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Abstract

Aims: Nuclear factor erythroid 2 (NF-E2)-related factor 2 (Nrf2) is the master transcriptional regulator of
antioxidant gene expression. On increased oxidative stress, an adaptor for Nrf2 degradation, Kelch-like ECH-
associated protein 1 (Keapl), is directly modulated by oxidants in the cytoplasm, which results in stabilization
and activation of Nrf2. Nrf2 is also constitutively active, to some extent, in the absence of exogenous oxidative
stress. We have previously demonstrated that intestinal epithelium-specific TGF-f$-activated kinase 1 (TAKI1)
deletion downregulates the level of Nrf2 protein, resulting in an increase of reactive oxygen species (ROS) in a
mouse model. We aim at determining the mechanism by which TAK1 modulates the level of Nrf2.

Results: We found that TAK1 upregulated serine 351 phosphorylation of an autophagic adaptor protein, p62/
Sequestosome-1 (SQSTM1), which facilitates interaction between p62/SQSTM1 and Keapl and subsequent
Keapl degradation. This, ultimately, causes increased Nrf2. Takl deficiency reduced the phosphorylation of
p62/SQSTMI, resulting in decreased steady-state levels of Nrf2 along with increased Keapl. We also found
that this regulation is independent of the canonical redox-mediated Nrf2 activation mechanism. In Takl-
deficient intestinal epithelium, a synthetic phenolic electrophile, butylated hydroxyanisole still effectively
upregulated Nrf2 and reduced ROS.

Innovation: Our results identify for the first time that TAK1 is a modulator of p62/SQSTM1-dependent Keap1
degradation and maintains the steady state-level of Nrf2.

Conclusion: TAKI regulates Nrf2 through modulation of Keap-p62/SQSTMI1 interaction. This regulation is
important for homeostatic antioxidant protection in the intestinal epithelium. Antioxid. Redox Signal. 25, 953-964.
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Introduction cumulated and translocates into the nucleus (3, 21). Nuclear

Nrf2 binds to a specific DNA so-called antioxidant respon-

Nrf2 1S A MEMBER of the Cap‘n’ Collar/basic leucine
zipper (CNC)/(bZIP) family of proteins and transcrip-
tionally upregulates a number of antioxidant genes (23, 27,
31). Cytoplasmic Nrf2 is constantly associated with Kelch-
like ECH-associated protein 1 (Keap1) (20). Keap1 acts as an
adaptor molecule for the Cul3 E3 ubiquitin ligase, which
targets Nrf2 for degradation via the proteasome pathway
(25). Covalent modifications such as oxidation on Keapl
cause conformational changes, which block Cul3-directed
ubiquitylation of Nrf2. Consequently, stabilized Nrf2 is ac-

sive element (ARE) and upregulates an array of antioxidant
genes, including glutathione S-transferase (GST), NADPH
quinone oxidoreductase-1 (NQO1), and heme oxygenase-1
(HO1) (48).

Nrf2-Keapl complex is primarily regulated by the cellular
redox status through modification of specific cysteine resi-
dues, including Cys151, Cys273, and Cys288 of mouse
Keapl (9, 10, 53, 55). Increased cellular reactive oxygen
species (ROS) oxidize thiols to disulfides of these cysteine
residues, or electrophilic oxidative stressors; sulforaphane
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Innovation

This study identified a previously uncharacterized nu-
clear factor erythroid 2 (NF-E2)-related factor 2 (Nrf2)
regulation, which is different from the canonical redox-
dependent regulation of Nrf2. We found that an inflam-
matory signaling protein kinase, TGF- ff-activated kinase 1
(TAK1), modulates an autophagic adaptor protein p62/
SQSTMI1 and facilitates downregulation of Keap1, which
results in increased Nrf2. The canonical pathway modu-
lates Keap1 on oxidative stress, whereas TAK1 modulates
steady-state levels of Nrf2, which is important for normal
tissue homeostasis in the intestinal epithelium in vivo.
This mechanism may link inflammatory signaling path-
ways with the redox system.

and quinone compounds such as tert-butylhydroquinone
(tBHQ) directly modify these cysteine residues, which cause
conformational changes of Keapl and stabilize Nrf2 (1, 34,
49). Additionally, Nrf2 is degraded by another type of E3
ligase system, STrCP, in a Keapl-independnt manner in re-
sponse to Wnt signaling (6, 44, 45). Nrf2 stability is also
influenced by cellular autophagic activity, in which a scaffold
protein, p62/SQSTM1, binds to and recruits Keapl into au-
tophagosomes, leading to autophagic degradation of Keapl
and subsequent stabilization of Nrf2 (7, 22, 32, 33). In this
regulation, a specific phosphorylation event on serine 351 in
p62/SQSTMI has been recently implicated as a mediator of
interaction between p62/SQSMT1 and Keapl (16).

Collectively, Nrf2 is regulated through multiple different
mechanisms. Although stimuli-dependent regulations pro-
vide a means to deal with stimuli-dependent acute increase of
ROS, the mechanism for maintenance of the steady-state
Nrf2 activity is still elusive.

Mitogen-activated protein kinase kinase kinase 7, also
called TGF-f-activated kinase 1 (TAKI1) is an intermediate
of inflammatory signal transduction pathways, which is
commonly activated by a diverse set of inflammatory stimuli,
including proinflammatory cytokines, microorganism moie-
ties, and chemical and physical stressors. TAKI transmits
signals from receptor or nonreceptor activated signaling
complexes to downstream targets, including, but not limited
to, two types of protein kinase cascades: mitogen-activated
protein kinase (MAPK) cascade and IxB kinase (IKK)-
NF-xB cascade (36, 39). TAK1 is activated by its binding
protein TAK1-binding protein 1 (TAB1)-mediated autopho-
sphorylation, or by an adaptor protein, TAK1-binding protein
2 (TAB2)-mediated polyubiquitin-dependent mechanism (36).
TAKI1, in turn, phosphorylates and activates downstream
protein kinases.

