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SUMMARY

Sestrins (Sesns) protect cells from oxidative stress.
The mechanism underlying the antioxidant effect of
Sesns has remained unknown, however. The Nrf2-
Keap1 pathway provides cellular defense against
oxidative stress by controlling the expression of anti-
oxidant enzymes. We now show that Sesn1 and
Sesn2 interact with the Nrf2 suppressor Keap1, the
autophagy substrate p62, and the ubiquitin ligase
Rbx1 and that the antioxidant function of Sesns is
mediated through activation of Nrf2 in a manner
reliant on p62-dependent autophagic degradation
of Keap1. Sesn2 was upregulated in the liver of
mice subjected to fasting or subsequent refeeding
with a high-carbohydrate, fat-free diet, whereas
only refeeding promoted Keap1 degradation and
Nrf2 activation, because only refeeding induced
p62 expression. Ablation of Sesn2 blocked Keap1
degradation and Nrf2 activation induced by refeed-
ing and thereby increased the susceptibility of the
liver to oxidative damage resulting from the acute
stimulation of lipogenesis associated with refeeding.

INTRODUCTION

The products of two p53 target genes, Sestrin1 (Sesn1) and
Sesn2, were implicated in defense against reactive oxygen
species (ROS); their antioxidant function was proposed to be
attributable to their sulfinic acid reductase activity (Budanov
et al., 2004), with such activity being necessary to maintain
peroxiredoxins (Prxs) in an active state. Prxs constitute a family
of peroxidases in which cysteine serves as the primary site
of oxidation during the reduction of peroxides. Certain Prxs
are inactivated via substrate-mediated hyperoxidation of the
active-site cysteine to sulfinic acid (Cys-SO,H). The hyperoxi-
dized, inactivated form of Prx is reactivated via a reaction cata-
lyzed by sulfiredoxin (Srx) (Biteau et al., 2003; Rhee and Woo,
2011). It was proposed that Sesns also catalyze this cysteine-
sulfinic acid reduction reaction and thereby inhibit ROS accumu-
lation by maintaining Prx activity. Sesns and Srx, however, show
no similarity in amino acid sequence. Several lines of evidence

subsequently refuted the reductase function of Sesns (Woo
et al., 2009).

Although the underlying mechanism has remained unknown, it
is clear that Sesns protect cells against oxidative stress (Lee
et al., 2010; Papadia et al., 2008). While studying the protective
role of Sesn2 in mouse liver, we found that Sesn2 is necessary
for Srx induction in the liver of mice subjected to refeeding
with a high-carbohydrate, fat-free diet after food deprivation.
The Srx gene is a target of the transcription factor Nrf2 (nuclear
factor erythroid 2-related factor 2) (Bae et al., 2009), which medi-
ates the induction of many cytoprotective genes in response to
oxidative or electrophilic stress (Itoh et al., 2010; Kensler
et al., 2007). Kelch-like ECH-associated protein 1 (Keap1) is
a repressor of Nrf2 activity and plays a key role in its regulation
(Itoh et al., 2010). We looked for a link between Sesn2 and the
Nrf2 pathway and found that Sesn2 promotes the autophagic
degradation of Keap1 and thereby upregulates Nrf2 signaling,
leading to the induction of genes for antioxidant enzymes
including Srx. We have therefore identified a role for Sesn2 as
a positive regulator of the Nrf2 pathway, with this role likely
accounting for the antioxidant function of Sesns. We also
show that Sesn2-dependent activation of Nrf2 is important for
the protection of mouse liver from oxidative injury caused by
the acute lipogenic stimulus that results from refeeding after
food deprivation.

RESULTS

Sesn2 Induces Keap1 Downregulation and Nrf2
Activation

To investigate whether Sesn2 might regulate the Nrf2-Keap1
pathway, we transfected cultured cells with expression vectors
for FLAG epitope-tagged Sesn2 (F-Sesn2) and HA-tagged
Keap1 (H-Keap1). Forced expression of F-Sesn2 reduced the
abundance of H-Keap1 in a concentration-dependent manner
in HEK293 cells (Figure 1A) as well as in HCT116 and Hela cells
(Figures S1A and S1B), whereas the amount of Keap1 mRNA
remained unaffected (Figure 1B). Similar experiments showed
that F-Sesn1 also reduced the abundance of H-Keap1 (Fig-
ure S1C). Sesns have been shown to possess a conserved,
redox-sensitive cysteine residue that corresponds to C125 of
Sesn2. However, expression of a Sesn2 mutant (C125S) in which
this cysteine residue has been replaced with serine still reduced
the abundance of H-Keap1 (Figure S1D).
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Figure 1. Sesn2 Induces Downregulation of Keap1 and Activation
of Nrf2

(A) HEK293 cells transfected with an expression vector for H-Keap1 and
various amounts (1x, 2x, 4x) of a vector for F-Sesn2 were lysed and
subjected to immunoblot analysis with antibodies to the HA or FLAG tags or to
a-tubulin (loading control).

(B) HEK293 cells expressing various amounts (1x, 2x, 4x) of F-Sesn2 were
assayed for Keap1 mRNA by real-time PCR and RT-PCR analysis. Data are
means + SD from three independent experiments.

(C) HEK293 cells transfected with vectors for H-Nrf2, H-Keap1, and F-Sesn2
(1x, 2x) as well as with the luciferase reporter plasmid pNgo1-ARE and
pRL-TK (internal control) were lysed and assayed for luciferase activity. Data
are means + SD from three independent experiments. *p < 0.05, **p < 0.02.
(D) Cytosolic and nuclear fractions of HEK293 cells transfected with vectors for
H-Keap1, H-Nrf2, and F-Sesn2 (1x, 2x) were subjected to immunoblot
analysis with antibodies to FLAG, HA, a-tubulin, and lamin B.

(E) HEK293 cells expressing F-Sesn2 (or transfected with the empty vector)
and HA-Nrf2 were subjected to immunofluorescence analysis with antibodies
to FLAG and HA. Nuclei were also stained with DAPI. Scale bars, 20 um.

