected with plasmids encoding FLAG-tagged Keapl and PDCD4 WT for 24 h, and then analyzed by
western blotting with antibodies against Nrf2, PDCD4, Keapl, p62. E. Two lung cancer cell lines (A549 and H460)
were co-transfected with FLAG-tagged Keapl and PDCD4 WT, pRL-TK Renilla and ARE (NRF2-luciferase) plasmids,
and subjected to luciferase reporter activity assays. Mean + SD shown for three independent experiments, and
statistical significance was calculated by Student’s t-test (*, P<0.05; **, P<0.01).
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the signal for Keapl (red) was mainly localized
to the cytoplasm (Figure 4C). Colocalization of
PDCD4 and Keapl (yellow) was detected
almost exclusively in the cytoplasm, whereas
little or no colocalization signal was observed
in the nucleus (blue). These results suggest
that PDCD4 directly and specifically interacts
with Keapl, leading to reduced expression of
Nrf2 and p62 in A549 cells. We next sought
to confirm that Keapl promotes apoptosis in
PDCDA4-overexpressing cells. We transiently
transfected PDCD4-overexpressing cells with
a Flag-Keapl plasmid and measured the ex-
pression levels of apoptotic marker proteins
such as cleaved caspase-3 and cleaved
PARP by western blot analysis. Overexpression
Keapl increased the protein levels of apoptotic
marker proteins such as cleaved caspase-3
and PARP, while it decreased Nrf2 and p62
protein expression (Figure 4D). Moreover,
Keapl overexpression significantly suppres-
sed Nrf2 transcriptional activity in PDCD4-
overexpressing A549 and H460 cells (Figure
4E). These data indicate that inhibition of p62-
Nrf2 activation through the PDCD4-Keapl
interaction results in suppression of down-
stream signaling events such as cell prolifera-
tion and induces apoptosis.

Inhibition of Nrf2 suppresses cancer cell
growth and activates apoptosis in PDCD4-
overexpressing cells

Activation of Nrf2 confers several advantages
on cancer cells, including protection from apop-
tosis, promotion of cell growth, and resistance
to chemotherapy [17]. We performed quantita-
tive RT-PCR analyses to examine the expres-
sion levels of Nrf2 target genes including NQQ,
MRL and HO-1 in PDCD4-overexpressing and
vector control A549 and H460 cells. PDCD4
overexpression decreased HO-1 mRNA expres-
sion by about 20% relative to control cells, but
had no effect on NQQ and MRL mRNA levels
(Figure 5A). In addition, the changes in protein
levels mirrored those of the corresponding
MRNAs (Figure 5B).

HO-1 activation promotes lung cancer progres-
sion and metastasis, leading to cancer cell
growth, whereas low expression of HO-1 pro-
motes apoptosis by regulating the transcription
factors Nrf2, NF-kB, and AP-1 [18]. This sug-
gests that PDCD4 suppresses HO-1 expression
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by inhibiting Nrf2 activation, and that inhibition
of Nrf2 signaling may be a consequence of
PDCD4-mediated effects on cell growth and
apoptosis. To determine this, we performed
cell proliferation assays. PDCD4 significantly
suppressed proliferation in Keapl-overexpr-
essing/Nrf2-knockdown cells compared with
Nrf2 knockdown or Keapl overexpression indi-
vidually (Figure 5C). We also sought to deter-
mine whether inhibition of cell proliferation is
associated with induction of apoptosis in
PDCD4-overexpressing cells. We measured the
expression levels of cleaved caspase-3 and
PARP in these cells by western blotting.
Expression levels of the cleaved caspase-3
and PARP were increased in Keapl-overex-
pressing/Nrf2-knockdown cells (Figure 5D).
Induction of apoptosis in Keapl-overexpr-
essing/Nrf2-knockdown cells was confirmed by
cleaved caspase-3 immunofluorescence assay
(Figure 5E). These results indicate that inhibi-
tion of Nrf2 attenuates apoptosis of lung can-
cer cells via mechanisms that are mediated by
PDCD4 overexpression.

