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Fi4. 7. The Neh8 domain is a redex-insensitive degron. A, COS1 ¢ells in 60-mm dishes were transfected with 2 ug of a vector expressing
mNrf2A-8.V5, 2 g of peDNA2. I/mKeapl, and 0.8 pg of pCMVB-gal. 24 h after transfection, CHX was added to a final concentration of 40 pg/ml,
and whole-cell lysates were prepared at different time points and probed with mouse anti-V6. The graph depicts the natural logarithm of the
relative expression of mNrf24*%_V5 as a function of CHX chase time (mean of two independent experiments). The best fit line and the derived
balf-life are depicted. B, COS1 cells in 60-mm dishes were transfected with 2 pg of vector expressing either of the four V5-tagged proteins indicated,
2 pg of pcDNA3. YmKeapl, and 0.8 pug of pCMV-gal. 24 h later, cells were treated with either 0.1% (v/v) MeySO (=) or 40 pg/ml CHX (+) for 3h
before whole-cell Iysates were prepared and probed with mouse anti-V5. € and D, COS1 cells in 60-mm dishes were transfected with 2 pg of -
. peDNAS.1mKeapl, 0.8 pg of pCMVB-gal, and 2 pg of vector expressing either one of the two indicated V5-tagged proteins (€) or Gal4(HAMnNehé
protein (D). 24 hlater, CHX was added to a final concentration of 40 pg/ml, and whole-cell lysates were prepared at different time points and probed
with mouse anti-V5 (C) or rabbit anti-mNrf2 (I)). The graphs depict the natural logarithm of the relative expression of the V5-tagged proteins (C)
or Gal4(HAYmNehs as a function of CHX-chase time (mean of two independent experiments) (D) . The best fit lines and the derived half-lives are

presented.

are conserved (amino ucids 329-339 and 3863-379),
constructs  expressing — mNrfgaDPIDLID,A320-338.y5
mNrf2APIDLID,A383-370 5 anq mNrf2aDIDLID,AS29-970 vy
were generated.
Initially, we compared the fractions of mNrf22PDLD V5,
ADIBRLID, A118-13 1_v5 . mNrmADIDLDJ, A177—193_V5, and
mNrf2aDIDLID. 23203385 remajining after a 3-h CHX chase
(Fig. 7B). Deletion of the Neh4 or the Neh5 domains from
mNrf22PPLIDV5 protein had no obvious effect on the sta-
bility of the protein in COS1 cells. In contrast,
mNpf2ADIDLIDAM8-398 5 gppeared more stable than
mNrf22PPLIPLY5 although it was still subject to degradation
(Fig. 78). A half-life for mNrf23PIPLIDAIZE-AIB V5 of 2 h was
calculated compared with a half-life for mNrf22PIPHDVE of 40
min (Fig. 7C). We initially suspecfed that the residual insta-
bility might stem from the remaining regions of the Neh6
domain. However, whereas pNpf23PPLIDAEIST0 5 gng
mNfosPPLIDAIZST8 y5  were  more  stable  than
mNrf22PIPLIDY5  they were both of equal but net greater
stability than mNrf2aDIPLIDA320398 5 (data not shown).
These results suggested that the Neh6 domain constitutes a
degron and that deletion of either amino acids 329-338 or
amino acids 363 379 was sufficient to inactivate completely

this degron. To formally demonstraie this, we geperaled a
construct expressing a Gal4(HA)mNeh$ fusion protein, The
fusion protein was immumoreactive with rabbit anti-Gald se-
Tum, mouse snti-HA, and rabbit anti-mNrf2 serum (data not
“shown). Its half-life was considerably shorfer than Gal4(IIA),
being ~45 min (Fig. 7D). Taken in total, these findings dem-
onstrate that in stressed COS1 cells, the Neh6 domain on its
own is sufficient to account for the degradation rate of the
transcription factor. The instability evident when the Neh6
degron is inactivated would appear to be physiologically rele-
vant. We infer this from the fact that inactivation of the Neh&
degron does not compromise the functionality of
mNrf2sPIDLIR s §ny g transactivation assay (supplemental
Fig. 3) A trivial explanation invoking misfolding of the deletion
proteins, for example, would therefore appear to be insufficient
to explain the residual turnover of the transcription factor,
This turnover is mediated by the proteasome (data not showny),
but the region(s) of Nrf2 involved in the process have yet to be
unidentified.

