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AMPK Facilitates Nuclear Accumulation of Nrf2 by Phosphorylating
at Serine 550
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Nrf2 (nuclear factor erythroid 2-related factor 2) is an antioxidant transcription factor. AMP-activated protein kinase (AMPK)
functions as a central regulator of cell survival in response to stressful stimuli. Nrf2 should be coordinated with the cell survival
pathway controlled by AMPK, but so far the mechanistic connections remain undefined. This study investigated the role of
AMPK in Nrf2 trafficking and its activity regulation. A subnetwork integrating neighbor molecules suggested direct interaction
between AMPK and Nrf2. In cells, AMPK activation caused nuclear accumulation of Nrf2. In the in vitro kinase and peptide
competition assays, AMPK phosphorylated Nrf2 at the Ser558 residue (Ser550 in mouse) located in the canonical nuclear export
signal. Nrf2 with an S550A mutation failed to be accumulated in the nucleus after AMPK activation. Leptomycin B, a nuclear
export inhibitor, did not enhance nuclear accumulation of wild-type Nrf2 (WT-Nrf2) activated by AMPK or a phospho-Ser550-
mimetic Nrf2 mutant, corroborating the finding that AMPK facilitated nuclear accumulation of Nrf2, probably by inhibiting
nuclear export. Activated glycogen synthase kinase 33 (GSK3) diminished the basal nuclear level of Myc-S550A-Nrf2. Taking
the data collectively, AMPK phosphorylates Nrf2 at the Ser550 residue, which, in conjunction with AMPK-mediated GSK3f in-

hibition, promotes nuclear accumulation of Nrf2 for antioxidant response element (ARE)-driven gene transactivation.

Redox homeostasis in the cell may be disturbed by a deficiency
in energy production as well as by reactive oxygen species
(ROS) generated from xenobiotic biotransformation or the pro-
cess of fuel oxidation (1-3). Nrf2 (nuclear factor erythroid 2-re-
lated factor 2), a key antioxidant transcription factor, participates
in maintaining redox homeostasis in the cell (4). Various physio-
logical or pathological circumstances accompanying free radical
generation activate Nrf2 as a consequence of an adaptive response
to oxidative stress (5). However, the regulation of Nrf2 has been
minimally studied in the context of cellular energy deficiency (e.g.,
starvation, hypoxia, and exercise).

The response of Nrf2 to oxidative challenge stress rapidly oc-
curs mainly through phosphorylation at Ser40; protein kinase C8
(PKCd) induces activation of phosphorylation of Nrf2 at the res-
idue, and the phosphorylated form is then released from Keap-1
and is stabilized for antioxidant response element (ARE)-driven
gene expression (6, 7). An active form of Nrf2 has been shown to
localize in the nucleus and binds to the ARE(s) present in the
promoter regions of target genes (8). In this process, phosphoino-
sitide 3-kinase controls nuclear translocation of Nrf2 (9). In con-
trast, glycogen synthase kinase 33 (GSK3[3) catalyzes the inhibi-
tory phosphorylation of Nrf2 for the tight activity control (10, 11).
Other kinases, including mitogen-activated protein kinases and
Fyn, may also affect Nrf2 activity (12, 13). Despite the identifica-
tion of oxidative stress-associated Nrf2 kinases, the characteristics
of regulation of Nrf2 in response to the change in energy status
and the responsible kinase(s) remain largely unknown.

AMP-activated protein kinase (AMPK), a heterotrimeric com-
plex composed of a-, B-, and y-subunits, is an energy-sensing
serine/threonine kinase ubiquitously expressed across different
tissues (14). The AMPK «-subunit (a1 and a2 isoforms) contains
the catalytic domain and is phosphorylated at the Thr172 residue
upon activation (14). In mammalian cells, AMPK is activated by
an increase in the AMP-to-ATP ratio, which occurs under a vari-
ety of stress conditions such as nutrient deprivation, ischemia, and
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hypoxia (e.g., prolonged exercise); AMPK activation allows the
cell to recover energy homeostasis by enhancing fuel oxidation
(14-16). In addition, AMPK induces manganese superoxide dis-
mutase (MnSOD) and HO-1 (17-19), enabling the cell to recover
its antioxidant capacity. Moreover, it has the ability to increase cell
survival of harmful stresses (20—24). Nevertheless, information as
to how AMPK induces the expression of cytoprotective or antiox-
idant enzymes is unavailable.