Genetic ablation of TAKI in mouse models has revealed
that TAKI1 is required for the prevention of oxidative tissue
injury in the epidermis, intestinal epithelium, liver, and skin
tumors (18, 24, 41, 42). Takl deficiency spontaneously up-
regulates ROS in the absence of any exogenous stimulation,
suggesting that TAK1 regulates cellular anti-oxidant levels
under steady-state conditions in those tissues. The mechanism
by which Takl deficiency upregulates ROS has been partly
determined. We have demonstrated that the MAPK, JNK, and
its target c-Jun are involved in TAKI regulation of ROS,
whereas the IKK-NF-xB pathway is dispensable for TAK1
regulation of ROS (42). In addition, Tak! deletion is found to
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reduce the protein level of Nrf2 in the intestinal epithelium
(24), suggesting that TAK1 modulates ROS also through the
Nrf2-Keapl pathway under steady-state conditions.

In the current study, we attempted to define the role of TAK1
in the regulation of Nrf2-Keapl1, specifically in the absence of
exogenous oxidative stress.

Results
TAK1 regulates Nrf2

Intestinal epithelial-specific Tak! deletion reduces the pro-
tein amount of Nrf2 in the intestine without any exogenous
insults. We previously showed that the Nrf2 mRNA level is
not altered (24). Thus, TAKI regulates Nrf2 at the protein
level. In the current study, we began to examine TAK1 reg-
ulation of Nrf2 protein level using mouse keratinocytes (40),
which are skin epithelial cells and retain characteristics of
in vivo epidermal cells. In keratinocytes, Nrf2 is expressed
at a certain level and is detectable in the absence of oxida-
tive stress conditions. This steady-state level of Nrf2 pro-
tein was diminished in Takl-deficient keratinocytes, which
was greatly upregulated by proteasome inhibition (Fig. 1A).
This suggests that Tak! deficiency may enhance Nrf2 protein
degradation, whereas TAK1 may facilitate Nrf2 stabilization.

We examined whether Nrf2 is upregulated by TAKI acti-
vation in the overexpression system. Indeed, overexpression
of an active form of TAKI (co-expression of TAKI and
TABI) highly increased the amount of Nrf2 in human em-
bryonic kidney 293 (HEK293) cells (Fig. 1B). A catalytically
inactive TAK1, TAK1 (K63W), with TAB1 did not upregu-
late Nrf2 (Fig. 1C, lane 6), demonstrating that catalytically
active TAK1 but not TAKI protein or TABI alone mediates
upregulation of Nrf2. Furthermore, activated TAK1 increased
the endogenous Nrf2 level, as shown later in Figure 4B, top
panel. Thus, activation of TAK1 upregulates Nrf2, presum-
ably by stabilizing Nrf2.

Nrf2 is degraded through Keapl-driven proteasome degra-
dation, and this process is initiated by a physical interaction of
Nirf2 with Keapl. Given such an Nrf2 degradation mechanism,
we postulated several scenarios in which TAKI could lead to
Nrf2 stabilization. TAK1 may inhibit interaction between Nrf2
and Keapl. Alternatively, TAK1 may block the machinery of
proteasome degradation of Nrf2 after normal complex for-
mation of Nrf2 and Keap1. Finally, TAK1 may downregulate
the protein level of Keapl that increases the Keap1-unbound
(stabilized) form of Nrf2. We tested these possibilities.

TAK1 binds to Keap1 but does not block binding
of Nrf2 with Keap1

We first tested the possibility that TAK1 modulates in-
teraction between Nrf2 and Keapl. Such modulation may be
through the physical interaction of TAK1 with Nrf2 and/or
Keapl. We examined whether TAK1 binds to Nrf2 and/or
Keapl. TAKI1 was found to marginally interact with Nrf2
when both TAK1 and N1f2 were overexpressed (Fig. 2A, lane
2). In contrast, Keapl was effectively co-precipitated with
TAKI in the co-overexpression system (Fig. 2B, lane 2).
Furthermore, we found that Keapl was co-precipitated with
TAKI1 at the endogenous protein levels (Fig. 2C, lane 2).
Thus, TAK1 seems to bind to Keapl, but Nrf2 interaction
with TAK1 may be through Keapl.
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FIG. 1. TAK1 upregulates Nrf2. (A) Wild-type and

