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Toll-Like Receptor Signaling Induces Nrf2 Pathway Activation through

p62-Triggered Keapl Degradation

Shasha Yin, {©’ Wangsen Cao

Nanjing University School of Medicine, Jiangsu Key Laboratory of Molecular Medicine, Nanjing, China

Toll-like receptors (TLRs) induce inflammation and tissue repair through multiple signaling pathways. The Nrf2 pathway plays a
key role in defending against the tissue damage incurred by microbial infection or inflammation-associated diseases. The critical
event that mediates TLR-induced Nrf2 activation is still poorly understood. In this study, we found that lipopolysaccharide
(LPS) and other Toll-like receptor (TLR) agonists activate Nrf2 signaling and the activation is due to the reduction of Keap1, the
key Nrf2 inhibitor. TLR signaling-induced Keap1 reduction promoted Nrf2 translocation from the cytoplasm to the nucleus,
where it activated transcription of its target genes. TLR agonists modulated Keap1 at the protein posttranslation level through
autophagy. TLR signaling increased the expression of autophagy protein p62 and LC3-II and induced their association with
Keapl in the autophagosome-like structures. We also characterized the interaction between p62 and Keap1 and found that p62 is
indispensable for TLR-mediated Keap1 reduction: TLR signaling had no effect on Keap1 if cells lacked p62 or if cells expressed a
mutant Keapl that could not interact with p62. Our study indicates that p62-mediated Keap1l degradation through autophagy
represents a critical linkage for TLR signaling regulation of the major defense network, the Nrf2 signaling pathway.

Toll—like receptors (TLRs) act as the first line of host defense
against microbial infection and play a pivotal role in both in-
nate and adaptive immunity (1). TLRs recognize the molecular
patterns from both invading pathogens and endogenous inflam-
matory stimuli and subsequently activate distinct intracellular
pathways that lead to the inflammatory response (2). A deregu-
lated inflammatory response can cause cell damage and tissue in-
juries, which are associated with many inflammation-related dis-
orders. On the other hand, the host has developed multiple
mechanisms to counteract the excessive inflammatory response
and to repair the deleterious tissue damage. Mounting evidence
suggests that the nuclear factor-erythroid 2-related factor 2 (Nrf2)
signaling pathway is an important component in host anti-in-
flammation defense.

Nrf2 is a key transcription factor that mainly regulates cellular
defenses against oxidative stress and electrophilic insults (3, 4).
Under resting conditions, Nrf2 is sequestered in the cytoplasm by
Kelch-like ECH-associated protein 1 (Keapl) and removed by
Keapl-mediated ubiquitination and proteasomal degradation.
When cells are exposed to oxidative stress or other noxious at-
tacks, Nrf2 is released from Keapl and translocated into the nu-
cleus, where it binds to the promoters of many genes whose prod-
ucts have cellular defensive functions (5-8). The Nrf2 signaling
pathway is also activated during inflammation and negatively reg-
ulates inflammatory responses. Inflammation can induce the ex-
pression of Nrf2 downstream genes (9), and the Nrf2 pathway
cross talks with NF-kB and other inflammatory signaling path-
ways to repress the inflammatory response (10).

Autophagy is a bulk degradation system by which cytoplasmic
materials are engulfed by double-membrane vesicles, known as
autophagosomes, and delivered to lysosomes for degradation
(11). Autophagy is also a selective process involved in the degra-
dation of unnecessary or toxic structure proteins, organelles, and
intracellular pathogens (12). The autophagic protein p62 acts as a
cargo receptor for ubiquitinated substrates. The association of p62
with the selective substrates forms an autophagic complex which
fuses with the lysosome and leads to substrate degradation (13).
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Recent research suggests that autophagy is a part of the innate
immune responses. Toll-like receptors trigger the activation of
selective autophagy and Nrf2 signaling to eliminate invading mi-
crobes and to promote tissue repairs (14, 15). Although many
studies show that TLR signaling, autophagy, and Nrf2 signaling
are all activated during inflammation, little is known about
how the interplays of these innate immune components are
regulated.

In the present study, we sought to determine the key event
that leads to Nrf2 pathway activation during TLR signaling.
Our results suggest that p62-mediated Keapl degradation is a
critical switch that leads to TLR signaling-induced Nrf2 activa-
tion.