Finally, we demonstrated that the Neh6 degron is not only
sufficient but is essential for efficient turmnover of Nrf2 in
oxidatively sfressed COS1 cells, We generated a construct
expressing mNrf2-V5 lacking amino acids 329-339
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Fic, 8. The Neh8 domain is essential for magimal turnover of
Nrf2 in stressed cella. COS1 cells in 60-mm dishes were transfected
with 2 pg of a vector expressing either mNrf2-V5 or inNrf22220—83.y5,
2 pg of pcDNA3.1/mKeapl, and 0.8 ;g of pPCMV3-gal. A, 24 h later, cells
in daplicate dishes were treated with either 15 pb Sul (+) or vehicle (<)
for 2 h, as indicated. B, 24 h later, CHX was added to a final concen-
tration of 40 pg/ml. and whole-cell lysates were prepared at different
time points and probed with mouse anti-V5. The graph depicts the
naturatl logarithm of the relative expression of V5-tagged protein as a

function of CHX-chase time (mear of two independent experiments).
The best fit lines and derived half-lives are shown,
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(mNrf24529-980.v5), When coexpressed with mKeap1, this pro-
_ tein was not impaired in its redox sensitivity, As with mNrf2-
V3, it was expressed at very low levels in homeostatic cells, and
its expression level was enbanced by treatment with Sul (Fig.
8A). However, when its half-life and the half-life of mNrf2-V5
were compared in COS1 cells afler a 2-h exposure to Sul, its
half-life was ~90 min, compared with 42 min for the wild-type
protein (Fig. 8B). Thus, while the presence of Neh2 can mediate
some furnover of Nrf2 in oxidatively stressed COS1 cells, the
. Neh$ domain is essential for its efficient turnover.

DISCUSSION

In the present paper we demonstrate for the first time that
the DIDLID element within Neh2 is essential for Keapl-de-
pendent destabilization of Nrf2. Thus, both the DIDLID ele-
ment and the ETGE motif, two separate subdomains within
Neh2, are required for the rapid turn over of Nrf2 under nor-
mal homeostatic conditions. Farthermore, we report also for
the first fime that the Neh6 domain makes the major contri-
bution to the turn over of the transcription factor under condi-
tions of oxidative stress. Hence, it is now proposed that at least
two domams in Nrf2, the redox-sensitive Neh2 and redox-
imsensitive Neh6 degrons, contribute to its degradation. Based
on the experimental findings reported here and those else-
where, 2 model involving both these degrons that accounts for
the redox-regulated turn-over of Nrf2 protein is depicted in Fig.
9. The model is justified and outlined below.

Role of the DIDLID Element—ZEvidence from three different
cell lines indicates that the DIDLID element is critical for the
destabilizing activity of the Neh2 degron. Figs. 2 and 4 demn-
onstrate that removal of this element enhances the stability of
the Gald(HA)mNeh2 fusion protein in both the COS1- and
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Fic. 9. Degradation of Nrf2, This schematic depicts the flux of Nrf2
throvghout the cell. It is eontinuously synthesized in the ¢ytosol by
ribosomnea at the ER, from where it is distributed, probably by both
active and passive processes, to different regions of the cell. Continuo-
onsly synthesized, it is also continuously degraded by mechanisms that
vary with subcellular location. We DIiypothesize that at least three
different spatially restricted pathways of degradation of Nrf2 muy occur
in cells. A, Keapl-dependent, DIDLID-directed degradation of Nrf2
occurs at the actin cytoskeleton, This is the most efficient mechanism
for removing Nrf2, but only occurs in homeostatic cells as oxidative

stress antagonizes the N1f2-Keapl interaction. B, Keapl-independent,

DIDLID-directed degradation of Nrf2 oceurs in the ¢ytosol away from
the actin cytoskeleton. C, Keapl-independent, Neh&-mediated degrada-
tion of Nrf2 occurs in the nucleus. Althongh less efficient than A, this is
the predominant mode of degradation in oxidatively stressed cells. See
text for further details. /bl X, ubiquitin liguse recruited by the DIDLID
element (shown in green); UBl Y, ubiquitin ligase recruited by the Nehg
domain; pUb, polyubiquitin chain, The ETGE motif is shown in pink