Tak1-deficient (Takl A/A) mouse keratinocytes were treated
with 10 uM MG132 or vehicle for 5h, and nuclear proteins
were analyzed by immunoblotting. Lamin B is shown as a
loading control. The levels of Nrf2 were normalized to la-
min B levels, and relative levels to those in wild-type cells
are shown in the graph (bottom). Wild type, n=3; Takl A/A,
n=4. Means + SEM, ***p<0.001 (two-tailed unpaired
Student’s t-test). (B) HEK293 were transfected with ex-
pression vectors (CMV promoter) for increasing amounts of
HA-TAKI1 (0, 1, 10, 100, 500, and 1000 ng from lane 2 to
lane 7), and for the same amount of TAB1 (100 ng) and Nrf2
(500ng). Proteins were isolated at 48h post-transfection.
Nrf2 and TAK1 amounts were analyzed by immunoblotting.
Lamin B and tubulin are shown as loading controls. The
Nrf2 levels in lane 1-5 that were normalized to the corre-
sponding lamin B levels are shown in the graph (botrom).
The data are representative of two independently performed
experiments with similar results. (C) HEK293 cells were
transfected with expression vectors for HA-TAK1 or HA-
tagged kinase-dead form of TAK1 [HA-TAK1(K63W)] to-
gether with TAB1 and Nrf2. Proteins were isolated at 48h
post-transfection. HA-TAK1(K63W) migrated faster than
wild-type HA-TAK1 (3rd panel, arrow), which is due to
lack of autophosphorylation (30). The data are representa-
tive of two independently performed experiments with
similar results.
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FIG. 2. TAKI1 binds to Keapl but does not inhibit
binding of Nrf2 with Keapl. (A) HEK293 stably expres-
sing Nrf2 cells (Nrf2-HEK293) were transfected with an
expression vector for FLAG-tagged TAKI, and cell lysates
at 48h post-transfection were immunoprecipitated with
control IgG or anti-Nrf2. The precipitates were analyzed by
immunoblotting. Inputs (1/200 or 1/20 used for immuno-
precipitation in TAK1 immunoblot or Nrf2 immunoblot,
respectively) are also shown. Asterisks indicate nonspecific
bands. (B) HEK293 cells were transfected with expression
vectors for HA-TAK1 and T7-Keapl as indicated, and cell
lysates at 48h post-transfection were immunoprecipitated
with anti-HA. Input immunoblotting used 1/200 proteins for
immunoprecipitation. (C) Protein extracts from nontransfected
HEK293 cells were immunoprecipitated with control IgG or
anti-TAK1, and immunoprecipitates were analyzed by im-
munoblotting. Inputs (1/200) are also shown. (D) HEK293
cells were transfected with expression vectors for HA-TAKI,
TABI1, T7-Keapl, and Nrf2 as indicated, and cell lysates at
48 h post-transfection were immunoprecipitated with anti-HA
(HA), anti-T7 (T7), or control IgG (C). Inputs (1/200) of Nrf2
are also shown (2nd panel). All the data are representative
of two or more independently performed experiments with
similar results.

We then examined the interaction between Nrf2 and
Keapl in the presence and absence of an active form of TAK1
(TAKI1+TABI1) in the co-overexpression system (Fig. 2D).
Consistent with a number of earlier studies (reviewed in ref.
(20)), Nrf2 was effectively co-precipitated with Keapl
(Fig. 2D, lane 5), and their interaction was not altered by ad-
ditional co-overexpression of TAK1+TAB1 (Fig. 2D, lane 2).
Nrf2 was also co-precipitated with TAK1 when all the pro-
teins were co-expressed (lane 1). Thus, TAKI can bind to
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Nrf2 and Keapl, but it does not prevent interaction between
Nrf2 and Keapl. We note here that co-expression of activated
TAKI1 with Nrf2 increased differentially migrating forms of
Nrf2 on SDS-PAGE, which was detected as a smeared band
(Fig. 2D lane 1, 2nd panel). This suggests that TAK1 may
modulate Nrf2 protein. However, the importance of TAK1
modification of Nrf2 is not clear at this point. These results
demonstrate that TAK1 stabilizes Nrf2 through a mechanism
other than inhibition of interaction between Nrf2 and Keapl.

TAK1 does not inhibit the Nrf2 degradation machinery

We then examined the possibility that TAK1 inhibits the
Nrf2 degradation machinery after normal binding of Nrf2
with Keapl. To this end, we co-overexpressed Nrf2 and
Keapl with or without an active form of TAKI1 (TAKI1+
TABI1). We observed that exogenously introduced Keapl
protein was stable both with and without TAKI+TABI1
(Fig. 3A). Under such experimental conditions, the canonical
Keapl-dependent proteasome degradation of Nrf2 should
occur as previously reported (8). We determined the Nrf2
degradation rate by a cycloheximide chase assay. Consistent
with earlier studies (21, 31), Nrf2 was quickly degraded with
a half-life around 0.5h in our experimental settings. The
degradation rate of Nrf2 was not pronouncedly altered by
TAKI activation (Fig. 3A, B), in which the half-lives of Nrf2
were 0.38 h (95% confidence interval =0.31-0.50) and 0.50 h
(95% confidence interval =0.41-0.66) in the absence and
presence of an active form of TAKI, respectively (Fig. 3C).
Thus, TAK1 does not seem to directly modulate the process
of canonical Nrf2 degradation.

TAK1 downregulates Keap1

Keapl is a critical adaptor of Nrf2 and targets Nrf2 for
canonical proteasome degradation. Thus, increased availabil-
ity of endogenous Keapl should enhance Nrf2 degradation,
whereas decreased availability of Keap1 should increase Keap1-
unbound Nrf2 and limit Nrf2 degradation. The results in Figure
3 showed that the stability of overexpressed Keapl was not
altered by TAKI activation. However, it is still possible that
TAKI regulates the endogenous level of Keapl, thereby mod-
ulating the level of Nrf2. To test this possibility, we utilized
HEK?293 cells stably expressing exogenous Nrf2, because the
amount of Nrf2 is very low in HEK293 cells. We transfected the
cells with an active form of TAK1 (TAK1+TAB1) (Fig. 4A).
Endogenous Keap! protein was diminished by expression of an
activated TAK1, whereas Nrf2 protein was increased.