MATERIALS AND METHODS

Antibodies and regents. Keapl, Nrf2, C-myc, glutathione S-transferase
(GST), lamin B, and rabbit anti-goat IgG—horseradish peroxidase (HRP)
antibodies were from Santa Cruz Biotech, USA; SQSTM1/p62 antibody
was from Abcam, USA; rabbit anti-heme oxygenase 1 (anti-HO-1) anti-
body was from StressGen, USA; B-actin, goat anti-rabbit IgG-HRP, and
goat anti-mouse IgG-HRP antibodies were from Sunshine Bio, China;
and DyLight 594-conjugated AffiniPure donkey anti-goat IgG and Dy-
Light 649-conjugated AffiniPure donkey anti-rabbit IgG were from
Jackson ImmunoResearch, USA. Anti-LC3 antibody, lipopolysaccharide
(LPS), poly(I-C), cycloheximide (CHX), MG132, staurosporine, chloro-
quine (CQ), and 3-methylamphetamine (3-MA) were from Sigma, USA.
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Cell culture and transfection. RAW cells were maintained in Dul-
becco modified Eagle medium (DMEM; Gibco, USA) supplemented with
newborn calf serum (10%,vol/vol; Gibco, USA). HEK293 cells were
grown in DMEM supplemented with 10% fetal bovine serum (FBS). All
cells were cultured in a 5% CO, incubator at 37°C.

A cell viability assay was performed with a cell counting kit (CCK-8 kit;
Beyotime, China) following the manufacturer’s instruction.

Animals. Nrf2 ™'~ mice were a generous gift from Masayuki Yamamoto.
Wild-type (WT) control mice were generated from Nrf2 "/~ heterozy-
gous mice in-house. All experimental protocols were approved by the
Institutional Animal Care Committee of the Nanjing University Med-
ical School and were conducted in accordance with the guidelines of
the Nanjing University Medical School. Mice were fed a regular sterile
chow diet, provided water ad libitum, and housed under controlled
conditions (25 = 2°C, 12-h light and 12-h dark periods). After the
experiments, the mice were euthanized by CO, inhalation. Mouse tis-
sue was removed by surgical procedures and frozen at —80°C until
further analysis.

Plasmid constructs. The HO-1 promoter was amplified by PCR from
RAW cell genome DNA using the primers 5'-GGAAGATCTCTGCAGA
GCCCCACTGGAG-3" and 5'-CCCAAGCTTGGAACAGCAACGCTG
T-3". The PCR product was then inserted into the pGL3 vector at the
HindIII and BglII sites. The wild-type Keapl expression plasmid (WT-
Keapl-myc) was constructed by insertion of Keapl full-length cDNA,
which was generated by reverse transcription-PCR (RT-PCR), at the
BamHI/HindIII sites of pcDNA3.1 that was premodified with 3 copies of
the myc tag. Two truncated Keapl expression plasmids, myc-tagged
Keapl containing the N terminus from amino acids (aa) 1 to 314 and
lacking Keap1 aa 315 to 424 (K1-N-myc) and myc-tagged Keap1 contain-
ing the C terminus from aa 314 to 624 and lacking aa 1 to 314 (K1-C-myc),
were constructed in the same vector used to construct WT-Keapl-myc.
The mutant Keap1 expression plasmid mKeap1-myc with three arginines
replaced by alanines (R380A, R415A, and R483A) was constructed by use
of a site-directed mutagenesis kit (TaKaRa, Japan). All the constructs were
confirmed by sequencing. Plasmid shRNA-p62 carrying p62-specific
short hairpin RNA (shRNA) was constructed by inserting a short oligo-
nucleotide (the underlined sequence covering positions 624 to 642 of p62
in the sequence of the shRNA-p62-F oligonucleotide presented below) at
the BamHI and HindIII sites of the GV62 vector. The sequence of oligo-
nucleotide shRNA-p62-F was GATCCGCTGAAACATGGACACTTTTT
CAAGAGAAAAGTGTCCATGTTTCAGCTTTTTTGGAAA, and that
of oligonucleotide shRNA-p62-R was AGCTTTTCCAAAAAAGCTGA
AACATGGACACTTTTCTCTTGAAAAAGTGTCCATGTTTCAGCG.
A nonspecific oligonucleotide was used to construct a control plasmid.

Luciferase reporter assays. HEK293 cells grown on 24-well plates
were transfected with plasmids and treated with LPS for the periods of
time indicated below. Transfection was performed with the Lipo-
fectamine 2000 reagent according to the manufacturer’s instructions. Lu-
ciferase activities were measured using a luciferase reporter assay system
(Promega, USA).

RT-PCR. Cell total RNA was extracted using the TRIzol reagent (In-
vitrogen, USA) according to the manufacturer’s instruction. The cDNA
was generated with a Transcript first-strand cDNA synthesis kit (Vazyme,
China) according to the manufacturer’s instructions. PCR was performed
using the follow primers: GAPDH F (AACGACCCCTTCATTGAC),
GAPDH R (TCCACGACATACTCAGCA), KeaplF (CACACTAGAGGA
TCACACCAAG), and Keap1R (CCGTGTAGGCGAACTCAATAA). The
PCR products were resolved on a 2% agarose gel and visualized under UV
light.