AMPK phosphorylates hepatocyte nuclear factor 4o (HNF4a),
ChREBP, p300, and TORC2 (25). However, whether AMPK
phosphorylates Nrf2 is unknown. In view of the lack of under-
standing of the link between AMPK and Nrf2, this study investi-
gated whether AMPK phosphorylates Nrf2 and, if so, what the
underlying basis is. Our findings revealed that AMPK phospho-
rylates Nrf2 at the Ser550 residue located in the canonical nuclear
export signal (NES) sequence. Moreover, we found that AMPK
causes accumulation of Nrf2 in the nucleus through phosphory-
lation in addition to GSK3@ inhibition (10, 11). Our findings
identifying AMPK as a novel kinase that activates Nrf2 through
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nuclear accumulation provide information on the distinct role of
the energy-sensing enzyme in increasing antioxidant capacity and
cell survival.

(A part of the data included in this paper was presented at the
Annual Meeting of Experimental Biology [2016].)

MATERIALS AND METHODS

Materials. Antibodies directed against Nrf2 and c-Myc were supplied by
Santa Cruz Biotechnology (Santa Cruz, CA). The antibodies specifically
recognizing phospho-AMPK, AMPK, phospho-glycogen synthase kinase
3B (phospho-GSK3p), GSK38, and lamin A/C were obtained from Cell
Signaling (Beverly, MA). Horseradish peroxidase-conjugated goat anti-
rabbit and goat anti-mouse IgGs were obtained from Zymed Laboratories
(San Francisco, CA). [**PJATP (3,000 mCi/mmol) was supplied by
PerkinElmer Life and Analytical Sciences (Waltham, MA). Anti-B-actin
antibody and other reagents were obtained from Sigma-Aldrich (St.
Louis, MO).

Analysis of protein-protein interaction network. The protein-pro-
tein interaction network was mapped using the Mentha open database
(http://mentha.uniroma2.it/). In the analysis of data from the microarray
GEOQ database (accession number GSE24504), coefficients of correlation
between median values of all gene pairs were calculated using R software
(Bioconductor, pvclust) and Pearson’s method. P values for each gene
pair were calculated from the values corresponding to the distribution of
the degree of correlation between all gene pairs. The human gene network
obtained from HumanNet (http://www.functionalnet.org/humannet/)
was converted to a mouse gene network using NCBI Human Genome
(build 36.1). All networks were visualized using Cytoscape 3.0.0 software.

Cell culture. HepG2 and HEK293 cells were supplied by the American
Type Culture Collection (Manassas, VA). The cells were maintained in Dul-
becco’s modified Eagle’s medium containing 10% fetal bovine serum (FBS),
50 units/ml penicillin, and 50 wg/ml streptomycin at 37°C in a humidified
atmosphere with 5% CO,. Cells with fewer than 20 passages were used.

Immunoblot analysis. Cell lysates and subcellular fractions were pre-
pared according to previously published methods (9). SDS-polyacryl-
amide gel electrophoresis (PAGE) and immunoblot analyses were per-
formed as previously described (26). Immunoreactive proteins were
visualized using an ECL chemiluminescence detection kit (Amersham
Biosciences, Buckinghamshire, United Kingdom).

Immunofluorescence. Standard immunocytochemical methods were
carried out for the immunostaining of Nrf2 as previously described (9).
For immunocytochemistry, HepG2 cells were fixed in 4% formaldehyde
for 10 min. After a blocking in 5% bovine serum albumin—PBS for 1 h, the
cells were incubated with anti-Nrf2 antibody for 1 h and were then reacted
with Alexa Fluor 546-conjugated rabbit anti-goat IgG antibody (Invitro-
gen, Carlsbad, CA). Stained cells were examined using an Eclipse Ti-U
microscope (Nikon Inc., Japan).

Plasmids. Specific base substitutions were made by oligonucleotide-
mediated mutagenesis according to the instructions of the manufacturer
(Stratagene, Santa Clara, CA). The Ser550 residue of Nrf2 (mouse form)
was mutated to alanine or glutamic acid using a mutagenic primer (5'-C
TGAAAAGGCGGCTCGCCACCTTGTATCTTG-3" or 5'-CTGAAAAG
GCGGCTCGAGACCTTGTATCTTG-3"). The authenticity of the DNA
sequences was verified using an automatic DNA sequence analyzer. The
construct encoding DN-AMPKa1 was a gift from J. Ha (Kyung Hee Uni-
versity, South Korea).

Transient-transfection and luciferase reporter assays. Transient
transfection was done with Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA). Briefly, cells were replated 24 h before transfection at a
density of 7 X 10° cells in six-well plates. The cells were incubated with the
plasmid of interest and Lipofectamine reagent for 3 h for transfection and
were continuously incubated for additional 24 h in minimal essential
medium containing 1% FBS. Control cells were transfected with an equal
amount of the respective empty plasmid (i.e., mock transfection). For
luciferase assays, the cells were transiently transfected with pGL-NQO1-
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ARE construct, which contained three copies of ARE derived from the
promoter of NQOI. Luciferase activity was measured by adding Lucifer-
ase assay reagent (Promega, Madison, WI).