To further assess the protein levels of Keapl and Nrf2, we
fractionated cell lysates from HEK293 cells (with no exog-
enous Nrf2 expression) expressing either an empty vector or
TAKI1+TABI into the nuclear and cytosol fractions. En-
dogenous Nrf2 was enriched in the nuclear fraction, and we
could detect it on a long-exposed immunoblotting (Fig. 4B,
top panel). Nrf2 was increased by activation of TAK1, which
was accompanied by the reduction of cytoplasmic Keapl
(Fig. 4B). These results suggest that TAK1 downregulates
Keapl, raising the possibility that reduction of Keapl is the
cause of increased Nrf2. However, although Keap1-cullin 3 is
the major pathway for degradation of Nrf2, STrCP has also
been implicated in Nrf2 degradation under some circum-
stances (6, 44, 45). Importantly, the STrCP-dependent
mechanism is Keapl-independent. Thus, the steady-state
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FIG. 3. TAKI1 does not inhibit Nrf2 degradation ma-
chinery. (A) HEK293 cells were transfected with expression
vectors for Nrf2, Keapl, TAK1, and TABI1 as indicated, and
at 48 h post-transfection, 100 pg/ml cycloheximide (CHX)
was added to the culture medium. Cells were harvested at
0, 0.5, 1.0, and 1.5h after CHX addition (lanes, 1-4). Cell
lysates were analyzed by immunoblotting. A stable protein,
f-actin, is used as a loading control. (B, C) The immuno-
blotting band intensity of Nrf2 was quantified by Image]
software and normalized to the intensity of the f-actin band.
Three independent experiments were performed. Means *
SEM are shown (B). Nrf2 protein half-lives were calculated
by GraphPad software using an exponential decay equation
model. The bars depict the 95% confidence intervals (C).
NS, not significant (two-tailed unpaired Student’s z-test).

Nrf2 may also be regulated by STrCP. To test whether fTrCP
is involved in maintenance of the steady-state Nrf2 level, we
knocked down STrCP. We found that although Keapl
knockdown effectively increased the steady-state Nrf2, about
50% reduction of STrCP did not alter the level of Nrf2
(Fig. 4C). Thus, TAKI1 is likely to regulate the steady-state
Nrf2 level, primarily through modulating Keapl.

We then asked whether ablation of TAK1 can upregu-
late Keapl. We measured the level of Keapl in wild-type
and TaklI-deficient mouse embryonic fibroblasts (MEFs)
(Fig. 4D). The higher level of Keapl was observed in
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FIG. 4. TAKI1 downregulates Keapl. (A) Nrf2-HEK293 cells were transfected with an empty vector or expression
vectors for TAK1 and TABI, and proteins in cell lysates at 48 h post-transfection were analyzed by immunoblotting. The
levels of Nrf2 and Keapl were quantified, and the relative values to those of -actin are shown below the blots. The results
are representative of three independently performed experiments with similar results. (B) HEK293 cells were transfected
with an empty vector or expression vectors for TAK1 and TAB1 and were harvested at 48 h post-transfection. Cell extracts
were fractionated into the cytosol and the nuclear fractions, and they were analyzed by immunoblotting. Lamin B and
GAPDH were used as the nuclear and cytosol markers, respectively. The levels of Nrf2 and Keap1 were quantified, and the
relative values to those of lamin B and GAPDH, respectively, are shown below the blots. The results are representative of
two independently performed experiments with similar results. (C) HEK293 cells were transfected with nontargeted
(control) siRNA or siRNA targeted against KEAPI, or STrCP, and the cytoplasmic and nuclear extracts at 48 h post-
transfection were analyzed by immunoblotting. The levels of Nrf2 were quantified, and the relative values to those of lamin
B from the representative result are shown below the blots. The knockdown efficiency of Keapl and STrCP was assessed by
the mRNA levels normalized to GAPDH mRNA (left graphs). Three independent experiments were performed. Means *
SEM are shown. **p<0.01 (two-tailed unpaired Student’s t-test). (D) Wild-type and Tak!-deficient (A/A) MEFs were
analyzed by immunoblotting. Cells were either left untreated (left two lanes) or treated with a TAKI1 inhibitor, 5z-
7oxozeaenol (5Z) for 6h. GAPDH is shown as a loading control. The levels of Keapl were quantified, and the relative
values to those of GAPDH are shown below the blots. The results are representative of two independently performed
experiments with similar results. (E) HEK293 cells were transfected with nontargeted (control) siRNA or siRNA targeted
against TAKI, and cell lysates at 48h post-transfection were analyzed by immunoblotting. The levels of Keapl were
quantified, and the relative values to those of GAPDH are shown below the blots. The results are representative of two
independently performed experiments with similar results. MEF, mouse embryonic fibroblast.
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FIG. 5. TAKI1 facilitates interaction between Keapl and p62/SQSTMI1. (A) HEK293 cells were transfected with
expression vectors for TAK1 and TAB1 or an empty vector, and cell lysates were isolated at 48 h post-transfection. Proteins
were immunoprecipitated with anti-p62/SQSTM1 or control IgG, and immunoprecipitates were analyzed by immuno-
blotting. Inputs (1/20) are also shown. Arrow indicates the position of p62/SQSTMI (bottom panel). (B) The im-
munoprecipitated and input Keap1 band intensities were quantified by ImageJ software. Four independent experiments were
performed, and the percentage of Keapl protein in p62/SQSTMI1 immunoprecipitates was calculated. The percent-
ages without TAK1+TAB1 were designated as 1. Mean®SEM is shown. **p <0.01 (two-tailed unpaired Student’s z-test).
(C) p62/SQSTM1 mRNA levels were measured by real-time PCR. Three independent experiments were performed.
Mean* SEM is shown. **p <0.01 (two-tailed unpaired Student’s z-test). (D) The immunoblot intensity of phospho-S351
p62/SQSTMI in whole cell lysates was quantified and normalized to the total amount of p62/SQSTM1. The values in empty
vector were designated as 1. Three independent experiments were performed. Mean = SEM is shown. **p <0.01 (two-tailed
unpaired Student’s #-test). (E) Wild-type and TakI-deficient (Takl A/A) MEFs were either left untreated (lanes 1 and 2) or
treated with Bafilomycin Al (2.5mg/ml) for 12h (lanes 3 and 4). (F) The immunoblot intensity of phospho-S351 p62/
SQSTM1 in whole cell lysates was quantified and normalized to the total amount of p62/SQSTMI1. Three independent
experiments were performed. Relative values to those in wild-type cells are shown (mean = SEM). **p <0.01 (two-tailed
unpaired Student’s z-test).