PDCD4 inhibits lung tumorigenesis in vivo

To explore the inhibitory effects of PDCD4 on
tumorigenesis in vivo, we injected PDCD4-
overexpressing cells subcutaneously into the
flanks of nude mice. Tumors derived from the
PDCDA4-overexpressing cells formed earlier
(Figure 6A and 6B), and grew slower than
those derived from control cells. Tumor cell pro-
liferation was also decreased by PDCD4 over-
expression (Figure 6C) and average tumor
weight was significantly lower in the PDCD4
group than in the control group (Figure 6D).
Hematoxylin/eosin staining confirmed that the
control tumors were larger than those derived
from PDCD4-overexpressing cells (Figure 6G).
Thus, PDCD4 inhibits tumor formation in vivo.

Furthermore, the protein expression of apoptot-
ic-related genes such as cleaved PARP and
cleaved caspase 3 were higher in the PDCD4
group than in the control group. Expression of
p62 and Nrf2 was also significantly lower in the
PDCD4 group than in the control group (Fig-
ure 6E). Immunohistochemistry results also
showed that cleaved caspase-3 levels were sig-
nificantly higher and p62 expression levels sig-
nificantly lower in the PDCD4 group (Figure
6G). Moreover, the protein expression of EMT-

Am J Cancer Res 2020;10(2):424-439



PDCD4 suppresses p62-Nrf2 signaling pathway

A B C
L2 _
= = 100
< x A549 H460 ~
- = = 807
z =T 08 - £
£z Con Pdcd4 Con Pded4 = 60 1
& .-: :E
A5 04 Ho-1 iy s S s 2 40
=g ) £
& fractin (e —— T 201
= 0.0 A
A549 H460 Flag-Keapl - - + +
siRNA-Nrf2 - + - +
D E Flag-Keapl
Negative siRNA-Nrf2 Negative siRNA-Nrf2
k'
TR Z ~»
PDCD4 £ "
=
Flag-Keapl - + + E
siRNA-NP2 -+ - F k1 — o® — _
o

DAPI

Cleaved-caspase3 = == == e
Cleaved-PARP % == == == ‘
S - - - -

Figure 5. Inhibition of Nrf2 signaling activates apoptosis in PDCD4/Keapl overexpressing cells. A. HO-1 mRNA
levels were analyzed by qRT-PCR in two PDCD4-overexpressing cell lines. Expression levels were normalized against
GAPDH mRNA. Results were derived from three independent experiments, and are plotted as fold change relative
to the corresponding values in control cells (defined as 1.0). B. HO-1 protein level was determined by western blot
analysis. C. PDCD4-overexpressing A549 cells were co-transfected with FLAG-tagged Keapl and siRNA targeting
Nrf2 for 24 h, and then cell proliferation was detected using a WST-8 assay. Mean + SD shown for three independent
experiments, and statistical significance was calculated by Student’s t-test (*, P<0.05; **, P<0.01). D. PDCD4-
overexpressing A549 cells were transiently co-transfected with FLAG-tagged Keapl and siRNA targeting Nrf2 for 24
h, and then analyzed by western blotting with antibodies against cleaved-caspase-3 and cleaved-PARP. E. PDCD4-
overexpressing A549 cells were transfected with FLAG-tagged Keapl and siRNA targeting Nrf2 for 24 h, and then
immunostained with anti-cleaved caspase-3 (green) and counterstained with DAPI (blue). The stained cells were
visualized on an Olympus confocal microscope. Scale bar; 50 pm.