In vitro kinase assay. Recombinant glutathione S-transferase (GST)-
tagged human Nrf2 and human AMPK were purchased from Abnova
(Taipei City, Taiwan) and Upstate Biotechnology (Lake Placid, NY), re-
spectively. For in vitro kinase assay, recombinant AMPK, Nrf2, and
[>?P]ATP were mixed in a final volume of 20 wl of a kinase buffer con-
taining Tris-HCI (25 mM; pH 7.4), 10 mM MgCl,, 25 mM B-glycerophos-
phate, I mM Na;VO,, 2 mM dithiothreitol, I mM phenylmethylsulfonyl
fluoride, 1 pg/ml leupeptin, and 200 wM ATP, and the reaction mixture
was incubated for 30 min at 30°C. Protein phosphorylation was visualized
by autoradiography after SDS-PAGE analysis.

Statistical analysis. The differences between groups were analyzed
using one-way analysis of variance (ANOVA) with Bonferroni correction
or the two-tailed Student ¢ test. The criterion for statistical significance
was set at a P value of <0.05 or a P value of <0.01.

RESULTS

The coexpression network between AMPK and Nrf2. To explore
the molecular interactions (Fig. 1A), we first obtained a subnet-
work integrating neighbor molecules of AMPK and Nrf2 using the
open database of protein-protein interactions and Mentha soft-
ware (http://mentha.uniroma2.it/) and merged them to acquire
the integrated protein interactions (Fig. 1B). The subnetwork in-
cluded Prkaal (AMPKal), Prkaa2 (AMPKa2), and Nfe2l2 (Nrf2)
as first-neighbor molecules, and there was no direct interaction
between AMPK and Nrf2. As an effort to find the first-neighbor
interactions in a physiologically relevant situation, we next chose a
fasting animal model and used the cDNA array GEO database
(GSE24504) derived from the liver of mice fasted for 24 to 72 h;
global gene coexpression analysis emerged as a powerful approach
to identify the tissues and the conditions under which important
interactions occur (27, 28). We then calculated the coefficient of
correlation between all gene pairs comprised in the subnetwork
and plotted the density distribution of each gene pair interaction
versus correlation coefficient (Fig. 1C). The density distribution
was negatively skewed under the fasting condition. In this analysis,
the P values were tested from the distribution of the degree of
correlation between each gene pair of all array-embedded genes;
13,894 genes made 151,547 gene pairs. Of 436 gene pairs among 30
genes in the subnetwork, data from 110 gene pairs were statisti-
cally significant (P < 0.01). In particular, the P value of the corre-
lation between AMPK and Nrf2 was 0.009 (see Data File S1 in the
supplemental material). The network redrawn using the correla-
tion coefficient of gene pairs displayed a direct association be-
tween Nrf2 (Nfe2l2) and each subunit of AMPK (i.e., Prkaa2
[AMPKa2], Prkabl [AMPKR1], Prkagl [AMPK+y1], and Prkag2
[AMPKy2]) (Fig. 1D).