Keap1 is a repressor of Nrf2 activation. Forced expression of
F-Sesn2 thus upregulated the transactivation activity of Nrf2
as revealed by a luciferase reporter assay (Figure 1C). This
Sesn2-induced increase in Nrf2 activity was accompanied by
an increase in the amount of Nrf2 in the nucleus as detected
by both subcellular fractionation (Figure 1D) and immunofluores-
cence staining (Figure 1E).
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We examined the sulfinic acid reductase activity and ability to
downregulate Keap1 abundance of both Sesn2 and Srx in
HEK293 cells expressing various amounts of F-Sesn2 or F-Srx
together with H-Keap1. Forced expression of F-Srx resulted in
the complete reduction of sulfinic Prxl, sulfinic Prxll, and partial
reduction of sulfinic PrxlIl in H,O,-treated cells but had no effect
on H-Keap1 abundance in H,O,-treated or control cells (Fig-
ure S1E). Conversely, forced expression of F-Sesn2 induced
a decrease in the abundance of H-Keap1 in both H,O,-treated
and control cells but had no effect on that of the sulfinic form
of Prxs (Figure S1F). These results thus suggested that Sesn2
is not a sulfinic acid reductase and Sesn2 and Srx do not share
a biochemical function.

Sesn2-Induced Keap1 Degradation Is Mediated by p62-
Dependent Autophagy and Promoted by Rbx1

Several pathways that regulate the Keap1-Nrf2 interaction
have been identified, one of which involves p62, an autophagy
substrate that competes with Nrf2 for binding to Keap1
(Komatsu et al., 2010; Lau et al., 2010). We first examined
whether the downregulation of Keap1 abundance by Sesn2 is
mediated by degradation of Keap1. HEK293 cells expressing
F-Sesn2 and H-Keap1 were exposed to the proteasome inhibitor
MG132 or to the autophagy inhibitors chloroquine or 3-methyla-
denine. Immunoblot analysis showed that the Sesn2-induced
decrease in the abundance of Keap1 was slightly enhanced by
MG132 (Figure S2A), whereas it was attenuated by chloroquine
and 3-methyladenine (Figures S2B and S2C), suggesting that
the downregulation of Keap1 by Sesn2 is likely mediated via
autophagic degradation. To determine whether Sesn2 stimu-
lates autophagy, we transfected HEK293 cells with vectors for
F-Sesn2 and H-Keap1 and examined the lipidation of LCS3,
a characteristic of autophagy that converts the LC3-I isoform
to the electrophoretically more mobile LC3-Il isoform. We found
that the amount of LC3-Il was increased by forced expression of
Sesn2 (Figure 2A) and that F-Sesn2 changed the distribution of
GFP-tagged LC3 from a diffuse pattern to a cytoplasmic punc-
tate pattern (Figure 2B), the latter of which represents decoration
of the membranes of autophagosomes by lipidated LC3.

The role of autophagy was further studied using autophagy-
defective, ATG7-deficient (Atg7 /"), or p62-deficient (p62~'7)
MEFs after transfecting them with vectors for F-Sesn2 and
H-Keap1. The lack of ATG7 (Figures 2C and 2D) or p62 (Figures
2E and 2F) blocked Keap1 degradation induced by Sesn2,
suggesting that p62-dependent autophagy is the major pathway
for such degradation. Moreover, forced expression of p62
enhanced the Sesn2-induced degradation of Keap1 in a con-
centration-dependent manner (Figure S2D).

Consistent with the previous observation that Keap1 degrada-
tion was induced by overexpression of Rbx1 (Zhang et al., 2005),
we found that expression of Myc epitope-tagged Rbx1 (M-Rbx1)
in p62** MEFs destabilized H-Keap1 in a concentration-
dependent manner (Figures 2G and 2H). Moreover, this effect
of Rbx1 was not apparent in p62~/~ MEFs (Figures 2G and
2H). The Rbx1-induced degradation of Keap1 was also signifi-
cantly attenuated in Sesn2~/~ MEFs compared with that in
Sesn2*’* MEFs (Figures 21 and 2J). The degradation of
H-Keap1 induced by M-Rbx1 in HEK293 cells was enhanced
by the presence of F-Sesn2 (Figure S2E). In line with the fact
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that Rbx1 interacts with Keap1 indirectly through Cul3 (Zhang
et al., 2005), M-Rbx1-induced H-Keap1 degradation was signif-
icantly attenuated in Cul3-depleted HEK293 cells (Figure S2F).
Keap1 is steadily degraded through p62-mediated autophagy
under normal (unstressed) conditions (Taguchi et al., 2012).
Given that p62 interacts directly with Keap1 and LC3 through
its Keap1 interacting region (KIR) and LC3 interacting region
(LIR) domains (Pankiv et al., 2007; Komatsu et al., 2010), respec-
tively, the formation of an LC3-p62-Keap1 ternary complex on
the autophagosome membrane is likely responsible for auto-
phagic degradation of Keap1. It is known that Keap1 is ubiquiti-
nated by Cul3-Rbx1 and undergoes proteasome-independent
degradation (Zhang et al., 2005). It is also known that p62 binds
ubiquitinated proteins through its ubiquitin-associated (UBA)
domain and directs them to the autophagic machinery. We
tested the role of the p62 UBA domain in Sesn2-induced
Keap1 degradation using HEK293 cells transfected with vectors
for F-Sesn2, H-Keap1, and p62 wild-type or UBA deletion
mutant. p62’s lack of the UBA domain did not block Keap1
degradation induced by F-Sesn2 (Figure S2G). In the absence
of F-Sesn2, however, the steady-state level of H-Keap1 in
wild-type p62-expressing cells was lower than in UBA deletion
mutant-expressing cells (Figure S2G). Similar experiments with

with antibodies to HA, Myc, Sesn2, and LC3.

(J) Densitometric analysis of H-Keap1 in immu-
noblots similar to that in (I). Data are means + SD
from three independent experiments. *p < 0.05.

M-Rbx1-expressing cells indicated that the ubiquitin-UBA
interaction became unnecessary when M-Rbx1 levels were
elevated (Figure S2H). These results suggest that the interaction
between the ubiquitin moiety of Keap1 and the p62 UBA domain
contributes to the formation of an LC3-p62-Keap1 ternary
complex when the concentrations of Sesn2 or Rbx1 are low
but that this interaction is not required in the presence of
elevated levels of Sesn2 or Rbx1, probably because Sesn2 or
Rbx1 can strengthen the otherwise weak association between
Keap1 and p62.

To test whether Sesn2-mediated Keap1 degradation medi-
ates Nrf2 activation, we transfected Keap?** or Keap1™'~
MEFs with vectors for F-Sesn2, p62, and H-Nrf2 and evaluated
the expression levels of three Nrf2 target gens: Srx, NAD(P)H
dehydrogenase quinone 1 (NQO1), and glutathione S-trans-
ferase A1 (GSTA1). The lack of Keap1 completely blocked the
Sesn2-induced increase of the three Nrf2-target genes (Fig-
ure S2I), suggesting that Sesn2 confers its antioxidant function
by facilitating the degradation of Keap1.