Takl-deficient MEFs compared with wild-type MEFs
(Fig. 4C, lanes 2). In addition, a selective inhibitor of
TAKI1, 5z-7oxozeaenol, treatment upregulated Keapl in
wild-type MEFs (Fig. 4C, lane 3). Similarly, TAKI knock-
down upregulated Keap! protein in HEK293 cells (Fig. 4E).
Collectively, these results demonstrate that TAK1 down-
regulates Keapl.

TAKT1 facilitates binding between Keap1
and p62/SQSTM1

We sought to determine the mechanism by which TAKI1
downregulates Keapl. Keapl is known to be regulated
through several binding proteins such as sestrins and p62/
SQSTM1 (2, 7, 22, 32, 33). Among them, p62/SQSTMI
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binds to and targets Keapl for autophagic degradation (32).
p62/SQSTMI1 is an important regulator of innate immune
signaling by binding and modulating TRAF6 (TNF receptor-
associated factor 6) complex (37). TAKI is also a critical
signaling intermediate of TNF and IL-1 pathways, and it
interacts with TRAF6 (36, 39). These lead us to test the pos-
sibility that TAK1 modulates Keapl through p62/SQSTMI.

We examined whether the interaction between Keapl and
p62/SQSTMI1 was altered by TAKI1. An active form of
TAKI1 (TAK1+TABI1) was expressed in HEK293 cells, and
immuneprecipitates with anti-p62/SQSTM1 were analyzed
(Fig. 5A). Activation of TAK1 reduced the protein level of
Keapl (top panel, lane 6), as also shown in Figure 4. Inter-
estingly, even though Keapl was reduced by TAKI, the
amount of Keap1 that co-precipitated with p62/SQSTM1 was
rather increased by TAKI1 activation (top panel, lane 4). We
quantified the percentages of p62/SQSTM1-bound Keapl in
total Keap1 protein, and we found that they were about three-
fold higher in TAK1+TABI1 expressing cells compared with
cells with empty vectors (Fig. 5B).

We also observed that TAKI1 activation slightly increased
the amount of p62/SQSTM1 (Fig. 5A). This is likely due to
TAKI1-dependent activation of NF-xB, which is the major
activator of p62/SQSTMI1 (56). We found that the p62/
SQSTM1 mRNA level was upregulated about 1.7-fold
(Fig. 5C). This increase may contribute to the increased
binding of Keap1 with p62/SQSTM1; however, the increased
p62/SQSTM1 protein level is not pronounced compared with
the increased binding between p62/SQSTMI1 and Keapl.
Thus, we sought an additional mechanism for the increased
binding. Binding affinity between Keapl and p62/SQSTM1
is known to be modulated by phosphorylation of p62/
SQSTMI1 at a specific amino-acid residue, serine 351 (S351)
in mice (S349 in humans) (16). Given that, TAK1 may me-
diate S351 phosphorylation of p62/SQSTMI.

We examined the S351 phosphorylation status of p62/
SQSTM1 (Fig. 5A). S351-phosphorylated p62/SQSTM1 was
highly increased by activation of TAK1. We note here that
TAKI1 was also co-precipitated with p62/SQSTM1 (Fig. 5A).
TAKI1 may make a complex with p62/SQSTM1 and Keapl.
If TAKI mediates S351 phosphorylation of p62/SQSTMI,
Takl deficiency should reduce it. To visualize S351 phos-
phorylation of p62/SQSTMI1 under basal conditions, we
treated cells with Bafilomycin A1, which inhibits fusion of
autophagosomes with lysosomes and blocks degradation of
p62/SQSTM1 (52). Bafilomycin Al highly upregulated p62/
SQSTM1 in both wild-type and TakI-deficient MEF cells
(Fig. SE). However, S351 phosphorylation of p62/SQSTM1
was profoundly lower in TakI-deficient MEF cells compared
with wild-type cells (Fig. 5SE, F). These results demonstrate
that TAK1 mediates S351 phosphorylation of p62/SQSTMI1,
which facilitates the binding between Keapl and p62/
SQSTM1 and induces autophagic degradation of Keapl.

TAK1 regulation of Keap1 is independent of oxidative
stress-induced modification

We next examined the relationship between the canonical
oxidative stress-induced Nrf2 stabilization and TAKI-
dependent Nrf2 regulation. We asked whether oxidative
stress-induced Nrf2 stabilization still occurs without func-
tional TAK1. We used wild-type and TakI-deficient kerati-

959
A Keratinocytes
Tak1wild type Tak1 A/A
MG132 MG132

tBHQ - + = + = + - +
kDa

Nrf2 o — DO =,
=76

L [ 11 1] - SRR ——

1.0

-

0.36

(=]

Relative Nrf2
level

1 2 3 4 5 6 7 8

B Keratinocytes
Tak1wild type Tak1 A/A

0 6 9 15 2427 0 6 9 15 2427 h
kDa

tBHQ

Nrf2

R EREE ERER R  TTeResERe_

=76

Lamin B s G e s oo smundil GhS s s e

6

3110
0

Relative Nrf2
level

0.31

FIG. 6. Electrophilic activation of Nrf2 is intact in
TaklI-deficient cells. (A) Wild-type and Takl-deficient
(Takl A/A) keratinocytes were pretreated with 10 uM
MG132 or vehicle (DMSO) for 5h and, subsequently,
stimulated with 100 uM tBHQ for 20h. Nuclear proteins
were analyzed by immunoblotting. Lamin B is shown as a
loading control. The levels of Nrf2 were quantified, and the
relative values to those of lamin B are shown (bottom). The
data are representative of two similar experiments. (B) Time
course of Nrf2 accumulation after 100 uM tBHQ stimula-
tion. Lamin B is shown as a loading control. The levels of
Nrf2 were quantified, and the relative values to those of
lamin B are shown (bottom). The data are representative of
three similar experiments. tBHQ, tert-butylhydroquinone.