Nuclear accumulation of Nrf2 by AMPK activation. To un-
derstand the role of AMPK in regulating Nrf2 activity in greater
depth, we first examined the subcellular localization of Nrf2 after
treatment of HepG2 cells with 5-aminoimidazole-4-carboxam-
ide-1-B-p-ribofuranoside (AICAR), an AMP analog that activates
AMPK. AICAR treatment increased Nrf2 levels in whole-cell ly-
sate or in nuclear fractions from 3 h to 12 h (Fig. 2A). However,
Nrf2 levels in the cytoplasmic fractions were slightly increased
only at later times, which might have been due to Nrf2-dependent
transcriptional autoinduction (29). This idea is supported by an
increase in the mRNA level (Fig. 2B). In the immunocytochemical
analysis, Nrf2 was predominantly located in the cytoplasm of con-
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FIG 1 The coexpression network between AMPK and Nrf2. (A) Schematic diagram of hypothesis. AMPK and Nrf2 may directly or indirectly interact with each
other. (B) A subnetwork of protein-protein interactions between PRKAA1 (AMPKa1), PRKAA2 (AMPKaz2), and NFE2L2 (Nrf2). (C) Density distribution of
correlation coefficients between all gene pairs comprised in the subnetwork shown in panel B. Correlation coefficients were calculated using public cDNA
microarray data (GEO database accession no. GSE24504). (D) Gene interaction network between AMPK and Nrf2. Gene interactions are based on the correlation
profile. Filled colors indicate Nrf2 subunits (red) or AMPK subunits (yellow). The node size is proportional to the number of neighboring genes. The line
thickness reflects the correlation coefficient between nodes.
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FIG 2 AMPK activation of Nrf2. (A) Immunoblottings for Nrf2. Nrf2 was immunoblotted on whole-cell lysates (WCL) and on the nuclear fraction (NF) and
cytoplasmic fraction (CF) of HepG2 cells treated with AICAR (500 pM) for the indicated times. (B) Quantitative real-time PCR assays. NFE2L2 mRNA levels
were measured in HepG2 cells treated with AICAR (500 uM). Data represent means * standard errors of the means (SEM) of results from three different cell
preparations (one-way ANOVA with Bonferroni correction; results significantly different from time zero control results [**, P < 0.01]). (C) Immunocytochem-
istry for Nrf2. HepG2 cells were treated with vehicle (Control) or AICAR for 3 h and were immunochemically stained for Nrf2 (red). (D) The effect of
DN-AMPKal on Nrf2 nuclear accumulation by AICAR. Nrf2 was immunoblotted on the nuclear fractions of HepG2 cells treated with vehicle or AICAR for 5
h following DN-AMPKa1 transfection. Data represent means = SEM of results from three independent experiments (significantly different from mock control
results [**, P < 0.01] and from AICAR treatment results [#, P < 0.05]). (E) The effect of small interfering AMPKal (siAMPKal) and/or siAMPKa2 on Nrf2
nuclear accumulation by AICAR. Nrf2 was immunoblotted on the nuclear fractions of HepG2 cells treated with vehicle or AICAR for 5 h following siAMPKa1/2
transfection. (F) Effect of DN-AMPKa1 on the NQO1-ARE reporter activity. Luciferase expression from NQO1-ARE was measured in HepG2 cells treated with
vehicle or AICAR for 18 h following DN-AMPKal1 transfection. Data represent means = SEM of results from three different cell preparations (significantly

different from mock control results [**, P < 0.01] and from AICAR treatment results [#, P < 0.05]).

trol cells. AICAR treatment promoted nuclear localization of Nrf2
(Fig. 2C), confirming the functional role of AMPK in its nuclear
accumulation. Immunoblotting assay results showed that trans-
fection with dominant-negative (DN)-AMPKa1 significantly at-
tenuated AICAR-inducible accumulation of Nrf2 in the nucleus
(Fig. 2D). Consistently, knockdown of AMPKa1/2 diminished
nuclear accumulation of Nrf2 by AICAR (Fig. 2E).

AICAR has the ability to induce luciferase expression from the
NAD(P)H quinone oxidoreductase 1 (NQO1)-ARE reporter that
contains three copies of the antioxidant response element (ARE)
derived from the promoter region of the NQO1 gene. Overexpres-
sion of DN-AMPKa1 reduced AICAR-inducible ARE reporter ac-
tivity (i.e., 30% compared to mock transfection) (Fig. 2F). These
results indicate that AMPK may enhance the activity of Nrf2
through nuclear localization.

Direct phosphorylation of Nrf2 by AMPK. To investigate the
molecular basis of AMPK’s activation of Nrf2, we then deter-
mined whether AMPK phosphorylates Nrf2. In the in vitro kinase
assay, AMPK directly phosphorylated Nrf2 (Fig. 3A). Biochemical
and bioinformatics studies have identified the optimal consensus
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recognition motif for AMPK phosphorylation (30, 31). We found
three putative AMPK recognition motifs within Nrf2 (Fig. 3B). Of
them, the third one (having Ser558 in the human form and Ser550
in the mouse and rat homologous form) was especially worthy
of notice because it is conserved across the species, including
human, mouse, and rat, and has a perfect match with the
known recognition motif (Fig. 3C). To find the functional
phosphorylation site(s) in Nrf2 corresponding to AMPK, three
different 10-residue oligopeptides mimicking the putative tar-
get sites (site 1, residues 148 to 157 comprising Ser153; site 2,
residues 330 to 339 comprising Ser335; site 3, residues 553 to
562 comprising Ser558) were synthesized and used as compet-
itors in the in vitro kinase assay (they were readily soluble in the
final solution for the kinase reaction performed at 0.2 pwg/pl).
Of note, the ability of AMPK to phosphorylate Nrf2 was greatly
diminished only by the presence of oligopeptide 3 (Fig. 3D).
Next, a site-directed mutagenesis assay was done to corrobo-
rate the outcome of the peptidomimetic experiment. Given the
inhibitory effect of oligopeptide 3 on AMPK-mediated Nrf2
phosphorylation (Fig. 3D), we generated S558A-Nrf2 mutant
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FIG 3 Phosphorylation of Nrf2 at the Ser558 residue by AMPK. (A) In vitro phosphorylation of Nrf2 by AMPK. Recombinant GST-tagged Nrf2 was incubated with
recombinant AMPK and [**P]ATP for 20 min at 30°C, and proteins in the mixture were resolved by SDS-PAGE. The band was visualized by autoradiography of
*?P-labeled protein. Loading of proteins was confirmed by Coomassie brilliant blue (CBB) staining. (B) Amino acid sequence of human Nrf2. Putative AMPK
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predicted AMPK phosphorylation motifs in Nrf2. The region comprising Ser558 is evolutionally conserved. (D) Inhibition by oligopeptide 3 of AMPK’s phosphorylation
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and compared the in vitro phosphorylation with wild-type Nrf2  Our findings provide strong evidence that Ser558 in Nrf2 (Ser550 in
(WT-Nrf2) results. The single amino acid substitution (Ser— mouse Nrf2) is an authentic site of phosphorylation by AMPK.