Merge

related genes such as Vimentin, Snail, Slug and expression of p62 has been detected in human
Twistl were lower in the PDCD4 group (Fig- lung cancer and in lymph node metastasis in
ure 6F). Immunohistochemistry results also adenocarcinoma patients [22]. These data sug-
showed that PDCD4 inhibited Vimentin, where- gest that the pathway involving p62 may
as E-cadherin expression was increased (Figure enhance the metastatic potential of lung can-
6H). These results indicate that PDCD4 sup- cer cells. Furthermore, excess p62 expression
presses lung tumorigenesis in vivo by inhibiting may be involved in the activation of various
p62-Nrf2 signaling. oncogenic signaling pathways, including the
NF-kB, Twistl, NRF2 or mTOR pathways [23,
Discussion 24].
p62 plays an important role in tumorigenesis PDCD4 is a novel, multifunctional tumor sup-
by regulating multiple cellular signal pathways, pressor that inhibits cell growth, tumor inva-
including autophagy, apoptosis, and cell sur- sion, metastasis, and induces apoptosis [2].
vival [19]. Accumulating evidence indicates PDCD4 also inhibits carcinogenesis and tumor
that excess p62 expression may have an onco- progression by inhibiting translation of onco-
genic role in human cancers [20, 21]. High genes [25]. In addition, loss or reduction of
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mice. Representative tumors are shown. C. Immunohistochemical analysis of Ki-67 in tumor tissues. Dark brown
color indicates the Ki-67 expression. Scale bar; 50 pym. D. Tumor weight, measured after the injection of PDCD4-
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PDCD4, p62 and cleaved PARP expression. Scale bar; 50 ym. H. Immunohistochemical analysis of E-cadherin and
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PDCD4 expression is observed in multiple
types of human tumor cell lines and primary
tumors such as lung tumor [4, 26]. Hence, we
determined the function of PDCD4 in lung
tumorigenesis. We showed that in NSCLC
cells, p62 activity and expression are decrea-
sed by PDCD4 overexpression. Overexpression
PDCD4 inhibited lung cancer cell proliferation
and induced apoptosis. We found that p62
overexpression decreases apoptosis in PD-
CD4-overexpressing cells, whereas knockdown
of p62 induces apoptosis, suggesting p62
downregulation promotes cell death through
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induction of apoptosis. Our results indicate that
the loss of p62 was related to apoptosis
through PDCD4 overexpression, suggesting
that PDCD4 might have a contributing role in
the inhibition of lung tumorigenesis.

Epithelial-mesenchymal transition (EMT) is an
important process that acts as an indispens-
able driver for invasion and metastasis of a
variety of cancer cells [27]. Many transcription
factors, such those belonging to the Twist, Snail
and ZEB families drive EMT [28, 29]. Indeed,
TWIST1 and Slug help drive NSCLC tumorigen-
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Figure 7. Schematic diagram of the mechanisms of PDCD4 induced cell
death through suppression of p62/Nrf2 signaling in NSCLC cells. In this dia-
gram, PDCD4 activates Keap1 by directly binding to PDCD4, leading to p62
and Nrf2 inhibition; Inhibition of p62/Nrf2 pathway promotes cell death in

NSCLC cells.

esis, metastasis, and drug resistance [30, 31].
Several studies have found that loss of
E-cadherin expression is associated with poor
prognosis in lung cancer [32]. High expression
levels of EMT-associated markers are found in
most lung cancer specimens, especially in
squamous cell carcinoma [33]. Our results
showing that overexpression p62 increased
the expression levels of Slug, Vimentin and
Twistl is in agreement with a recent study
showing that that overexpression p62 stabiliz-
es Twistl, and induces tumor cell proliferation
and progression. We observed that PDCD4
reduced the expression levels of EMT markers
such as Slug, Vimentin and Twist1. Knockdown
of p62 also reduced these markers, indeed to a
greater extent than the reduction seen with
PDCD4 alone. Our data suggests that PDCD4
reduces p62 expression and that this reduction
in p62 expression inhibits EMT and facilitates
apoptosis.