Sesn2 Interacts Specifically with p62, Rbx1, and Keap1
To explore whether Sesn2 interacts with p62, Rbx1, or Keap1,
we transfected HEK293 cells with expression vectors for p62,
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Figure 3. Sesn2 Interacts Specifically with

A F-Sesn2: - + B  Fsesn2: - + C F-Sesn2: - +
p62: + + M-Rbx1: + + H-Keap1: + + P62, Rbx1, and Keap1
F-SeanE & E SeanE 5 F_Sesnzlzl - (A-C) Lysates of HEK293 cells transfected with
n.s.- = = n.s.- = vectors for F-Sesn2 and either p62 (A), M-Rbx1(B),
szEl ‘ @ M«be1E N H'Keaml__tl Py or H-Keap1 (C) were subjected to immunopre-
IgG- cipitation with antibodies to FLAG (A and C) or to
Myc (B), and the resulting immunoprecipitates
F-Sesnz E 3] F-Sesn2 IZ' 3] F-Sesn2 El 3] (IPs) as well as the whole-cell lysates (WCL) were
s P EI = H-Keap? El s subjected to immunoblot analysis with antibodies
szlEl to the indicated proteins. IgG, immunoglobulin G;

D E F

Keap1** Keap1” Keap1** Keap1+*

F-Sesn2: - + - + F-Sesn2: - + - +

p62: + + + + M-Rbx1: + + + + F-Sesn2: - +
F-Sesn2 2
S [P = [P
w =
| O = |
E i p62
R =
- -
62 o M-Rbx1 o “b’”l:l
oz [m—| | po—— ¢

M-Rbx1, or H-Keap1 together with a vector for F-Sesn2 and then
subjected cell lysates to coimmunoprecipitation analysis. We
found that p62 was efficiently coprecipitated with F-Sesn2 (Fig-
ure 3A), F-Sesn2 with M-Rbx1 (Figure 3B), and H-Keap1 with
F-Sesn2 (Figure 3C). To determine whether the association of
F-Sesn2 with p62 or M-Rbx1 was indirect and mediated through
Keap1, we examined their interactions in Keap1*/* or Keap1~/~
MEFs. We detected p62 in F-Sesn2 immunoprecipitates (Fig-
ure 3D) as well as F-Sesn2 in M-Rbx1 immunoprecipitates
(Figure 3E) prepared from either Keap1** or Keap?~'~ MEFs,
suggesting that the interactions between Sesn2 and both
p62 and Rbx1 are not mediated through Keap1. Endogenous
Keap1, p62, and Rbx1 were also coimmunoprecipitated with
F-Sesn2 (Figure 3F). The C125S mutant of F-Sesn2 associated
with ectopic p62, M-Rbx1, or H-Keap1 to a similar extent to
the wild-type protein (Figures S3A-S3C). A similar coimmuno-
precipitation analysis indicated that Sesn1 also interacts with
p62, Rbx1, and Keap1 (Figures S3D-S3F).

To localize the regions of p62, Rbx1, and Keap1 required for
their interaction with Sesn2, coimmunoprecipitation analyses
were performed with HEK293 cells transfected with expression
vectors for various deletion mutants of M-p62, H-Rbx1, or
Keap1 together with a vector for F-Sesn2. Deletion of the Phox
and Bemip (PB1) domain of M-p62 or the N-terminal re-
sidues (24-41) of H-Rbx1 completely disrupted the binding of
F-Sesn2 to M-p62 and H-Rbx1, respectively, whereas deletion
of other regions in M-p62 and H-Rbx1 did not alter their associ-
ation with F-Sesn2 (Figures S3G and S3H), suggesting that p62
and Rbx1 bind Sesn2 via their PB1 domain and N-terminal resi-
dues 24-41, respectively. Keap1 consists of five domains: an
N-terminal region, a broad-complex, tramtrack, and bric-a-
brac (BTB) domain, an intervening region (IVR), a Kelch repeat
domain, and a C-terminal region. All three Keap1 deletion
mutants (ABTB, AIVR, and AKelch) interacted with F-Sesn2,
although with much weaker affinities than wild-type Keap1 (Fig-
ure S3l). Thus, Keap1 may interact with Sesn2 through all three
domains, or indirectly through Cul3, which binds to the BTB
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n.s., nonspecific band.

(D and E) Lysates of Keap?*'* or Keap?~'~ MEFs
transfected with vectors for F-Sesn2 and either
p62 (D) or M-Rbx1 (E) were subjected to immu-
noprecipitation and immunoblot analysis as in (A)
and (B), respectively.

(F) Lysates of HEK293 cells transfected with
a vector for F-Sesn2 (or the corresponding empty
vector) were subjected to immunoprecipitation
with antibodies to FLAG, and the resulting pre-
cipitates as well as the whole-cell lysates were
subjected to immunoblot analysis with antibodies
to the indicated proteins.

F-Sesn2:

F-Sesn2

Keap1

IP: Flag

HOBEL-

p62

Rbx1

Tubulin

and IVR domains of Keap1, and p62, which binds to the Kelch
domain of Keap1.

Regulation of Sesn2 Expression, Keap1 Degradation,
and Nrf2 Activation in Mouse Liver by Fasting-Refeeding
Sesns are major downstream targets of p53, which is activated
by stress due to energy deprivation (Sen et al., 2011). The
expression of Sesns is also induced by persistent activation of
target of rapamycin (TOR) signaling in the setting of overnutrition
(Laplante and Sabatini, 2012).

To explore the role of Sesn2 in the physiological setting, under
conditions in which p53 or mTORC1 signaling pathways are
activated, we subjected mice to metabolic challenge by over-
night fasting followed by refeeding with a high-carbohydrate,
fat-free diet. The activity of mMTORC1 in the liver, as monitored
by immunoblot analysis of phosphorylated ribosomal protein
S6, was decreased by overnight fasting; increased markedly at
3, 6, and, 16 hr after the onset of refeeding; and decreased again
after refeeding for 36 hr (Figure 4A). In contrast, the hepatic
abundance of Sesn2 was increased after overnight fasting (Fig-
ure 4B), with the amount of Sesn2 mRNA increased 4-fold rela-
tive to the livers of nonfasted mice (Figure 4C). The amounts of
Sesn2 protein and mRNA had decreased to nonfasted levels
by 3 hr after the onset of refeeding but then increased gradually
until 16 hr, achieving levels slightly lower than those apparent
after fasting, before decreasing again by 36 hr (Figures 4B and
4C). The effect of fasting on Sesn2 expression in the liver was
measured in more detail in mice fasted for 3, 6, 9, or 16 hr. The
amounts of Sesn2 protein (Figure 4l) and mRNA (Figure 4J)
increased gradually with time, with the abundance of Sesn2
mRNA increasing 5-fold by 16 hr, relative to that in nonfasted
controls. These results show that Sesn2 expression is increased
by both fasting and refeeding.