ts20TGR-transformed esll lines. Most important, this phenom-
encn is not restricted to transformed cell lines as it is also
observed in the nontransformed rat liver RL34 epithelial cell
line (supplemental Fig. 4). We propose (hat ihis element desta-
bilizes the fusion protein by recruiting a currently unidentified
ubiquitin ligase to it. The supporting evidence for this mecha-
nistic interpretation is compelling. First, the necessity to re-
cruit a ubiquitin ligase activity to the fusion protein is indi-
cated by the olservation that its degradation is reliant upon an
intact funetional ubiquitin-conjugating system (Fig. 4). Second,
the notion that amino acids 17-32 recruit such an activity is
suggested by the observation that deletion of this element
results in a reduction in the fraction of the fusion protein that
is ubiquitinated at steady state (Iig. 3). This reduction cannot
be explained as a consequence of removal of a ubiquitin attach-
ment sife, as this region does not contain a lysine residue.
Also, alterations in the subecsllular distribution of the fusion
protein, consequent upon removal of the DIDLID element,
cannot be invoked to explain the reduction as immunocyto-
chemical studies indicate that noe observable differences exist
between the subcellnlar distribution of Gal4(FA)mMNeh2 and
Gal4(HA)mNeh222792, Both are predominantly nuclear pro-
teins but with a minor albeit significant fraction evident in the
cytosol (data not shown). Thus, the only reasonable explanation
for these findings is that the DIDLID element recruits a ubig-
uitin ligase activity. Formal proof, however, awaits the purifi-
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cation and identification of the DIDLID-binding ubiquitin k-
gase activity. We propose that, this ability to recruit a ligase
activity onderlies Neh2-medisted, Keapl-independent protea-
somal degradation, and like this mode of degradation (15), it
may oceur constitutively and independently of the redox state
of the cell.

Functional Significance of the Interaction between Neh2 and
Keapl—We have demonstrated previously that the redox-sen-
sitive protein furnover mediated by the NehZ degron is a con-
sequence of its direct, redox-sensitive interaction with the ac-
tin-bound (32)® protein Keapl. This interaction requires the
presence of the ETGE tetrapeptide motif of the Neh2 domain
and is abrogated by its deletion (15). The consequence of this
interaction with Keapl is that, in homeostatic cells and only
homeostatic cells, the rate of degradation of both Nrf2 and
Gal4(HA)ymNeh? is enhanced. Here we report for the first time
that whereas the Nrf2-Keap] interaction is necessary, it is not
sufficient to increase the turnover rate of Neh2-mediated deg-
radation. Removal of the DIDLID element, maintains the inter-
action between the two proteins, but it does not result in an
enhanced rate of degradation of Ntf2 (Figs. 5 and 6). We believe
this is a consequence of the fact that Keapl operates upon the
DIDLID-directed degradation pathway and can only funection
in eonjunction with the ubiquitin ligase activity.

In theory, Keapl could influence the rate of Neh2-mediafed
degradation by enhancing the rate of ubiguitination, mediated
by the DIDLID element, of the protein. This possibility sesms
unlikely as our previous experiments have indicated that the
ubiquitination status of full-length, tagged mNrf2 in COS1
cells iz not influenced by either the presence or absence of
heterologous mKeapl, the deletion of the ETGE tetrapeptide,
or treatment with Sul all under conditions where mKeapl does
influence its half-life (15). Alternatively, as pointed out by
Pickart (33), the in vivo concentration of ubiquitinated protein
can be sufficiently high that transfer of ubiquitinated sub-
strates to the proteasome tnay be rate-limiting, and therefore
altering the rate of transfer of a specific ubiquitinated sub-
strate to the profeasome, relative to generic substrates, is an-
other way of controlling its turnover rate. Althongh it is con-
ceivable that recrnitment by Keapl of Nrf2 to the cytoskeleton
suffices to enhance the {ransfer of the transcription factor to
the proteasome, a biclogically more interesting possibility is
that Keapl actually associates with the proteasome. Indeed, a
large body of experimental evidence demonstrates that numer-
ous proteins bind to the proteasome in order to modulate the
rate at which specific substrates are transferred to it (reviewed
in Ref. 34). These inclnde proteins such as Ubl/1Tba (ubiquitin-
associated)-containing proteins, and ubiquitin ligases (34-36).
Of greater relevance to this discussion is a group of miscella-
neous proteins with no obvious connection to the nbiquitination