nocytes as model cells, which expressed a detectable level
of Nrf2 without oxidative stress conditions as shown in
Figure 1A. tBHQ, which is one of the most extensively stud-
ied electrophilic compounds and is known to covalently
modify Keapl at Cysl151 (1, 49), was used as a model
treatment. The steady-state level of Nrf2 was lower in TakI-
deficient cells compared with wild-type cells without tBHQ
treatment, and Nrf2 was highly upregulated with tBHQ
treatment in Tak/-deficient cells (Fig. 6A). In both wild-type
and Takl-deficient cells, Nrf2 was increased by proteasome
inhibition. We also examined the time course of Nrf2 accu-
mulation on tBHQ treatment in wild-type and TakI-deficient
keratinocytes (Fig. 6B). Although elevation of Nrf2 was
weaker in Takl-deficient cells, Nrf2 was increased in both
wild-type and TaklI-deficient keratinocytes. These suggest
that the redox regulation of Nrf2 by tBHQ treatment is not
affected by ablation of TAKI, and that TAKI1 is selectively
involved in the steady-state basal level of Nrf2.
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Electrophilic activation of Nrf2 prevents ROS
in Tak1-deficient intestinal epithelium

We previously reported that intestinal epithelial-specific
inducible Takl deletion (Takl"™'°* Villin-CreERT2,
Tak1"™™9) mice develop inflammatory bowel disease-like tis-
sue injury on Takl gene deletion, which is associated with a
profound increase of ROS in the small intestine (24). Severe
tissue injury can be blocked by additional gene deletion of
TNF receptor 1, which is through blockade of TNF-dependent
inflammation. However, increased ROS are still observed in
Tak1"™™© in the background of TNF receptor 1 deletion
(TnfrI™") (24). We further demonstrated that treatment of bu-
tylated hydroxyanisole (BHA), which is metabolized to tBHQ in
the liver, could prevent the increase of ROS (24). However, the
involvement of Nrf2 was not explored in the in vivo setting.

Our current study revealed that TAKI1 regulation of Nrf2 is
independent of tBHQ-induced Nrf2 activation. This raises
the possibility that BHA treatment may upregulate Nrf2 in
the TakI-deficient intestinal epithelium. Control (Tnfrl™")
and Tak1"™™© Tufr1™" mice were fed with BHA-containing
food starting from 1 week before the induction of gene de-
letion, and Tak! gene deletion was induced by injection of a
chemical activator of the CreERT?2 system, tamoxifen. Pro-
teins from control and Takl-deficient intestinal epithelium
were analyzed by immunoblotting (Fig. 7A). Nrf2 protein was

Intestinal epithelium
Tnfri-/-

Control TAK1'E-KO

BHA - -
TAKT (B8 S ,' g
B B
B Tnfri-/-
BHA

FIG. 7. Electrophilic activation of Nrf2 reduces ROS in
Tak1-deficient 1ntest1nal epithelium. (A, B) Control
(Tak "% Tufr1”") and TAKI"®O Thnfrl™" mice were
fed with BHA-containing food from 1 week before injection
of tamoxifen for 3 consecutive days, and the small intestine
was harvested at day 3 (B) or 7 (A). Protein extracts from
the intestinal epithelium were analyzed with immunoblot-
ting (A). Each lane represents an individual animal. The
immunoblot shown is the same exposure film, and unnec-
essary lanes were removed. Fresh frozen sections without
any fixation were stained by CM-H,DCFDA (B). Scale bars,
50 um. ROS, reactive oxygen species. To see this illustration
in color, the reader is referred to the web version of this
article at www.liebertpub.com/ars
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highly upregulated by BHA treatment in Tak1'E-1KO Tyf1 =
intestinal epithelium, which was correlated with the reduc-
tion of ROS (Fig. 7B). These results demonstrate that elec-
trophilic chemicals can activate Nrf2 in Takl-deficient cells
and reduce ROS in the in vivo setting.

Discussion

Nrf2 protein level is highly inducible dependent on the re-
dox status in cells, in which Keapl is electrophilically modu-
lated and Cul3-directed ubiquitylation of Nrf2 is inhibited. Our
study has revealed that TAK1 regulates Nrf2 through the
mechanism that is different from the canonical redox regula-
tion of Nrf2 (Fig. 8). Unlike the redox-dependent regulation,
activation of TAKI facilitates the interaction between Keapl
and p62/SQSTMI1 through upregulation of serine 351 phos-
phorylation of p62/SQSTM1. p62/SQSTMI1 is known to re-
cruit Keapl1 in inclusion bodies, and the p62/SQSTM1-Keap1
complex is subsequently degraded by autophagy (4).

p62/SQSTM1 was initially found to be a regulatory mol-
ecule of innate immune signaling complexes, including
TRAF6 (46), and its physiological importance was revealed
by a critical finding that mutations within the ubiquitin-
binding region of p62/SQSTMI1 gene are associated with
Paget disease, which is characterized by abnormal bone
turnover (14). p62/SQSTMI1 serves as a cargo-like protein
bringing ubiquitylated proteins into inclusion bodies, which
leads to autophagic clearance of protein aggregates (29). An
interaction between Keapl and p62/SQSTMI is induced
under pathogenic conditions in autophagy-deficient cells
such as hepatocellular carcinoma cells (16, 32, 33). Phos-
phorylation at serine 351 of p62/SQSTM1 was determined as
a modification to increase the binding affinity between p62/
SQSTM1 and Keapl under several pathological conditions
(16). Elevated S351 phosphorylation of p62/SQSTMI1 pro-
motes Keapl degradation and releases Nrf2. As a result,
highly upregulated Nrf2 promotes tumor growth by tran-
scriptional activation of a battery of anti-oxidant and anti-cell
death genes [reviewed in (50)].