In Drosophila, Sesn expression is induced through ROS-
mediated activation of the transcription factor FOXO (Lee
et al., 2010). Recent studies have also shown that the Sesn2
gene is a target of the transcription factor C/EBP, which is
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activated downstream of ER stress (Ozcan et al., 2008; Papadia
et al., 2008). We found that refeeding in mice induced hepatic ER
stress, as indicated by increased phosphorylation of double-
stranded RNA-activated protein kinase-like ER kinase (PERK)
and eukaryotic initiation factor 2a (elF2«) (Figure 4F), and that
constitutive mMTORC1 activation as a result of TSC2 loss led to
Sesn2 induction (Figure S4A), suggesting that refeeding might
induce Sesn2 expression in mouse liver through activation of
mTORC1 and downstream signaling mediated by ROS and ER
stress.

Deprivation of food for 16 hr resulted in downregulation of
lipogenesis in the liver as monitored by RT-PCR and real-time
PCR analyses of the mRNAs for three lipogenic proteins: sterol
regulatory element-binding protein 1c (SREBP1c), fatty acid
synthase (FAS), and stearoyl-coenzyme A desaturase 1
(SCD1) (Horton et al., 1998) (Figure S4B). Refeeding elicited an
acute lipogenic response in the liver as revealed by marked
increases in the expression of these three lipogenic genes,
which reached a maximum at 16 hr before decreasing again
by 36 hr (Figure S4B). This acute lipogenic response, mediated
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by mTORC1 activation (Li et al., 2010), has been shown to result
in fatty acid accumulation and enhanced ROS production in
hepatocytes (Browning and Horton, 2004). In turn, ROS produc-
tion damages DNA and proteins, inducing inflammatory
responses, liver fibrosis, and cell death, all of which are often
associated with nonalcoholic steatohepatitis (Browning and
Horton, 2004). On hematoxylin and eosin (H&E) staining, this
type of liver injury manifests as an increase in the number of
ballooning degenerated hepatocytes, characterized by cell
swelling with rarefaction of the cytoplasm, around the central
vein area (zone 3) (Kleiner et al., 2005). In order to test whether
mice undergo similar injury in response to fasting-refeeding,
we performed a time series of wild-type mice subjected to
fasting for 16 hr followed by refeeding for various times. H&E
staining of liver sections showed that fasting-refeeding elicited
ballooning degeneration (Figure S4C). The refeeding-induced
liver injury was also apparent from higher levels of apo-
ptosis measured by the TUNEL assay (Figures S4D and S4E)
and from elevated serum levels of ALT (Figure S4F). The
liver injury resulting from the acute lipogenic stimulation of
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fasting-refeeding, as assessed by all of these parameters,
reached a maximum at 16 hr before decreasing again by 36 hr.

The expression of Nrf2-dependent antioxidant genes Srx and
NQO1 and GSTA1 mRNAs were increased slightly after an over-
night fast, and they increased gradually and markedly (maximum
of ~10-, ~8-, and ~12-fold, respectively) during refeeding for
16 hr before declining again at 36 hr (Figure 4G). The abundance
of Srx protein exhibited a pattern similar to that of Srx mRNA
(Figure 4H). Srx, NQO1, and GSTA1 mRNAs were increased
<2-fold during fasting for 16 hr (Figure 4K). We examined
whether Keap1 degradation might contribute to the induction
of these Nrf2 target genes. Immunoblot analysis revealed that
the abundance of Keap1 in the liver was not affected by over-
night fasting (Figures 4B, 4D, and 4l). However, the amount of
Keap1 decreased gradually during refeeding, reaching its nadir
(~40% of the level in nonfasted mice) after 16 hr, before
increasing again at 36 hr (Figures 4B and 4D). In contrast, the
amount of Keap1 mRNA was not affected by fasting or refeeding
(Figure 4E). These results suggest that the refeeding-induced
downregulation of Keap1 protein is likely due to protein degrada-
tion. The abundance of p62 in mouse liver was not affected by
overnight fasting, but it was increased substantially at 6 and
16 hr after the onset of refeeding before declining at 36 hr
(Figures 4B and 4l). In contrast, the amount of Rbx1 was not
affected by fasting or refeeding (Figure 4B).

In summary, the abundance of Sesn2 in mouse liver was
increased to similar extents by fasting for 16 hr and by refeeding
for 16 hr, that of p62 was increased by refeeding for 16 hr, but not
by overnight fasting, and that of Rbx1 was not affected by fasting
or refeeding, whereas the levels of Keap1 degradation and
expression of Nrf2 target genes were not increased substantially
by fasting for 16 hr but were markedly increased after refeeding
for 16 hr. These observations, together with our results obtained
with p62** or p62~'~ MEFs showing that p62 is essential for
Sesn2-induced Keap1 degradation (Figures 2E and 2F), suggest
that concurrent increases in the concentrations of Sesn2 and
p62 are critical for Keap1 degradation.

Sesn2 Is Required for Keap1 Degradation and Nrf2
Activation Induced by Refeeding

To further examine the role of endogenous Sesn2 in Nrf2 regula-
tion, we subjected Sesn2*/* or Sesn2~'~ mice to fasting for 16 hr
followed by refeeding for 16 hr. As shown above (Figures 4G
and 4K), the abundance of mRNAs for Nrf2 target genes in the
liver of Sesn2** mice was increased <2-fold by fasting but
was increased markedly (~15-fold for Srx, ~8-fold for NQO1,
and ~25-fold for GSTA1 relative to the values for nonfasted
controls) by refeeding (Figure 5A). The mRNA levels for the
Nrf2 target genes were not affected by fasting in Sesn2~/~
mice. Furthermore, the marked upregulation of the expression
of these genes by refeeding apparent in Sesn2*/* mice was virtu-
ally abolished in Sesn2™~ mice (Figure 5A). Immunoblot analysis
showed that refeeding induced a pronounced increase in the
hepatic abundance of Srx protein in Sesn2*/* mice but a much
smaller increase in Sesn2~'~ mice (Figure 5B). These results sug-
gested that ablation of Sesn2 resulted in substantial attenuation
of the Nrf2 activation associated with refeeding. As shown in
Figures 4B and 4D, the amount of Keap1 protein in the liver was
reduced by 50% in refed Sesn2*/* mice (Figures 5C and 5D).
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In contrast, refeeding had only a marginal effect on Keap1
abundance in Sesn2~/~ mice (Figures 5C and 5D). The amount
of Keap1 mRNA was not affected by fasting or refeeding in either
Sesn2** or Sesn2~~ mice (Figure 5E).