Ala at 558) completely abrogated Nrf2 phosphorylation by AMPK Accumulation of §550-phosphorylated Nrf2 in the nucleus.
(Fig. 3E), strengthening the authenticity of Ser558 phosphorylation.  To link nuclear Nrf2 accumulation and Ser550 phosphorylation
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were transfected with the plasmid encoding Myc-tagged WT-Nrf2 or the site-directed mutant (S550A-Nrf2 or S550E-Nrf2) and were treated with AICAR for 6
h. (B) Alignment of the NES motif in Nrf2 with the consensus sequence. (C) Immunoblottings for Nrf2 in the nuclear fraction (NF) or cytoplasmic fraction (CF)
of HEK293 cells transfected with Myc-tagged WT-Nrf2, S550A-Nrf2, or S550E-Nrf2 for 24 h. (D) The effect of leptomycin B (LMB) on the activation of Nrf2 by
AICAR. HepG2 cells were treated with AICAR and/or leptomycin B (10 nM) for 3 h. (E) Immunoblottings for Nrf2 in HEK293 cells treated with leptomycin B
for 6 h after transfection with Myc-tagged S550A-Nrf2 or S550E-Nrf2. (F) Protein stability experiment using cycloheximide (CHX). HEK293 cells were treated
with 10 pwg/ml CHX for the indicated times after transfection with Myc-tagged WT-Nrf2, S550A-Nrf2, or S550E-Nrf2. Data represent means = SEM of results
from three independent experiments (significantly different at the respective times from WT-Nrf2 results [*, P < 0.05] and from S550A-Nrf2 results [#, P < 0.05;
##, P <0.05]). Con, control. (G) Activation and subcellular localization of AMPKa. Each protein was measured in the subcellular fractions of HepG2 cells treated
with AICAR and/or leptomycin B for 30 min. For panels A, C, and E, relative band intensities were compared to those of the respective controls of each construct.

by AICAR, we next generated plasmids encoding Myc-tagged mu-
tants of Nrf2 by site-directed mutagenesis. AICAR-inducible nu-
clear localization of Nrf2 was abolished by the mutation of Ser550
to alanine (Myc-S550A-Nrf2, a mutant that mimics dephospho-
rylated Nrf2) (Fig. 4A). Nevertheless, Myc-S550A-Nrf2 existed
basally in the nuclear fraction to a certain degree. Another mutant
encoding Myc-S550E-Nrf2 with glutamate substituted for Ser550
mimics phosphorylated Nrf2. AICAR treatment had no effect on
the nuclear level of Myc-S550E-Nrf2, presumably because of its
predominant basal localization in the nucleus.

Nrf2 has the motifs of nuclear export signal (NES) and nuclear
localization signal (NLS) (32). The canonical (leucine-rich) NES
motif in Nrf2 (544LLKRRLSTLYL554), a consensus sequence
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conserved across different species (human, mouse, and rat), con-
tains the Ser550 residue (Fig. 4B). In subcellular fractionation as-
says, the nucleus-to-cytoplasm ratio of Myc-S550E-Nrf2 was
greater than that of Myc-WT-Nrf2 or Myc-S550A-Nrf2 (Fig. 4C).
In a continuing effort to verify the role of AMPK in Nrf2 traffick-
ing and its activity regulation, we next adopted leptomycin B as an
inhibitor of nuclear export; leptomycin B binds covalently to
CRM1, an export receptor for leucine-rich NES, inhibiting its as-
sociation with cargo protein (33). As expected, leptomycin B
treatment enhanced nuclear accumulation of Nrf2, as did AICAR
treatment (Fig. 4D). Combined treatment with leptomycin B and
AICAR resulted in a comparable effect, showing no enhancement.
Moreover, leptomycin B treatment caused nuclear accumulation
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of Myc-S550A-Nrf2 at a level similar to that seen with Myc-WT-
Nrf2, supporting the idea that it may inhibit the export of Myc-
S550A-Nrf2 already translocated into the nucleus irrespective of
AMPK catalysis (Fig. 4E). Leptomycin B treatment did not further
increase the nuclear level of Myc-S550E-Nrf2, probably because
the phosphomimetic mutant had been localized in the nucleus.
These results support the concept that the phosphorylation of
Nrf2 at the Ser550 residue prevents nuclear export of Nrf2, prob-
ably by impeding CRM1 binding to Nrf2.