Immunofluorescence staining. Cells were grown on glass coverslips
in a 12-well chamber and treated with LPS. After washing with ice-cold
phosphate-buffered saline (PBS), the cells were fixed with 4% paraformal-
dehyde and then permeabilized in PBS containing 2% Triton X-100. The
cells were then incubated with anti-LC3 or anti-Keap1 antibody and Dy-
Light 649-conjugated AffiniPure donkey anti-rabbit IgG or DyLight
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594-conjugated AffiniPure donkey anti-goat IgG secondary antibod-
ies. The stained cells were observed under a fluorescence confocal
microscope.

Western blotting and coimmunoprecipitation. Western blotting and
coimmunoprecipitation assays were performed essentially as described
before (16) with the antibodies indicated below at a predetermined dilu-
tion.

Statistics. Quantitative data were expressed as the mean * standard
deviation (SD). Statistical significance was analyzed by one-way anal-
ysis of variance, and a P value of <0.05 was considered statistically
significant.

RESULTS

TLR agonists activate the Nrf2 pathway in RAW cells. To test the
effect of TLR signaling on Nrf2 pathway activation, we first treated
RAW cells with different doses of LPS and assayed for expression
of the Nrf2 target HO-1 by Western blotting. LPS induced HO-1
expression in a dose-dependent manner, with marked induction
occurring at 0.5 g/ml (Fig. 1A). We then tested the time course of
LPS induction of HO-1 and another Nrf2 target, GST. LPS in-
duced HO-1 and GST expression in 8 to 16 h (Fig. 1B). Similarly,
we tested the TLR2 and TLR3 agonists peptidoglycan (PGN) and
poly(I-C), respectively, for their capacity to induce Nrf2 down-
stream protein expression. PGN and poly(I-C) also induced HO-1
expression in a dose-dependent manner (Fig. 1C and D). To con-
firm that TLR-activated Nrf2 activation occurs in real inflamma-
tion, we injected LPS into mice peritoneally and assayed for HO-1
from mouse kidney. LPS induced HO-1 expression as well (Fig.
1E). To determine if LPS induced Nrf2 target protein expression
through Nrf2 activation, we assayed the effect of LPS treatment on
Nrf2 protein levels. LPS enhancements of Nrf2 were also time and
dose dependent (Fig. 1F and G). Since Nrf2 nuclear translocation
is a necessary step for Nrf2 activation, we then tested the nucleus
Nrf2 protein upon LPS treatment. LPS caused Nrf2 accumulation
in the nucleus in 3 h (Fig. 1H). Finally, to confirm that LPS acti-
vation of Nrf2 increased the transactivation ability of Nrf2, we
tested the effects of LPS on an HO-1 promoter reporter plasmid
that contained an Nrf2 binding motif. LPS treatment caused a
significant increase in luciferase activity in a dose-dependent fash-
ion (Fig. 1I). In addition, we also tested the viability of RAW cells
(Fig. 1J) and HEK293 cells (data not shown) under conditions
with LPS at microgram-per-milliliter concentrations. We treated
the cells with LPS at up to 20 pg/ml for 24 h and did not observe
obvious cell death. Taken together, these results indicate that TLR
signaling can indeed activate the Nrf2 pathway and cause Nrf2
downstream gene induction.