The amount of p62 was low in the liver of nonfasted Sesn
or Sesn2~’~ mice, and it was not affected by fasting in mice of
either genotype (Figure 5C). The hepatic abundance of p62
mRNA was also not affected by fasting in these animals (Fig-
ure 5F); it was increased by a factor of ~2.5 in Sesn2*/* mice
but only slightly in Sesn2~/~ mice after refeeding (Figure 5F),
suggesting that Sesn2 ablation downregulated p62 gene tran-
scription. Of note, although the p62 gene is a target of Nrf2
(Jain et al., 2010), the extent of the increase in the amount of
p62 mRNA induced by refeeding in Sesn2*/* mice (Figure 5F)
was much smaller than that for other Nrf2 targets (Figure 5A).
In contrast to its MRNA, the amount of p62 protein was markedly
increased in both Sesn2*/* and Sesn2~/~ mice (Figure 5C). Thus,
despite the fact that the abundance of p62 mRNA in refed
Sesn2~/~ mice was much lower than that in refed Sesn2*/*
mice, refeeding increased p62 protein levels to a similar extent
in both types of mice. One possible explanation for this finding
might be that the autophagic substrate p62 is degraded much
more slowly in the absence of Sesn2, as seen with Keap1.

The activity of mTORCH1 in the liver, as reflected by S6 phos-
phorylation, was markedly reduced after 3 hr of fasting in
Sesn2** mice, whereas such an effect was not observed in
Sesn2~/~ mice (Figures 5G and 5H), suggesting that Sesn2 is
required for the fasting-induced inhibition of mMTORC1. However,
the activity of mMTORC1 remained inhibited at the same level after
3, 6, or 9 hr of fasting before recovering to the level of nonfasted
control mice at 16 hr (Figures 5G and 5H), whereas the amount of
Sesn2 increased gradually with time during fasting for 3, 6, 9, or
16 hr (Figure 5G). These observations suggest that the basal
level of Sesn2 may be sufficient for the fasting-induced inhibition
of mMTORC1 activity and that induction of Sesn2 is not a signal to
mTORCA1.

We evaluated the role of Sesn2 in the formation of autophago-
somes by measuring the autophagic marker LC3-IIl. The amount
of LC3-Il formed during fasting for 3 and 6 hr in the livers of
Sesn2*"* mice was lower than in the livers of Sesn2~/~ mice
(Figures S5A and S5B). Although refeeding markedly reduced
the amount of LC3-I1 in the livers of both Sesn2*/* and Sesn2~/~
mice, LC3-Il levels were still noted to be higher in the livers of
refed Sesn2*"* mice compared to refed Sesn2~/~ mice (Figures
S5C and S5D). These results support the notion that Sesn2
together with p62 can activate selective autophagy for degrada-
tion of Keap1 even when mTORCH1 is activated (Figure 4A) and
macroautophagy is subsequently suppressed.

2+/+

Sesn2-Induced Nrf2 Activation Protects the Liver from

Oxidative Damage Due to Acute Lipogenic Stimulation

Refeeding after fasting elicited oxidative liver damage (Figures
S4C-S4F). We evaluated the role of Sesn2 in modulating this liver
injury by subjecting Sesn2** and Sesn2~'~ mice to the fasting-
refeeding protocol. The ablation of Sesn2 resulted in a greater
increase in liver damage as measured by H&E staining (Fig-
ure 6A), serum ALT levels (Figure 6B), and TUNEL assay (Figures
6C and 6D). To determine whether the exaggerated liver injury
observed in fasted-refed Sesn2~/~ mice was related to the
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Figure 5. Effects of Sesn2 Ablation on
Keap1 Degradation, Expression of Nrf2
Target Genes, and mTORC1 Activity in the
Liver during Fasting or Refeeding in Mice

(A-F) Sesn2** or Sesn2~'~ mice were maintained
in a nonfasted state (NFa) or deprived of food for
16 hr without (Fa) or with (Fa/R) refeeding a high-
carbohydrate, fat-free diet for 16 hr. The livers
from three mice of each group were pooled and
homogenized, and the homogenates (20 ng of
protein) or nuclear fraction (40 pg of protein) was
subjected to immunoblot analysis with antibodies
to the indicated proteins (B and C). Two repre-
sentative Keap1 blots are shown. The intensity of
Keap1 bands in immunoblots similar to that in (C)
was determined by densitometry (D); data are
expressed relative to the corresponding value for
nonfasted mice and are means + SD from three
independent experiments (“p < 0.05). Total RNA
isolated from liver homogenates was also sub-
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1 Keap1 (E) and p62 (F) mRNAs. Data are expressed

relative to the corresponding value for nonfasted
mice and are means + SD for three mice of each
group. *p < 0.05 and **p < 0.03 (A); “*p < 0.02 (F).
(G) Sesn2*/* or Sesn2~/~ mice were maintained in
a nonfasted state or fasted for the indicated times.
The livers from three mice of each group were
pooled and homogenized, and the homogenates
(20 pg of protein) were subjected to immunoblot
analysis with antibodies to Sesn2 and to phos-
phorylated or total forms of S6.

(H) The intensity of p-S6 bands normalized by
that of S6 bands in immunoblots similar to that in
(G) was determined by densitometry. Data are
means = SD from three independent experiments.
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failure to induce Nrf2 activation, we examined the role of Nrf2 in
protection against oxidative liver injury by subjecting Nrf2*/* or
Nrf2~'~ mice to the fasting-refeeding protocol. As expected, re-
feeding induced expression of Srx, NQO1, and GSTA1 genes in
the liver of Nrf2*/* mice, but not in that of Nrf2~/~ mice (Figures
S6A and S6B). Nrf2 deficiency rendered the liver more suscep-
tible to fasting-refeeding-induced injury, as demonstrated by
H&E staining (Figure S6C), serum ALT levels (Figure S6D), and
TUNEL assay (Figures S6E and S6F). These results suggest
that Sesn2-dependent Nrf2 activation is critical for protection
of the liver from refeeding-induced injury.