Nrf2 shows delayed degradation when accumulated in the nu-
cleus due to hindering nuclear export signal (32). Next, we as-
sessed whether Ser550 phosphorylation alters the Nrf2 degrada-
tion rate. In the experiment using cycloheximide (CHX), the
degradation of Myc-S550E-Nrf2 was retarded compared to the
degradation of either Myc-WT-Nrf2 or Myc-S550A-Nrf2 (Fig.
4F), being consistent with the previous observation with respect to
NES-lacking Nrf2 (32). Our results and those reported by others
support the conclusion that the phosphorylation of Nrf2 at the
Ser550 residue may hinder CRM1-mediated nuclear export.

AMPK is also modulated by CRM1-mediated export via its
C-terminal NES (34). AMPK catalyzes the phosphorylation of
several transcription factors (e.g., FoxO3 and PGC-1) (35, 36). We
wondered whether nuclear accumulation of Nrf2 by leptomycin B
accompanied AMPK activation. The phosphorylated form
(Thr172) or total form of AMPK was found predominantly in the
cytoplasmic fraction but minimally in the nuclear fraction (Fig.
4G). As expected, AICAR treatment increased the level of phos-
pho-AMPK (Fig. 4G). Leptomycin B treatment did not enhance
the basal or inducible phosphorylation of AMPK, raising the no-
tion that AMPK phosphorylates Nrf2 in the cytoplasm. Together,
these results support the conclusion that Nrf2 may be translocated
into the nucleus after AMPK-mediated phosphorylation at Ser550
in the cytoplasm and that the Ser550-phosphorylated form stays
in the nucleus.

Differential roles of PKCS and AMPK for the activation of
Nrf2. We further investigated the relationship between AMPK
and Nrf2 using the functional network program (HumanNet). In
this approach, a mouse subnetwork was obtained by mapping
human genes to mouse orthologs. The network contained 304 first
neighbors of Prkaa2 and Nfe2I2 as well as 305 interactions with the
two gene products (Fig. 5A); Prkaa2 and Nfe2]2 commonly inter-
acted with Prkcd, Gsk3a, and Ggk3b as first neighbors, indicative of
the association of PKC8 and GSK3 with AMPK and Nrf2.

PKCS3, a protein product encoded by Prked, phosphorylates
Nrf2 at the Ser40 residue, leading to nuclear translocation and
activation of Nrf2 (7). In the next experiment, we focused on the
role of PKC3 in the activation of Nrf2 by AMPK. Here, t-BHQ
(tert-butylhydroquinone) was used as the agent that activates
Nrf2 through PKC8 (7). Treatment of HepG2 cells with t-BHQ
synergistically enhanced the ability of AICAR to induce Nrf2 nu-
clear accumulation (Fig. 5B) or NQO1-ARE gene transactivation
(Fig. 5C, left). This effect was verified by quantitative real-time
PCR (qRT-PCR) assays for HMOX1 (Fig. 5C, right). t-BHQ treat-
ment did not increase the basal or AICAR-inducible AMPK phos-
phorylation levels (i.e., p-AMPKa levels) (Fig. 5D). Our result
showed that PKCS may have a complementary role in the activa-
tion of Nrf2 by AMPK.

To assess the impact of Nrf2 phosphorylation at Ser550 by
AMPK in the transactivation of ARE reporter gene by t-BHQ, we
did more experiments using Myc-WT-Nrf2 and Myc-S550A-Nrf2.
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Treatment with either t-BHQ or AICAR promoted NQO1-ARE lu-
ciferase activity in the cells expressing Myc-WT-Nrf2 (Fig. 5E, left).
Of note, t-BHQ treatment failed to increase the gene transactivation
in S550A-Nrf2-transfected cells, whereas AICAR treatment showed a
marginal effect (Fig. 5E, right). The results indicate that AMPK and
PKC®? play distinct roles in the cellular trafficking of Nrf2, showing
mutual dependency for full activation.