TLR signaling reduces the Keap1 protein level. To identify the
responsive molecule that mediates Nrf2 activation by TLR signal-
ing, we examined Keap1, the critical inhibitor of Nrf2. As seen in
Fig. 2A and B, LPS stimulated a marked decrease in the level of the
Keapl protein in a time- and dose-dependent manner. We also
tested the TLR2 agonist PGN and the TLR3 agonist poly(I-C) for
their induction of Keap1 reduction. Both the PGN and poly(I-C)
treatments caused a decrease in Keap1 levels in a dose-dependent
manner (Fig. 2C and D). Similarly, the bacterium Escherichia coli
decreased Keap1 expression and increased HO-1 expression (Fig.
2E). Mice that received an LPS injection also showed marked re-
ductions in Keapl levels in the kidney (Fig. 2F) and liver (not
shown). These results suggest that Keapl reduction and subse-
quent Nrf2 activation occur when cells are exposed to TLR ago-
nists as well as during in vivo inflammation.
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FIG 1 TLR signaling activates the Nrf2 pathway. (A) RAW cells were treated with increasing doses of LPS for 16 h. HO-1 was assayed by Western blotting. (B)
RAW cells were treated with 1 pg/ml of LPS for various times. HO-1 and GST were assayed by Western blotting. (C) RAW cells were treated with various doses
of PGN for 16 h. HO-1 was assayed by Western blotting. (D) RAW cells were treated with various doses of poly(I-C) for 16 h. HO-1 was assayed by Western
blotting. (E) WT mice were treated with LPS (10 pg/kg of body weight) by intraperitoneal injection for 24 h. Kidneys from two mice in each group were removed,
and HO-1 was assayed by Western blotting. Con., control mice. (F and G) Time-dependent (F) and dose-dependent (G) study of Nrf2 protein levels. RAW cells
were treated with 1 pg/ml LPS for different times or with different doses of LPS for 16 h, and the Nrf2 protein level was assayed by Western blotting. (H) RAW
cells were treated with 0.1 and 1 wg/ml LPS for 3 h. Nuclear Nrf2 (N. Nfr2) was assayed by Western blotting. (I) Luciferase assay. HEK293 cells were transfected
with the HO-1 promoter reporter plasmid pHO-1p/Luc, followed by treatment with increasing doses of LPS for 16 h. Cell lysates were assayed for luciferase
activity. The experiments were repeated at least three times, and representative results are shown. *, P < 0.05 compared to the results for the control. (J) Cell
viability assay. RAW cells were treated with various doses of LPS for 24 h. A cell counting kit (CCK-8) was used to measure the living cells. The assay was
performed with cells in triplicate.

LPS-induced Keapl protein reduction occurs at the Keapl  the Keap! protein by more than 90% by 12 h (Fig. 3C), suggesting
posttranscriptional level. To dissect the steps in which TLR re-  that LPS induced the Keap1 reduction through a posttranslational
presses Keapl along the Keapl biosynthesis pathway, we mea- mechanism.
sured Keapl mRNA levels by RT-PCR. We used a range of LPS To confirm that LPS induced the Keap1 reduction through a
doses (0.05 to 5 pg/ml) (Fig. 3A) and treatment times (2 to 24 h)  posttranslational modification, we constructed a myc-tagged
(Fig. 3B) and found that LPS did not affect Keapl mRNA levels, Keapl expression plasmid and transfected it into HEK293 cells.
excluding the possibility of regulation at the transcriptional or ~ We treated the cells with different doses of LPS and measured the
posttranscriptional level. We then tested whether LPS regulated amount of exogenously expressed Keapl protein. LPS treatment
Keapl at the translational or posttranslational level. We first also decreased myc-tagged Keap1 levels in a dose-dependent man-
treated cells with cycloheximide (CHX) to block protein synthesis  ner (Fig. 3D), indicating that LPS can indeed induce the Keapl
and then measured Keap1 levels in the presence or absence of LPS  reduction at the protein level. To further determine whether the
over time. Keap1 levels underwent a gradual decrease, with a 50%  reduced amount of Keap1l accounts for LPS-induced Nrf2 path-
reduction occurring by 12 h in the presence of CHX alone. How-  way activation, we overexpressed Keapl and found that Keapl
ever, the additional LPS treatment led to a reduction in the level of ~ overexpression significantly inhibited LPS-induced HO-1 pro-
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FIG 2 TLR signaling reduces the Keap1 protein level. (A and B) RAW cells were treated with LPS (1 pg/ml) for various times (A) or with different doses of LPS
for 16 h (B). Keap1l was assayed by Western blotting. (C to E) RAW cells were treated with various doses of PGN (C), poly(I-C) (D), or E. coli (E). Keap1 was
assayed by Western blotting. (F) A WT mouse was treated with LPS (10 pg/kg of body weight) by intraperitoneal injection for 24 h. The mouse kidneys were

removed, and Keapl was assayed by Western blotting.

moter luciferase activity (Fig. 3E), suggesting that the LPS-in-
duced Keap1 reduction plays a key role in controlling the Nrf2
pathway signaling.

LPS-induced Keapl degradation is mediated by autophagy.
The ubiquitin-proteasomal pathway and autophagy-lysosomal
pathway are two major pathways for protein degradation (17). To
test if the LPS-induced Keapl reduction was mediated through
the ubiquitination pathway, we treated cells with LPS and/or
MG132, an ubiquitination-proteasome inhibitor. MG132 treat-
ment did not significantly affect the LPS-induced Keap1 reduction
(Fig. 4A). When cells were treated with LPS and/or 3-MA, an
autophagy inhibitor, the LPS-induced Keapl protein reduction
was blocked (Fig. 4B). To confirm these results, we also tested
exogenous Keap1-myc protein for its responsiveness to the inhib-
itors. Similarly, MG132 had no effect on the LPS-induced Keap1-
myc protein reduction (Fig. 4C), but 3-MA clearly abolished the
LPS-induced Keap1-myc protein reduction (Fig. 4D). Since 3-MA
affects many cellular processes, in addition to its antiautophagy
activity, we also used an autophagosome-lysosome inhibitor,
chloroquine (CQ), to block autophagy. Cells treated with CQ
showed no Keap1 degradation in response to LPS treatment (Fig.
4E and F). However, LPS caused an increase in LC3-II levels in the
presence of CQ. Taken together, these results suggest that the LPS-
induced Keapl protein reduction occurs through an autophagy
degradation pathway.