To test whether Nrf2 overexpression could rescue the
damaging effect of Sesn2 ablation, we used tail vein injections
in Sesn2~/~ mice to transduce their livers with adenovirus ex-
pressing either Nrf2 (Ad-Nrf2) or GFP (Ad-GFP) and subjected
mice to refeeding. The activity of Ad-Nrf2 was verified in Hep-
alc1c7 mouse hepatoma cells (Figures S7A and S7B). Injection
of Ad-Nrf2, but not Ad-GFP, increased the induction of Nrf2
target genes (Figures 7A and 7B) as well as the amount of Nrf2
in the nucleus (Figure 7C) in the livers of both nonfasted and
fasted mice. Importantly, overexpression of Nrf2 attenuated
the extent of refeeding-induced liver damage in Sesn2~/~ mice
as revealed by less ballooning degeneration (Figure S7C),

Sesn2*

reduced serum ALT levels (Figure 7D), and reduced apoptotic
cell death (Figures 7E and 7F) compared to Ad-GFP-treated
mice. These data confirm that Sesn2 protects the liver from re-
feeding-induced oxidative damage through Nrf2 activation.

DISCUSSION

The activity of Nrf2 is negatively regulated by Keap1, a cysteine-
rich protein that acts as a substrate adaptor for the ubiquitination
of Nrf2 by the Cul3-Rbx1 E3 ubiquitin ligase complex. Keap1
thereby targets Nrf2 for proteasomal degradation and maintains
the transcription factor at a low level under nonstress conditions
(Itoh et al., 2010). Keap1 binds through its Kelch domain to the
N-terminal Neh2 domain of Nrf2, and the BTB domain of
Keap1 recruits Cul3. A hinge-and-latch model was proposed
to explain this adaptor and repressor function of Keap1 (McMa-
hon et al., 2006). In this model, the Kelch domains of a Keap1 ho-
modimer bind to one Nrf2 molecule through a low-affinity DLG
motif (latch) or a high-affinity ETGE motif (hinge) located in the
Neh2 domain of Nrf2. Under nonstress conditions, the Keap1 ho-
modimer binds both the DLG and ETGE motifs of Nrf2 and
thereby presents Nrf2 in the correct orientation for ubiquitination.
On exposure to oxidants or electrophiles, Keap1 is modified at
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one or more residues (Itoh et al., 2010), which is thought to
induce a conformational change that disrupts its interaction
with the low-affinity DLG motif of Nrf2 and perturbs its ability to
direct Nrf2 ubiquitination. The net effect of such Keap1 modifica-
tion is thus that Nrf2 is no longer degraded in the cytosol and is
able to translocate to the nucleus and induce transcription of its
target genes.

In the present study, we have found that forced expression of
Sesn2 induces degradation of Keap1 and upregulation of Nrf2
activity and that the Sesn2-induced degradation of Keap1 is
mediated mostly by autophagy rather than by the proteasome.
Furthermore, Sesn2-induced Keap1 degradation was abolished
in the absence of p62 and was promoted by forced expression of
Rbx1. Although the role of Sesn was not known, activation of the
Nrf2 pathway via Keap1 degradation and the role of Rbx1 and
p62 in Keap1 degradation were described previously (Tanigawa
etal., 2007; Zhang et al., 2005; Taguchi et al., 2012). Degradation
of Keap1 results in stabilization and a consequent increase in the
transactivation activity of Nrf2. However, degradation of Keap1
is not necessary for Nrf2 activation. Disruption of the interaction
between Nrf2 and Keap1 is sufficient to trigger activation of the
Nrf2 pathway as exemplified in the case of Nrf2 activation by
the cyclin-dependent kinase inhibitor p21°PWAF!  which
competes with Keap1 for binding to the DLG motif of Nrf2 and
thereby protects Nrf2 from ubiquitination by opening the DLG
latch (Chen et al., 2009). p62 was identified as another protein
that activates Nrf2 by disrupting the Keap1-Nrf2 interaction in
autophagy-deficient cells (Komatsu et al., 2010; Lau et al,,
2010). Impairment of autophagy results in the accumulation of
p62, a specific substrate for this process. It was found that
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Figure 6. Sesn2 Protects the Liver from the
Acute Lipogenic Stimulus Elicited by Re-
feeding after Food Deprivation

(A) Sesn2*'* or Sesn2~/~ mice were maintained in
a nonfasted state (NFa), deprived of food for 16 hr
(Fa), or fasted for 16 hr and then refed a high-
carbohydrate, fat-free diet for 16 hr (Fa/R). Liver
sections prepared from the mice were subjected
to H&E staining. The extent of ballooning degen-
eration (arrows) is indicated below each upper set
of images, which are shown at higher magnifica-
tion in the lower panels. CV, central vein. Original
magnification, ~100 (upper panels) and ~400
(lower panels).

(B) The serum level of alanine aminotransferase
(ALT) was measured from mice treated as in (A).
Data are means + SD for three mice of each group.
*p < 0.05.

(C) TUNEL analysis of liver sections from mice
treated as in (A). Original magnification, ~100.

(D) Quantitation of TUNEL analysis in the liver of
mice treated as in (A). Data are means + SD for
three mice of each group. *p < 0.05.

Fa/R

p62 binds to the Kelch domain of Keap1
via a motif designated the Keap1i-
interacting region (KIR), which resembles
the ETGE motif of Nrf2, and that it thereby
competes with Nrf2 for binding to Keap1.
p62 is a multifaceted adaptor protein that
performs diverse biological functions by interacting with many
other proteins and promoting protein aggregation (Moscat and
Diaz-Meco, 2011). Furthermore, through its ability to interact
with LC3, p62 regulates autophagic removal of protein aggre-
gates and damaged intracellular organelles (Pankiv et al.,
2007). Although proteins that bind tightly to p62 are known to
be degraded together with the autophagy substrate (Fan et al.,
2010), it has not been clear until our present study whether
Keap1 is also degraded by binding to p62. Keap1 degradation
was observed in Keap1-overexpressing cells (Jain et al., 2010),
but it was not apparent in control cells even when p62 degrada-
tion was induced (Fan et al., 2010). These observations suggest
that the interaction between p62 and Keap1 is not strong enough
to render Keap1 susceptible to autophagic degradation unless
the equilibrium favoring dissociation is opposed by a substantial
increase in Keap1 concentration.

We have found that Sesn2 as well as Sesn1 interact with
p62, Keap1, and Rbx1, likely accounting for our observation
that Keap1 degradation was induced by forced expression of
Sesn2 or Sesn1. Sesn isoforms thus appear to serve as scaffold
proteins that strengthen the otherwise weak association of
Keap1 with p62. Both the Sesn2- and Rbx1-induced degrada-
tion of Keap1 depends entirely on p62.