Effect of CA-GSK3[3 on the basal nuclear level of S550A-
Nrf2. AMPK inhibits GSK3[3, a constitutively active Ser/Thr ki-
nase encoded by GSK3B (37, 38). GSK3[ increases Fyn-mediated
Nrf2 phosphorylation at Tyr568, enhancing export of Nrf2 from
the nucleus (10, 11). The HumanNet network enabled us to find
GSK3p and GSK3a as the network motif components engaged in
the AMPK-Nrf2 pathway (Fig. 6A). To verify GSK3[ association
with the identified signaling pathway, we examined the effect of
the constitutively active mutant of GSK3 (CA-GSK3f3, a mutant
with Ser9-to-Ala substitution [39, 40]) transfection on Nrf2 reg-
ulation. Because GSK3[ and GSK3a have 98% identity in their
catalytic domains and functional redundancy (41, 42), we used
GSK3p for this experiment. CA-GSK3f overexpression attenu-
ated both nuclear accumulation of Myc-WT-Nrf2 and Myc-WT-
Nrf2-inducible ARE activity (Fig. 6B and C). Since Myc-S550A-
Nrf2 was barely present in the nuclear fraction (Fig. 4A), we also
determined the effect of CA-GSK3p on the basal nuclear level of
Myc-S550A-Nrf2 in an effort to understand the coherent ON-
OFF switch. As expected, CA-GSK3p transfection markedly di-
minished the nuclear and cytoplasmic levels of Myc-S550A-Nrf2
(Fig. 6D, left). Consistently, CA-GSK3[3 overexpression similarly
reduced ARE reporter activity in HEK293 cells transfected with
Myc-S550A-Nrf2 (Fig. 6D, right). Overall, our results show that
AMPK directly phosphorylates Nrf2 at Ser550, which facilitates
nuclear accumulation of Nrf2 in conjunction with AMPK’s inhi-
bition of GSK3B3-mediated export (Fig. 6E).

DISCUSSION

Oxidative stress in the cell occurs in the physiological situations
subjected to oxygen resupply following energy deficiency and/or
hypoxic preconditioning (e.g., hypoxia and reperfusion injury)
(43). In this process, Nrf2 is activated in response to oxidative
stress, playing a key role in the ARE-mediated induction of a bat-
tery of defensive genes. However, whether an increase in the AMP/
ATP ratio (frequently occurring prior to oxidative stress) regu-
lates Nrf2 had been unknown. A bioinformatics approach using
the open database of protein-protein interactions, Mentha pro-
gram, and global gene coexpression analysis in fasted animals (i.e.,
energy deficiency) enabled us to extract AMPK as a potential Nrf2
kinase. Indeed, AMPK plays a role in the sensing and modulation
of energy homeostasis by monitoring energy status in eukaryotic
cells (i.e., the AMP/ATP ratio) (14, 44). Our results shown here
demonstrate that AMPK directly phosphorylates Nrf2 for its ac-
cumulation in the nucleus. Our finding showing the novel mech-
anism of Nrf2 trafficking (independent of oxidative stress regula-
tion) explains the basis of preparatory adaptation of cells for
homeostatic redox recalibration.

Several physiological substrates of AMPK have been identified
(25). In all cases, AMPK phosphorylated serine residues in the
consensus motif, a sequence representing ®-(3,X)-X-X-Ser/Thr-
X-X-X-®. In the consensus sequence, @ represents bulky or hy-
drophobic amino acids such as valine (V), leucine (L), methionine
(M), and isoleucine (I), whereas 3 represents basic amino acids
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such as lysine (K), arginine (R), and histidine (H). Bulky hydro-  enzyme specificity for other substrates. Moreover, the results of
phobic residues are found at the positions of P—5and P+4,and at  experiments performed using the mutants of Nrf2 strengthen the
least 1 basic residue is located at either P—4 or P—3. The outcome  notion that AMPK serves as an Nrf2 kinase, as corroborated by the
showing the ability of AMPK to phosphorylate Nrf2 matches the  in vitro kinase data.
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Great progress has been made in elucidating the mechanisms
underlying nucleocytoplasmic transportation. Nrf2 has a canoni-
cal leucine-rich NES sequence (LKRRLSTLYL) at the C terminus
between amino acids 545 and 554 (32). In a Ran GTPase-depen-
dent fashion, nuclear importin and exportin recognize the NLSs
and NESs on cargo proteins, facilitating their transport (45). Our
finding that AMPK phosphorylated Nrf2 at Ser550 matches its
effect on Nrf2 nuclear accumulation, since the serine residue is
located within the canonical NES motif. The results obtained from
experiments using leptomycin B and CHX also strengthen this
concept. The fact that the NES motif of Nrf2 overlaps ZIP motifs
supports the notion that the NES motif may be masked when Nrf2
forms heterodimers via its leucine zipper with bZIP proteins such
as small MafG/K (32), which would sustain the nuclear presence
of activated Nrf2. Hence, AMPK modification of Nrf2-NES and
simultaneous heterodimerization of Nrf2 with other molecules
would prevent its nuclear export. In addition, Nrf2-NES appears
to be redox insensitive (46). Thus, the signaling pathway regulat-
ing Nrf2-NES seems to be independent of the redox-sensitive
Keapl-regulatory pathway. Our results showing Nrf2 modifica-
tion within the NES may help decipher a mechanism governing
nuclear localization of Nrf2.