To search for additional evidence that the autophagy pathway
is involved in LPS-induced Keapl degradation, we tested LC3-I
and its activation. LC3-I is an autophagosomal membrane pro-
tein. Upon autophagy pathway activation, LC3-I is cleaved to pro-
duce LC3-II. The amount of LC3-II represents the number of
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autophagosomes and is a solid indication of autophagy pathway
activation (18). As expected, treatment of RAW cells with LPS not
only caused an increase in the LC3-I level but also increased the
LC3-1I level in a time-dependent (Fig. 4G) and dose-dependent
(Fig. 4H) manner. To further explore the possibility that the LPS-
induced Keap1 reduction was related to autophagy activation, we
performed immunofluorescent staining of LC3 and Keapl in
RAW cells. LPS treatment caused a redistribution of LC3 from a
diffuse staining pattern to a punctate, autophagosome-like pat-
tern. The merged results show that Keap1 and LC3 colocalized in
such punctate structures (Fig. 4I). Collectively, these results indi-
cate that LPS-induced autophagy activation leads to the Keapl
reduction.

p62 is indispensable for LPS-induced Keap1 degradation. A
previous study reported that LPS can activate Nrf2 through pro-
tein kinase C (PKC)-mediated Nrf2 phosphorylation (19), but it
was unclear if Keapl was also affected or Nrf2 phosphorylation
preceded Keapl degradation. To assess the role of PKC in LPS-
induced Keapl degradation, we tested a PKC inhibitor, stauro-
sporine. Staurosporine reversed the LPS-induced Keap1 degrada-
tion (Fig. 5A), indicating that PKC acts upstream of Keapl
degradation and Nrf2 phosphorylation.

To search for a direct mediator related to autophagy, we fo-
cused on p62 since previous studies showed that increased
amounts of p62 due to autophagy deficiency promote the p62/
Keap1 association and contribute to Nrf2 pathway activation (20,
21). LPS treatment increased the p62 protein level in a dose-de-
pendent (Fig. 5B) and time-dependent (Fig. 5C) manner. A coim-
munoprecipitation assay demonstrated that LPS induced the p62
association with Keapl (Fig. 5D), suggesting that p62 mediated

August 2015 Volume 35 Number 15


http://mcb.asm.org

TLR Signaling Activates Autophagy and Nrf2

A B
LPS + + + + + +
LPS 0 0.5 1 5 pg/ml Time 0 2 6 8 12 24h
Keap1
C D
CHX - + + + + + +
Tme 0O 2 6 12 2 6 12h Kpt-myc - + + + + +
LPS - - - - o+ o+ + LPS 0 0 05 5 10 (ug/ml)
= [ ]
5 16 OLPS ®CHX+LPS ‘é i .
Q
8 12 . ]
£ 08 = 205 .
= 2
o 04 ©
€ & ’_L|
Time(h) 0 2 6 12 LPSO 0 05 1 5 10 (ug/ml)
E 25
) 2
g 8§15
892 P
o ©
R
3 05
0
LPS (ug/ml) 0o 1 5 0 1 5
Keap1-myc - - - + * *

’W‘“‘ B-actin

FIG 3 LPS induces Keap1 degradation. (A and B) RAW cells were treated with different doses of LPS for 16 h (A) or with 1 pg/ml of LPS for various times (B).
Keapl and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNAs were simultaneously analyzed by RT-PCR in a single PCR and visualized by agarose
gel electrophoresis. (C) RAW cells were pretreated with CHX (0.5 pg/ml) alone or in the presence of LPS (200 ng/ml) for various times. Keap1l protein was
examined by Western blotting (top), and Keap1 levels were quantified (bottom). The experiments were repeated at least three times, and representative results
are shown. ¥, P < 0.05. (D) HEK293 cells were transfected with a plasmid carrying WT-Keap1-myc (Kpl-myc) and treated with various amounts of LPS for
another 16 h. The cell lysates were subjected to Western blotting analysis using anti-myc antibody (top), and Keap1 levels were quantified (bottom). (E) HEK293
cells were cotransfected with WT-Keapl-myc and an HO-1 promoter reporter. Then, the cells were treated with LPS for 16 h and the luciferase activities were
measured (top). The expression of exogenous Keap1-myc was monitored by Western blotting (bottom). The experiments were repeated at least three times, and

representative results are shown. *, P < 0.05.