“systemn but that affect the degradation of specific proteins by
interacting with the proteasome. The yeast protein Ciel was
originally identified in a yeast {wo-hybrid screen for proteins
interacting with the o4 subunit of the yeast proteasome (37). It
has no effect on the global rate of proteasomal degradation, but
in its absence the rates of degradation of two specific substrates
(the SCF subunits Cde4 and Grrl) are retarded. However, it
does not influence their ubiquitination status. Instead, it has
been propesed to act as an adaptor between the relevant SCF
complexes and the proteasome, thereby ensuring the preferen-
tial degradation of important regulatory proteins over the gen-
cral population of ubiquitinated substrates (37). Gankyrin and
Homer3A11 bind the 86 and 88 ATPase subunits, respectively,
of the base of the 19 S regulator of the 26 S proteasome. As with

3 M. McMahon and J. D). Haycs, unpublished data,
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Cicl, they have -been postulated to enhance the rate of degra-
dation of their interacting parfners, such as retinoblastoma
protein and metabotropic glutamate receptors, by enhancing
substrate targeting to the proteasome (38~-40),

By analogy with the above examples, we propose that Keapl
increases the rate of transfer of ubigunitinated Nrf2 to the
proteasome above the rate observed for the general population
of ubiquitinated substrates by associating with the proteasome.
It should be noted that there is a precedent for binding of
Kelch-repeat proteins to the proteasome. Vidal and co-workers
(41) screened a C. elegans cDNA library by yeast two-hybrid
analysis by using 80 26 S proteasome subunits as bait. One
¢DNA isolated, W02G8.2, encodes a member of the Kelch-
repeat family and was found to interact with the o 2, 4, 5, and
6 proteasome snbunits in independent screens. Like Keapl,
this protein contains an N-termminal BTB domain and 6 Kelch
motifs, These proteins are 28% identical and 44% similar. Of
the 16 Kelch-repeat proteins encoded by the C. elegans genonie
(42), W02G9.2 is the second-most similar to Keapl. This se-
guence similarify suggests that both proteins may mediate
similar protein-protein interactions.

Keapl may destabilize Nrf2 by mechanisms other than that
evident in COS1 cells. Although we find no evidence that
Keapi influences the ubiquitination status of Nrf2 under con-
ditions where it destabilizes it, the work of Zhang and Hannink
(43) strongly suggests that Keapl may indeed do so, at leastin
certain cellular contexts. They have proposed that Keapl acts
as a ubiquitin ligase (43). This is in agreement with the recent
observation by others that BTB domains recruif Cul3-based
ubiquitin ligase activities (44-47). Thus, Keapl may recruit
Cul3 via its BTB domain and Nrf2 via one of its Kelch repeats.
The differences between our.results and those presented by
Zhang and Hannink (43) presumably reflect differences in the
protecine expressed, or its subcellular disposition, in cur re-
spective model systems. It will be of interest to determine
whether Keapl can function both to enhance the rate of deg-
radation mediated by the DIDLID element and itsell recruit a
ubiquitin ligase under physiclogical conditions or whether one
or the other predominates in different organ/cell types.

The Neh6 Degron—Inactivation of the Neh2 degron by dele-
tion of the DIDLID element only modestly stabilized Nrf2.
Indeed, under conditions of oxidative stress the absence of
Neh2-mediated degradation was largely irrelevant from the
point of view of furn over of Nrf2. We hypothesized that there
must be another degron that confrolled the rate of degradation
of Nrf2 in stressed cells. The Neli§ domain was shown o be
such a degron (Fig. 7). [t should be noted that other regions also
contribute to proteasomal degradation of Nrf2 as inactivation
of both the Nch? degron and the Neh6 degron still left a protein
with a half-life of 2 h. Althongh Hitle is known about Neh6 at
present, our data support the following fwo observations.
First, Keapl is incapable of enhancing the rate of degradation
mediated by fhis degron. Thus mKeapl can interact with
mNrf24'7-2.v5, but canmot influence its halflife in homeo-
static cells (Fig. 6). Second, the presence of the Neht degron is
essential for maximal turnover of the transeription factor in
oxidatively stressed COS1 cells (Fig. 8). This is despite the fact
that, at least in the context of Gal4(HA) fusion proteins, there is
not any great difference in the efficiency of degradation mediated
by the DIDLID element or the Neh6 domain (cf. Fig. 2 with
Fig. 7. ‘ . -