Activation of mTOR pathway (cell growth signal) and
Toll-like receptor (TLR) signaling-induced TBK1 (TANK-
Binding Kinase 1) have been implicated in phosphorylation
of p62/SQSTM1 and facilitate the interaction between p62/
SQSTMI1 and Keapl (16, 19, 32, 35). Here, we show that

Degradation

Autophag

Antioxidant genes

1
ROS

FIG. 8. Model. TAK1 upregulates the binding of Keapl
with p62/SQSTM1 through mediating S351 phosphorylation
of p62/SQSTM1, which facilitates Keapl degradation and
upregulates Nrf2. This mechanism provides antioxidant pro-
tection under steady-state conditions in the intestinal epithelium.
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TAKI also mediates S351 phosphorylation of p62/SQSTM1.
TAKI1 is a critical signaling intermediate in TNF, IL-1, and
TLR signaling pathways (36). TLR signaling is branched at
the receptor proximal signaling complex, where one branch
activates TBK1 and the other branched pathway activates
TAKI1 (26). Unlike TBK1, TAKI participates not only in
TLR but also in nucleotide-binding oligomerization domain
(NOD)-like receptor TNF-, IL-1-, and stressor-induced pro-
inflammatory signaling pathways (12, 17, 28, 36, 51, 54).
TAKI regulation of p62/SQSTM1-Keap1 and Nrf2 may be a
previously uncharacterized link between inflammation sig-
naling and redox homeostasis.

Importantly, this regulation determines the steady-state
level of Nrf2 but does not affect the redox-induced activation
of Nrf2. Inflammatory signaling is basally active, to some
extent, in some tissues such as the intestine, which is con-
stantly exposed to environmental challenge. In such tissues,
TAKI1 constitutively upregulates Nrf2, which may provide
basal protection from oxidative damage.

Ablation of TAK1 causes accumulation of ROS and tissue
damage in the intestinal epithelium and the epidermis (24,
42). We show that enforced activation of Nrf2 in Takl-
deficient intestinal epithelium reduces ROS, which suggests
that disruption of TAK1 regulation of Nrf2 is the cause of
increased ROS. However, gene deletion of Nrf2 in mouse
models does not cause any abnormalities in tissues, including
the intestine (5). Thus, it is clear that reduced Nrf2 in Takl-
deficient intestinal epithelium is not solely the cause of ROS
accumulation. Accordingly, TAK1 is likely to modulate mul-
tiple biological processes, which include non-Nrf2 pathways
that are associated with redox regulation. We previously re-
ported that ablation of a transcription factor, cJun, is partially
involved in accumulation of ROS in Takl-deficient keratino-
cytes (41). Takl deletion seems to impair Nrf2, cJun, and
potentially other unidentified processes, resulting in ROS
accumulation. Nonetheless, activation of Nrf2 can reduce
ROS in the Takl-deficient tissue, demonstrating effective-
ness of Nrf2 activation in reduction of unattended ROS ac-
cumulation regardless of the causes of ROS.

In summary, our results demonstrate that TAK1 is a pre-
viously uncharacterized regulator of Nrf2, and this regulation
is likely through TAKI-induced Keapl downregulation.
TAKI1 seems to limit the steady-state Keapl protein level
through facilitating phosphorylation of p62/SQSTMI. Our
in vivo results further suggest that TAK1 regulation of Keapl
is important for normal tissue homeostasis.

Materials and Methods
Tissue culture and mouse models

Human embryonic kidney (HEK) 293 cells and MEFs
were cultured in Dulbecco’s modified Eagle’s medium that
was supplemented with 10% bovine growth serum (Hyclone
GE Healthcare Life Sciences, Pittsburgh, PA) and 50 I.U./ml
penicillin-streptomycin at 37°C in 5% CO,. In some exper-
iments, HEK293 cells stably expressing exogenous Nrf2 as
described later were used, and they were cultured in the same
condition as parent HEK293 cells. Keratinocytes (immor-
talized) were originally isolated from epidermal-specific
TakI-deficient and wild-type mice (40), and they were cul-
tured in Ca**-free Eagle’s minimal essential medium (Bio-
Whittaker, Allendale, NJ) that was supplemented with 4%
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Chelex-treated bovine growth serum, 10ng/ml of human
epidermal growth factor (Invitrogen, Carlsbad, CA), 0.05 mM
calcium chloride, and 50 I.U./ml penicillin-streptomycin at
33°C in 8% CO,. Some cells were treated with tBHQ, MG132
(Sigma, St. Louis, MO), and 5z-7o0xozeaenol (38). Mice car-
rying a floxed Map3k7 allele (Tak]ﬂ/ﬂ) (47) were backcrossed
to C57BL/6 mice for at least seven generations. Tnfrl-deficient
(Tr;fr]_/ ~) (43) (Jackson lab, Bar Harbor, ME) and intestinal
epithelium-specific inducible deleter (villin. CreERTZ) (11)
mice with a C57BL/6 background were used. We generated
inducible intestinal %pithelium—ﬁgeciﬁc Takl1-deficient (vil-
lin.CreER™ TakF"* TAK1™™O) mice on a Tnfrl™”~
background. To induce gene deletion, 612 week-old mice were
given intraperitoneal injections of tamoxifen (1 mg per mouse,
approximately 20 g body weight, per day) for 3 consecutive
days. The first day of tamoxifen injection is referred to here as
day 1. Some mice were fed with food containing 0.7% butylated
hydroxyanisole (BHA; Sigma) from 1 week before the tamox-
ifen treatment, and mice were continuously given BHA food for
the entire period of the experiments. All animal experiments
were conducted with the approval of the North Carolina State
University Institutional Animal Care and Use Committee. All
efforts were made to minimize animal suffering.