LPS-induced Keap1l degradation. To determine the role of p62 in
Keapl degradation, we used a p62-specific interfering RNA strat-
egy to knock down p62 and test the effect of LPS on the Keapl
reduction. The results showed that knockdown of p62 prevented
LPS-induced Keapl degradation (Fig. 5E), supporting the idea
that LPS induced Keapl degradation through the p62-mediated
autophagy pathway.

The promoter of p62 contains a functional Nrf2 binding
site, and p62 has been reported to be an Nrf2 target (22); there-
fore, it is possible that the elevated p62 protein level from LPS
stimulation happens due to LPS-induced Nrf2 activation. To
answer this critical question, we compared the p62 and Keapl
levels in the livers of wild-type and Nrf2-knockout mice
(Nrf27'7). A lack of Nrf2 did not prevent LPS-induced p62
induction or Keapl reduction (Fig. 5F), suggesting that LPS
can induce p62 accumulation and Keap1 degradation indepen-
dently of Nrf2 pathway activation.
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Three arginines in Keap1 are crucial for LPS-induced Keap1
degradation. Keapl contains five functional domains, and the
Kelch domain, located on the C-terminal part of Keapl, involves
its binding with Nrf2 (7). In order to determine the critical Keap1
domain that mediates LPS-induced Keapl degradation, we con-
structed two additional truncation mutants that express the
Keapl N terminus (aa 1 to 314; K1-N-myc) or the C terminus part
(aa 314 to 624; K1-C-myc). We tested wild-type and two trun-
cated Keap1 proteins for their responsiveness to LPS. LPS reduced
the full-length Keapl, as expected (Fig. 6A). LPS also reduced the
Keapl C-terminal fragment to an extent similar to that for wild-
type Keapl (Fig. 6C). However, LPS failed to reduce the Keapl
N-terminal fragment (Fig. 6B), suggesting that the Keapl C-ter-
minal part contains a responsive element that mediates LPS-in-
duced Keap1 degradation.

There are three arginines (R380, R415, and R483) in the
Keapl C-terminal part that are necessary for Keapl and Nrf2
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FIG 4 Autophagy mediates LPS-induced Keap1 degradation. (A and B) RAW cells were treated with MG132 (1 uM) (A) or 3-MA (1 mM) (B) for 1 h, and then
LPS (200 ng/ml) was added to some cells for 12 h. Expression of endogenous Keap1 protein was examined by Western blotting (top). Keapl quantities are shown
at the bottom. ¥, P < 0.05; N.S, no significant difference. (C and D) HEK293 cells were first transfected with plasmids encoding myc-tagged Keapl and then
treated with MG132 (2.5 uM) (C) or 3-MA (1 mM) (D) for 1 h in the presence or absence of LPS (200 ng/ml) for an additional 12 h. Cell lysates were analyzed
for exogenous Keap1 expression by Western blotting with an anti-myc antibody (top). Keap1 quantities are shown at the bottom. The experiments were repeated
at least three times, and representative results are shown. *, P < 0.05; N.S, no significant difference. (E and F) RAW cells were treated with LPS (200 ng/ml) or
CQ (25 pM), or both, for 12 h. Keap1 and LC3 were analyzed by Western blotting (E), and Keap1 levels were quantified (F). (G) RAW cells were treated with LPS
(200 ng/ml) for various times, and LC3 was analyzed by Western blotting (left). The ratio of LC3-II to B-actin was calculated and plotted (right). *, P < 0.05
compared to the results for the control. (H) RAW cells were treated with various doses of LPS for 12 h, and LC3 was analyzed by Western blotting (left). The ratio
of LC3-1II to B-actin was calculated and plotted (right). *, P < 0.05 compared to the results for the control. (I) RAW cells were treated with LPS (200 ng/ml) for
12 h, and then LC3 and Keap1 proteins were examined by immunostaining. DAPI (4’,6-diamidino-2-phenylindole) stain was applied as a nuclear marker.

mutated Keapl protein (Fig. 6D). We also performed a coim-
munoprecipitation assay to verify the association between p62

interactions (23). These three arginines were also essential for
Keap1 binding to p62 (24), implying that p62 may be compet-

ing with Nrf2 for Keap1 binding. To test the role of these three
arginines in LPS/p62-induced Keapl degradation, we con-
structed an additional plasmid carrying mutated Keapl in
which the three arginines were replaced by alanines (K1-mut-
myc). We then transfected this plasmid into HEK293 cells and
tested LPS-induced Keap1 degradation. LPS did not reduce the
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and the various Keapl proteins. As expected, p62 was associ-
ated with wild-type Keapl and the C-terminal fragment of
Keap1, but the associations between p62 and the N-terminal
fragment or the Keapl protein with three arginine mutations
were barely detectable (Fig. 6E). Taken together, these data
indicate that the three arginines located in the C terminus of
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FIG 4 continued

Keapl are essential for LPS-induced Keapl degradation and
that the degradation is mediated by p62.