AMPKa may move out of the nucleus using the CRM1 carrier,
shuttling between the nucleus and the cytoplasm. It has also been
shown that AMPKal exists predominantly in the cytoplasm,
whereas the AMPKa2 subunit showed main localization in the
nucleus (47, 48). Various stresses such as heat shock, energy de-
pletion, and oxidative stress affect the phosphorylation state of
AMPKal and AMPKa2, sometimes causing AMPK’s nuclear ac-
cumulation (49). Our findings indicate that Thr172-phosphory-
lated AMPKa mainly existed in the cytoplasm. Despite the activa-
tion of Nrf2, leptomycin B had no effect on basal or inducible
p-AMPKa levels or its subcellular distribution. Hence, it is highly
likely that Nrf2 phosphorylation by AMPK occurs in the cyto-
plasm and that the Ser550-phosphorylated form of Nrf2 is located
in the nucleus.

Nrf2 released from its Keap1 inhibitor through modification of
cysteine residues of Keap1 translocates to the nucleus (50). In this
event, PKCS phosphorylates Nrf2 at Ser40 (7). Both Cys151 mod-
ification of Keapl and PKC8-mediated Nrf2 phosphorylation are
required for the release of Nrf2 from Keap1, leading to the nuclear
localization of Nrf2 (7). Hence, it is plausible that the nuclear
accumulation of Nrf2 elicited by AMPK may prolong the half-life
of Nrf2, as shown in Fig. 4F, due to a decrease in the Nrf2 level in
the Keap1-binding pool. Our finding that Nrf2 activation elicited
by t-BHQ was independent of AMPK and was augmented by
AICAR treatment raises the notion that the AMPK pathway is
distinct from the PKCS pathway in the activation of Nrf2. Since we
cannot exclude the possibility of the existence of other pleiotropic
effects of t-BHQ, studies using genetic modulation of PKC8 may
be necessary. Moreover, leptomycin B had an additional effect on
t-BHQ’s effect of Nrf2, as did AICAR (32). So, an additional re-
dox-insensitive AMPK pathway may be necessary for full ARE-
dependent gene transcription. Phytochemicals may have the abil-
ity to activate Nrf2. However, not all of them can rescue cells from
injury, implying the existence of another signal(s) required for cell
protection. Some phytochemicals increase the activity of Nrf2
without AMPK activation. Thus, the agents that activate both
PKC8 and AMPK may possess a higher antioxidant capacity.

GSK3B inhibits Nrf2 activity through phosphorylation and
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nuclear exclusion (11). In another study, GSK3 phosphorylated
Nrf2 at several serine residues (51). Moreover, GSK3 induces
nuclear localization of Fyn through threonine phosphorylation.
Tyr568 phosphorylation of Nrf2 by Fyn facilitates Nrf2 export
from the nucleus for its binding to Keap1 and degradation (10). In
the present study, we confirmed the inhibitory effect of GSK3f3 on
Nrf2. Our finding that CA-GSK3 reduced the basal nuclear level
of Myc-S550A-Nrf2 and ARE activity indicates that AMPK-medi-
ated nuclear accumulation of Nrf2 may be coupled to the inhibi-
tion of GSK3B. The phosphatidylinositol 3-kinase (PI3K)/Akt
pathway is necessary for the activation of Nrf2 (52). Since the
PI3K/Akt pathway causes the inhibitory phosphorylation of
GSK3, PI3K-dependent activation of Nrf2 may be explained
in part by AMPK activity.

In conclusion, our results demonstrate that AMPK directly
phosphorylates Nrf2 at Ser550, promoting nuclear accumulation
of Nrf2 for ARE-mediated gene transcription, which occurs in
addition to AMPK’s inhibition of GSK3, a kinase catalyzing the
nuclear exclusion of Nrf2. The findings provide novel information
on the coherent ON-OFF switch signaling loop for Nrf2 and help
expand our understanding of the regulatory mechanism of the
important mammalian antioxidant transcription factor.
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