Transfection, immunoprecipitation, and immunoblotting

Expression vectors for HA-tagged TAKI1, TAB1 (39),
Nrf2 (15), and T7-tagged Keapl (13) were used and tran-
siently transfected into HEK293 cells. The standard calcium
phosphate transfection method was used. HEK293 cells sta-
bly expressing Nrf2 were generated by transfection of a
mammalian expression vector pCMV-neo-Nrf2, which was
generated by inserting human Nrf2 cDNA (Invitrogen) into
pcDNA3.1 (Invitrogen). Transfected cells were selected by
incubation with 100 ug/ml G418 (Millipore, Billerica, MA)
for 2 weeks, and a pool of G418-resistant colonies was used.

Cell lysates were prepared at 48 h post-transient transfec-
tion using an extraction buffer containing 20 mM HEPES (pH
7.4), 150 mM NaCl, 12.5mM p-glycerophosphate, 1.5 mM
MgCl,, 2 mM EGTA, 10mM NaF, 2mM DTT, 1 mM Naz;VO,,
1 mM phenylmethylsulfonyl fluoride, 20 uM aprotinin, and
0.5% Triton X-100. In some experiments for detecting en-
dogenous Nrf2, nuclear extracts were prepared using Nuclear
Extraction Kit (Active Motif, Carlsbad, CA). Cell extracts
were immunoprecipitated with anti-TAK1 (39), anti-HA
(16B12) (Biolegend, San Diego, CA), anti-T7 (Millipore),
anti-p62/SQSMT1 (BD Transduction Laboratories, Franklin
Lakes, NJ), or nonimmunized control IgG (Sigma) with
Protein G Sepharose 4 fast flow (GE Healthcare) or Sur-
eBeads Magnetic beads (Bio-Rad, Hercules, CA). The beads
were washed thrice with a wash buffer (20 mM HEPES pH
7.4, 10mM MgCl,, 0.5 M NaCl) and once with a kinase
buffer (10 mM HEPES pH 7.4, 1 mM DTT, 5 mM MgCl,).

Immunoprecipitates and whole cell lysates were resolved
on SDS-PAGE and transferred to Hypond-P membranes
(GE Healthcare). The membranes were immunoblotted
with anti-TAKI, anti-HA, anti-T7, anti-Keap1 (clone 144;
Millipore), anti-Nrf2 (C2 and H-300; Santa Cruz, Santa
Cruz, CA), anti-p62/SQSTMI, and anti-phospho serine
351 p62/SQSTM1 (Medical and Biological Laboratories,
Woburn, MA); the bound antibodies were visualized with
horseradish peroxidase-conjugated antibodies against rabbit,
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rat, or mouse IgG using the ECL Western blotting system
(GE Healthcare).

For cycloheximide chase assay, cells were treated with
100 pug/ml cycloheximide (Sigma). Imagel] software (Na-
tional Institutes of Health, Bethesda, MD) was used for
quantification of the bands in unsaturated exposure films of
immunoblotting. Nrf2 half-lives were calculated by Graph-
Pad software (GraphPad, La Jolla, CA).

TAK1, KEAP1, and BTrCP knockdown

siRNAs TAKI and nontargeting control siRNAs were ob-
tained from Sigma (TAKI siRNA, 5-GAGAUCGACUACA
AGGAGA-3" and Nontargeting siRNA, 5-UUCUCCGAA
CGUGUCACGU-3’), and Keapl and STrCP siRNAs were
obtained from Dharmacon (Keapl siRNA, 5-GGACAA
ACCGCCUUAAUUC-3" and STrCP siRNA, 5-CACAUA
AACUCGUAUCUUA-3"). HEK293 cells were transfected
siRNAs by a standard electroporation method using Gene
Pulser Xcell™ Electroporation System (Bio-Rad).

Quantitative real-time PCR analysis

Total RNA was isolated from HEK293 cells using Trizol
(Invitrogen) and transcribed into cDNA using MultiScribe
reverse transcriptase (Life Technology). Expression levels of
KEAPI and STrCP were determined by real-time PCR and
normalized to mRNA levels of GAPDH. Primers used were
as follows: KEAPI-forward, 5-CTGGAGGATCATACCA
AGCAGG-3"; KEAPI-reverse, 5-GGATACCCTCAATGG
ACACCAC-3'. fTrCP-forward, 5'-CCAGACTCTGCTTAA
ACCAAGAA-3"; BTrCP -reverse, 5-GGGCACAATCAT
ACTGGAAGTG-3".GAPDH-forward, 5’-GAAGGTCGCTG
TGAACGGA-3’; GAPDH-reverse, 5'-GTTAGTGGGGTCT
CGCTCCT-3".

ROS staining

Ileums were embedded into optimum cutting temperature
compounds and frozen immediately. Cryosections (8 pum)
were incubated with the ROS staining dye (CM-H,DCFDA,
Life Technologies, Carlsbad, CA) for 30 min at room tem-
perature. Images were visualized using a fluorescent micro-
scope (BX41; Olympus, Tokyo, Japan) that was controlled by
the CellSens imaging software (Olympus). Random portions
of the intestine were selected, and images were visualized and
photographed using the same exposure times.
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