DISCUSSION
The major findings of our study are that TLR signaling can activate
autophagy through the induction of p62 and LC3 and that the
autophagy-associated Keapl degradation is a critical trigger that
leads to activation of the Nrf2 pathway. It is well-known that TLR
signaling activates the Nrf2 antioxidative stress pathway and that
TLR signaling also induces selective autophagy (25-27). During
autophagy deficiency, aberrant p62 accumulation could target
Keapl and cause Nrf2 pathway activation, which would lead to
liver injury (20, 24). It has also been reported that Keapl is an
ubiquitinated protein but that its degradation is independent of
26S proteasome-mediated degradation (28); instead, Keapl was
constitutively degraded through autophagy even under the basal
and native/unmodified conditions (29). However, the role of au-
tophagy in the process of TLR activation of Nrf2 has not been fully
revealed. Our study expands on these previous studies and pro-
vides direct evidence that TLR signaling controls the host innate
response induced by Nrf2 activation through autophagic Keapl
degradation. It also establishes that autophagy is an important link
between TLR signaling and Nrf2 activity during inflammation.
Recent studies have suggested that TLR signaling is linked to
the induction of autophagy and at least two selective autophagy
processes are associated with TLR signaling: autophagic lysis of
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intracellular microbes (called xenophagy) and autophagic clear-
ance of TLR-induced aggregation of signaling proteins (called ag-
grephagy) (12). In regard to xenophagy, one of the central ques-
tions is how TLR-mediated substrates induce selective autophagy
machinery and promote phagophore assembly. Now it is generally
accepted that autophagy cargo receptor p62 plays a critical role in
this process. The accumulation of ubiquitinated cellular signaling
molecules can be recognized by cargo receptor p62, which leads to
targeted phagophore assembly and subsequent cargo degradation
(13, 30). Since p62 is an Nrf2 downstream target and Nrf2 activa-
tion increases p62 expression (22, 27), it is possible that p62-asso-
ciated autophagy activation is a result of TLR4-induced Nrf2 ac-
tivation. To address this, we compared the LPS-induced Keapl
levels in the kidneys of Nrf2-knockout and wild-type mice. Our
results showed that injection of LPS still caused increases in p62
levels and Keapl degradation in the absence of Nrf2, suggesting
that TLR signaling can activate autophagy independently of Nrf2.
It is worth noting that in our assay system Keapl degradation
occurred after the initial accumulation of Nrf2 upon LPS stimu-
lation. Previous studies showed that Nrf2 phosphorylation con-
trols its activity at the early stage (19, 27, 31). We speculate that
TLR signaling-induced Nrf2 activation probably involves an early
Nrf2 phosphorylation-associated activation and a later Keapl
degradation-triggered Nrf2 activation. The latter might play a
critical role in maintaining Nrf2 pathway activation for an ex-
tended period of time, which is beneficial for tissue repair since
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or with 200 ng/ml LPS for various times (C). p62 was assayed by Western blotting. (D) RAW cells were treated with LPS (200 ng/ml) for 3 h. The cell lysates were
subjected to coimmunoprecipitation with anti-Keap1 or an isoform control antibody. The level of p62 was assayed by Western blotting. Nonimmunoprecipitated
cell lysates were assayed for p62 and Keap! as controls. IP, immunoprecipitation. (E) RAW cells were transfected with shRNA specific for p62 or a nonspecific
control shRNA for 36 h and then treated with LPS (200 ng/ml) for 12 h. Keap1, p62, and HO-1 proteins were assayed by Western blotting (top). The results of
quantification analysis are also shown (bottom). The experiments were repeated at least three times, and representative results are shown. *, P < 0.05; N.S, no
significant difference. (F) Nrf2~/~ and WT mice were treated with LPS (10 pg/kg of body weight) by injection for 24 h, and then Keap1 and p62 from mouse
kidney were analyzed by Western blotting (top). C, control. The results of quantification analysis are also shown (bottom). The experiments were repeated at least
three times, and representative results are shown. *, P < 0.05.