To study the role of Sesn2 in a physiological setting, we sub-
jected mice to fasting and refeeding. The abundance of Sesn2
in the liver was increased by both food deprivation and re-
feeding, but these increases were likely mediated by distinct
mechanisms. The amount of p62 was increased by refeeding,
but not by fasting. Moreover, Sesn2 appears to serve different
functions in the different metabolic states: it suppressed

Sesn2”
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Figure 7. Ectopic Expression of Nrf2 Protects the Liver in Sesn2”~ Mice from the Acute Lipogenic Stimulus Elicited by Refeeding after Food
Deprivation

(A) Sesn2~'~ mice that had been injected with GFP (Ad-GFP) or Nrf2 (Ad-Nrf2) adenovirus were maintained in a nonfasted state (NFa), deprived of food for 16 hr
(Fa), or fasted for 16 hr and then refed with a high-carbohydrate, fat-free diet for 16 hr (Fa/R). Total RNA isolated from the liver of these mice was subjected to
quantitative RT-PCR analysis of Srx, NQO1, and GSTA1 mRNAs. Data are expressed relative to the corresponding value for nonfasted mice and are means + SD
for three mice of each group. *p < 0.03, **p < 0.05.

(B) Immunoblot analysis of Srx in liver homogenates of mice treated as in (A).

(C) Immunoblot analysis of Nrf2 in nuclear fraction of livers of mice treated as in (A).

(D) Serum levels of alanine aminotransferase (ALT) were measured in mice treated as in (A). Data are presented as means + SD for three mice of each group.
*p < 0.05.

(E) TUNEL analysis of the liver from mice treated as in (A).

(F) Quantitation of TUNEL analysis in the liver of mice treated as in (A). Data are presented as means + SD for three mice of each group. **p < 0.05.

(G) Model for the function of Sesn2 in the liver of mice subjected to fasting and refeeding. Left panel: fasting induces inhibition of mMTORC1 activity in a manner
dependent on the basal level of Sesn2 (red arrow), and it induces Sesn2 expression by increasing the transactivation activity of p53 and PGC1a (blue arrow). Right
panel: refeeding with a high-carbohydrate, fat-free diet increases mTORC1 activity, which in turn results in fatty acid accumulation and ER stress, both of which
lead to ROS accumulation. Sesn2 expression is induced (blue arrows) by the action of the transcription factors C/EBP (activated by ER stress) and FOXO
(activated by ROS). Activated mTORC1 inhibits autophagy and thereby allows p62 accumulation (upper red arrow). Accumulated p62 and Sesn2 together
sequester Keap1 and the Cul3-Rbx1 complex to autophagosomes and thereby promote Keap1 degradation (black arrow). The degradation of Keap1 results in
Nrf2 activation. ROS also induce Nrf2 activation through modification of Keap1. Activation of Nrf2 increases p62 gene transcription (lower red arrows). See
Discussion for details.
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mTORCH1 activity in the fasting condition, whereas it cooperated
with p62 to promote the autophagic degradation of Keap1 during
refeeding. On the basis of our findings as well as those of
previous studies, we propose a model for the mechanisms
underlying regulation of the abundance and function of Sesn2
during fasting and refeeding (Figure 7G).

Starvation upregulates p53 activity and downregulates
mTORC1 activity through several mechanisms, which are inti-
mately connected to coordinate the cellular response to meta-
bolic changes (Vousden and Ryan, 2009; Laplante and Sabatini,
2012). We found that mTORC1 activity, as reflected by S6 phos-
phorylation, was markedly decreased in the liver at 3, 6, and 9 hr
after food deprivation but had recovered to the level apparent in
nonfasted mice by 16 hr after the onset of fasting. These changes
are consistent with the recent observations that mTORC1
signaling is inhibited during the initiation of autophagy associ-
ated with food withdrawal, but that the restoration of cellular
levels of amino acids resulting from autophagic catabolism
eventually reactivates mTORC1 despite ongoing food depriva-
tion (Yu et al., 2010). The inhibition of MTORC1 activity and the
activation of autophagy apparent in Sesn2*/* mice fasted for 3,
8, or 9 hr were severely dampened in Sesn2~/~ mice, suggesting
that Sesn2 is necessary for mTORC1 inhibition and subsequent
autophagy activation. Genotoxic stress inhibits mTORC1
signaling through activation of p53; Sesn2 is essential for this
effect of p53 (Budanov and Karin, 2008). Sesn1 and Sesn2
form a complex with AMPK, TSC1, and TSC2 and thereby induce
AMPK activation and TSC2 phosphorylation, thus accounting for
the p53-dependent inhibition of MTORC1 activity in response to
DNA damage (Budanov and Karin, 2008). We found that the
basal level of Sesn2 is sufficient to downregulate the AMPK-
TSC1/TSC2-mTORC1 pathway and that further accumulation
of Sesn2 does not enhance this effect.

Sesn2 induction in the liver of fasted mice is likely the result of
an increase in the transactivation activity of p53 that occurs
downstream of the energy sensor AMPK and the transcriptional
coactivator PGC1a in the energy-starved cells (Sen et al., 2011)
(Figure 7G). Whereas the hepatic abundance of Sesn2 in mice
deprived of food for 16 hr was slightly higher than that in those
allowed to refeed for 16 hr, the upregulation of Sesn2 was
accompanied by Keap1 degradation in the latter condition, but
not in the former, likely because the amount of p62 was
increased by refeeding but not by fasting. Fasting activates
macroautophagy through multiple mechanisms involving p53,
AMPK, and mTORC1 in order to provide additional energy
sources (Vousden and Ryan, 2009). Although the abundance of
Sesn2 in the liver was increased and Sesn2 can upregulate
autophagic catabolism by inhibiting mTORC1 during starvation,
Keap1 degradation was not observed in the liver of fasted mice.
This finding suggests that Keap1 is not degraded by macroau-
tophagy but by highly selective autophagy, probably because
Keap1 degradation requires the presence of both p62 and Sesns
or excess amount of Sesns. Consistent with the absence of
Keap1 degradation and apparent lack of ROS production in
the liver of fasted mice, Nrf2 activation was minimal. Under the
starvation condition, p62 was also not likely degraded, rendering
unnecessary its resupply through transcriptional activation of its
gene, as indicated by the observation that the level of p62 mRNA
was not affected by fasting.
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Feeding mice with a high-carbohydrate, fat-free diet after
fasting provokes an acute lipogenic response with accumulation
of fatty acids in the liver. Fatty acid metabolism in hepatocytes
results in the production of ROS (Browning and Horton, 2004).
Thus, mTORCH1 activation and subsequent fatty acid accumula-
tion in the liver of refed mice may trigger the ROS-FOXO pathway
to induce Sesn2 expression as reported in Drosophila (Lee et al.,
2010). We found that refeeding induced ER stress in mouse liver,
suggesting that the induction of Sesn2 expression by refeeding
is also likely mediated via sequential activation of mTORC1, ER
stress, and C/EBP in addition to the ROS-FOXO pathway (Ozcan
et al., 2008; Hotamisligil, 2010).