p62 can modulate the activity of Nrf2, a tran-
scription factor that is constitutively elevated in
lung, breast, and head and neck cancers [34,
35]. Indeed Nrf2 is important for A549 lung
cancer cell proliferation [36]. Constitutively
high levels of Nrf2 also protect cancer cells
against ionizing radiation and confer radio-
resistance in NSCLC cells [37]. Our results
showed that PDCD4 inhibits Nrf2 expression in
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A549 and H460 cells. There-
fore, inhibition of the p62-
Nrf2 signaling pathway and
inactivation of p62-Nrf2-de-
pendent target genes by
PDCD4 overexpression could
represent a new therapeutic

p6z, Ho-1 | approach against NSCLC.
When autophagy is impaired,

Nucleus p62 accumulates in the cyto-

P62, HO-1 sol and binds to Keapl, a neg-

ative regulator of Nrf2, there-
by activating Nrf2 and pro-
moting cancer cell survival
[38]. Our finding that PDCD4
increased Keapl protein ex-
pression by directly binding to
Keapl in the cytoplasm sug-
gests that PDCD4 competi-
tively inhibits the Keapl-p62
interaction by decreasing the
endogenous levels of p62.
Furthermore, Nrf2 regulates expression of SQ-
STM1 (which encodes p62), leading to a posi-
tive feedback loop in the p62-Keapl-Nrf2 axis
[39, 40]. Our results showed that PDCD4 inhib-
its Nrf2 transactivation by inhibiting Nrf2 nucle-
ar translocation, demonstrating that PDCD4
suppresses Nrf2 activation by inhibiting bind-
ing of p62 to Keapl in cytoplasm.

Nrf2 translocates into the nucleus, where it
binds to antioxidant response element (ARE)
target genes, leading to upregulation of GCLM,
NQO1, and HMOX1 [41]. Consequently, PDCD4
overexpression specifically suppresses HO-1
MRNA and protein expression but does not
affect GCLM and NQQ1 expression. In particu-
lar, HO-1 plays important roles in carcinogene-
sis and tumor progression, and its overexpres-
sion promotes proliferation and survival in can-
cer cells [42]. These findings indicate that sup-
pression of Nrf2 and HO-1 are important in
mediating the potential ant-tumorigenic effects
seen in PDCD4-overexpressing cells.

Abnormalities in the Keap1-Nrf2 pathways can
occur in lung cancer [43]. For example, elevat-
ed Nrf2 levels and Keapl dysfunction have
been identified, and are associated with tumor
progression and resistance to chemotherapeu-
tic drugs [44]. In this study, we observed that
Keapl overexpression decreased cell prolifera-
tion in Nrf2 knockdown/PDCD4-overexpressing
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cells. Moreover, the combination of Keapl
overexpression and Nrf2 knockdown signifi-
cantly increased the expression of cleaved
caspase-3 and cleaved PARP proteins, sug-
gesting that Keapl overexpression and knock-
down of Nrf2 suppressed proliferation and led
to increased apoptosis in PDCD4-overex-
pressing cells. Our results also showed that
PDCD4 inhibits cancer growth and induces
apoptosis by inhibiting the expression of p62
and Nrf2 while inducing Keapl expression in
vivo. Together, our results suggest that down-
regulation of the Nrf2-p62 signaling acceler-
ates apoptosis and inhibits EMT marker ex-
pression in lung cancer cells by activating
Keapl through PDCD4 overexpression (Figure
7).

In this study, we demonstrated that PDCD4
inhibit lung tumorigenesis through induction
apoptosis and suppression EMT by inhibiting
p62-Nrf2 signaling in lung cancer cells. These
findings indicated that PDCD4 could represent
a novel target for NSCLC therapeutics, which
would act by suppressing activation of p62-
Nrf2 signaling. On the basis of our findings, we
consider PDCD4 to be a candidate biomarker
involved in the regulation of the p62-Nrf2 sig-
naling pathway with potential applications in
the prevention and treatment of lung cancer.
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Figure S1. Various cancer cell lines were transiently transfected with PDCD4 wild-type plasmid for 24 h and protein
expression levels of p62 and B-actin were measured by western blotting.
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Figure S2. PDCD4 wild-type plasmid transiently transfected in A549 cells for 24 hr and then Western blot analysis
of autophagy related gene expressions.