autophagic p62-induced Nrf2 pathway activation inhibits the TLR
signaling-induced deregulation of inflammatory responses (25).
It is well established that Keap1 regulates the Nrf2 signaling
pathway, but the regulation of Keapl itself is less well docu-
mented. Recent studies showed that Keapl1 is subjected to post-
transcription regulation: its mRNA level was affected by
microRNA 200a through its 3" untranslated region (32, 33). An-
other study reported that Keapl overexpression in HepG2 cells
inhibits Nrf2 activity (34). Genetic knockdown of Keap1 was also
found to enhance Nrf2 activity and decrease fasting-induced ste-
atosis and oxidative stress (35, 36). These studies suggest that the
level of endogenous Keap1 is important in the proper control of
Nrf2 activity. Our results add new evidence that reduction of the
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Keapl protein level directly affects Nrf2 activity. We demon-
strated that the LPS-induced Keap1 reduction occurs at the pro-
tein level, since Keapl mRNA levels remained constant in the
presence of LPS treatment (Fig. 3A and B). We further showed
that LPS also causes a reduction in the amount of exogenously
expressed Keapl in a manner similar to that for endogenous
Keap1 (Fig. 3D), indicating that regulation of the Keap1 protein
level constitutes an important step in TLR signaling-induced Nrf2
activation.

Ubiquitination and autophagy are two major degradation
pathways that remove cellular and microbial components to
maintain cell homeostasis (37). We have presented several lines of
evidence indicating that autophagy mediates the inhibitory effect
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of LPS on the Keapl protein. First, a proteasome inhibitor,
MG132, had no effect, but 3-MA and a specific autophagy inhib-
itor, CQ, abolished the LPS-induced Keapl protein reduction.
Second, LPS treatment increased LC3 and LC3-II cleavage, which
correlated with Keapl and LC3 colocalization and redistribution
in punctate autophagosome-like structures. Finally, LPS en-
hanced p62 protein expression and its association with Keap1. All
these pieces of evidence support the notion that autophagy-medi-
ated Keapl causes Nrf2 activation.

Keapl contains multiple highly reactive cysteine residues, lo-
cated in the intervening region between BTB (broad complex,
tram-track, bric-a-brac) and Kelch repeat domains, which func-
tion as sensors for electrophilic compounds and oxidants. Upon
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stimulation of cells with reactive oxygen species, the reactive cys-
teine residues undergo oxidation and form an intramolecular di-
sulfide bond (38, 39). Itis generally accepted that the modification
of critical cysteines Cys257, Cys273, and Cys288 causes a confor-
mational change of Keapl and leads to the release of Nrf2 from
Keapl and subsequent Nrf2 nuclear translocation and activation
(40, 41). Due to the different properties of oxidants and inflam-
mation, we surmise that TLR signaling might induce Keap1 to
release Nrf2 through a different mechanism. Indeed, we found
that three arginines (Arg380, Arg415, and Arg483) on Keapl are
required for the p62 and Keap1 interaction induced by LPS since
replacement of the three arginines with alanines abolished the
LPS-induced Keapl protein reduction (Fig. 6D). Our results do
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not exclude the possibility that the critical cysteines on Keap1 are
also involved in LPS-induced Nrf2 activation but present a clear
direction for future study to explore the role of these three cys-
teines in this process.

Autophagy protein p62 itself is subjected to degradation by
autophagy (42). Mice with deficient autophagy exhibit elevated
p62 protein levels in their livers, and the level of the p62 protein is
generally considered to correlate inversely with autophagy activity
(20, 43). However, during inflammation, p62 can be transcrip-
tionally upregulated and its enhanced expression can be corre-
lated with increased autophagy activity (11, 27). Indeed, our study
has provided direct evidence demonstrating that LPS treatment
induces autophagy by enhancing p62 and LC3 protein levels and
increasing the level of association of p62 with Keapl as well as
subsequent Keapl degradation. LPS did not induce Keap1 degra-
dation when autophagy was blocked by 3-MA or chloroquine.
Therefore, our results support the suggestion that TLR agonist-
induced p62 correlates with increased autophagy. We further
tested the role of p62 in Keap1 degradation and Nrf2 activation by
a p62-knockdown assay. LPS treatment did not cause Keap1 deg-
radation when p62 was absent (Fig. 5E), indicating that LPS-in-
duced Keap1 degradation depends on intact p62 and autophagy is
a major regulator of Keapl degradation.

To our knowledge, this is the first study showing how TLR
agonists regulate the Nrf2 signaling pathway through p62-medi-
ated Keapl degradation. Our study provides another example of
aggrephagy in which selective autophagy affects a key signaling
molecule, Keapl, and regulates the antistress and anti-inflamma-
tion responses.
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