The increased level of p62 apparent in the liver of refed mice is
also likely due to upregulation of mTORC1 activity. Activated
mTORC1 attenuates autophagy, resulting in the accumulation
of p62 (Laplante and Sabatini, 2012). On the other hand, the
accumulated p62 together with Sesn2 induced via FOXO and
C/EBP signaling would be expected to sequester Keap1 at auto-
phagosomes and thereby to promote its degradation, resulting
in Nrf2 activation. At the same time, the p62 gene is a target of
Nrf2 (Jain et al., 2010), with p62 accumulation and Nrf2 activation
thus constituting a positive feedback loop (Figure 7G). The key
role of Sesn2 in the refeeding-induced activation of Nrf2 is
evident from our observation that the induction of Nrf2 target
genes by refeeding was markedly attenuated in Sesn2~/~
mice. The fact that such induction was not completely abolished
in the absence of Sesn2 is probably due to the presence of other
Sesn isoforms or to Nrf2 activation via Keap1 cysteine oxidation
by ROS produced from fatty acid metabolism.

The amount of p62 mMRNA was significantly increased by re-
feeding in the liver of Sesn2*/* mice, but not in that of Sesn2~/~
mice. This finding can be explained by the fact that the p62 gene
is a target of Nrf2 and that refeeding markedly activates the Nrf2
pathway in Sesn2*/* mice, but not in Sesn2~/~ mice. Despite the
differential effect of refeeding on the level of p62 mRNA in
Sesn2*"* and Sesn2~'~ mice, the amount of p62 protein was
increased to a similar marked extent by refeeding in mice of
both genotypes. Although autophagic catabolism is inhibited
by refeeding, autophagy occurs constitutively at low levels,
and autophagic degradation of certain proteins is even upregu-
lated under nutrient-rich conditions (Mizushima and Komatsu,
2011), as exemplified in the present study by the autophagic
degradation of Keap1. Given that Keap1 degradation occurs in
association with that of the autophagic substrate p62, increased
synthesis of p62 mMRNA might be necessary to compensate for
the loss of p62 in the liver of refed Sesn2** mice. In the liver of
refed Sesn2~'~ mice, p62 mRNA was not upregulated, yet the
abundance of p62 was highly increased and similar to that in
Sesn2** mice, probably because Keap1 degradation (which is
accompanied by p62 degradation) is blocked by the absence
of Sesn2, whereas p62 synthesis is maintained. The fact that re-
feeding-induced Keap1 degradation occurred in Sesn2*’* mice,
but not in Sesn2~/~ mice despite the similar p62 protein levels in
these animals, further supports the notion that the accumulation
of p62 is not sufficient and that the scaffolding function of Sesn
proteins is essential for this effect.

Mice fed a high-carbohydrate diet accumulate fatty acids in
the liver, resulting in the generation of large amounts of ROS.
To protect against these ROS, hepatocytes produce antioxidant
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enzymes such as Srx through activation of the Nrf2 signaling
pathway. Our data in Sesn2~/~ and Nrf2~'~ mice refed a high-
carbohydrate diet demonstrate that the failure to induce such
antioxidant enzymes results in severe liver injury, as manifested
by anincrease in ballooning degeneration, serum ALT levels, and
apoptotic cell death. Further, the extent of this liver injury in
Sesn2~/~ mice was attenuated by ectopic expression of Nrf2.
Thus, our observations suggest that Sesn2-dependent Nrf2 acti-
vation is essential for protection of the liver from injury inflicted by
an acute lipogenic stimulus. Further, our data show that the
ROS-suppressor function of Sesn proteins is attributable to their
capacity to promote the p62-dependent autophagic degradation
of Keap1 and consequent Nrf2 activation.

EXPERIMENTAL PROCEDURES

Cell Culture and Biochemical Analyses

HEK293 cells, Hela cells, HCT116 cells, Hepalc1c7 cells, and MEFs were
maintained under 5% CO, at 37° in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, penicillin, and streptomycin.
Transfection of cells with expression vectors (see Supplemental Experimental
Procedures) was performed with the Lipofectamine Plus reagent (Invitrogen).
For adenoviral transduction, Hepalc1c7 cells were transduced in serum-
deprived medium with Ad-GFP or Ad-Nrf2 at different multiplicities of infection
(moi) for 24 or 48 hr (Shih et al., 2005). For siRNA experiment, HEK293 cells
were transfected with control siRNA or siRNA against Cul3 for 24 hr. Immuno-
precipitation and immunoblot analysis are described in the Supplemental
Experimental Procedures.

Animal Treatments

Male C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor),
maintained on a 12 hr-light, 12 hr-dark cycle, and allowed free access to food
and water before experiments. Breeding pairs of Nrf2 knockout (Nrf2~/~) mice
were obtained from RIKEN BioResource Center (Tsukuba, Japan). Sesn2
knockout (Sesn2~/~) mice were generated as described (Woo et al., 2009).
Ad-GFP and Ad-Nrf2 were a generous gift from T. Murphy. Recombinant
adenoviruses (2 x 10° pfu) were delivered by tail vein injection to mice. For
refeeding experiments, male mice (8 weeks old) were maintained in a nonfasted
condition with normal chow, were deprived of food for various times, or were
refed with a high-carbohydrate, fat-free diet (Harlan Teklad Diets) after fasting
(Horton et al., 1998). Serum alanine aminotransferase (ALT) levels were
measured by a 7020 Clinical Analyzer (Hitachi). All animal experiments were
approved by the Animal Care and Use Committee of Ewha Womans University.

Statistical Analysis

Quantitative data are presented as means + SD and were compared between
two groups with the use of the two-tailed Student’s t test. A p value of < 0.05
was considered statistically significant.

Other Experimental Procedures

Chemical reagents, antibodies, expression vectors, immunofluorescence
analysis, luciferase reporter assays, quantitative RT-PCR analysis, histological
analysis, and TUNEL assay are described in Supplemental Experimental
Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.cmet.2012.12.002.
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