Degradation of the Nrf2 Transcription Factor—We now pres-
ent the broad outlines of a model accounting for the degrada-
tion of the Nrf2 transcription factor (Fig. 9). This model aceom-
modates the following facts: Keapl does not nfluence the rate
of degradation directed by the Neh6é degron, the DIDLID ele-
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‘ment does nof make & major contribution te the degradation of
Nrf2 in oxidatively stressed eells, and finally that the degra-
dation of Nef2 in homeoslatic cells does not follow firsf-order
kinetics. The salient features of this mode] are as follows.

(1) Keapl contains reactive cysteine residues, and in oxida-
tively stressed cells these are modified leading to a conforma-
tional change that prevents its interaction with Nrf2 (48).
Thnder such conditions, Keapl cannot bind to and enhance the
transfer of ubiquitinated Nrf2 (directed by the DIDLID ele-
ment) to the proteasome. Nor can the modified Keapl passively
bind to nonubiquitinated Nrf2. In fact, in stressed cells Nxf2 is

exclusively nuclear (15). Such a location reduces the apportu-

nity for DIDLID-directed ubiquitination of Nrf2 (see point ii,
below). As a result, in stressed eells Nrf2 is subjected primarily
{o Neh6-mediated degradation. We hypothesize that the Neh6
degron is functional enly in the nucleus probably due to the fact
that the proteins required for this function (presumably a ubig-
uitin ligase activity) are restricted to this compartment. As
Keapl is restricted to the cytoplasm, this provides a simple
axplanation for the observation that Keapl cannot enhance
degradation mediated by the Neh6 domain.

(if) In homeostatic cells, Keapl enhances the rate of DIDLID-
directed degradation of NTf2 by enhancing the rate of transfer of
its polyubiquitinated form to a subset of proteasomes defined by
the presence of an associated Keapl protein(s). In some cell
types, Keapl may also enhance the rate of ubiquitination of Nrf2
in homeostatic cells via an associated ubiquitin ligase activity,
most likely a Cul3-based ligase, recruited via the BTB domain.
As Eeapl is restricted to the actin cytoskeleton, we infer that the
putative ubiguitin ligase recruited by the DIDLID element mmst
have access to this region of the cell Although it is nof necessary
that the ubiguitin ligase is exclusively associated with the cy-
toskeleton, we suggest that it is excluded from the nucleus. Given
that Nrf2 is predominantly nuclear in stressed cells, this would
explain why the DIDLID element plays no major role in the
tnrnover of Nif2 in stressed cells. '

(iii) As Eeapl is spatially restricted to the actin cyloskeleton,
Keapl-dependent degradation must also be so restricted. On
the basis of data in this paper, we postulate that both Keapl-
dependent and Keapl-independent degradation cccur simulta-
neously int different regions of homeostatic cells. The results
presented in Fig. 6B suggests that degradation of mNrf2-V5 in
homeostatic cells follows biphasic kinetics. The second phase of
degradation is slower than the first and is indistinguishable
from Keapl-independent degradation kinetics. We do not be-
leve that this is coincidental. We propose that the biphasic
degradation results from the superimposition of simnlta-
neously operative Keapl-dependent and Keapl-independent
degradation pathways in homeostatie cells, both pathways fol-
lowing first-order kinetics. The initial rapid degradation of
Nrf2 after addition of CHX results from the predominance,
initially, of Keapl-dependent degradation of Nrf2 in the vicin-
ity of Keapl; during later times, as the concentration of Nrf2 in
this region of the cell is reduced, Keapl-independent degrada-
tion of Nrf2 cut with the environs of Keapl predominates.!

4 We do not doubt the cbservation that both Keapl-dependent and
-independent patbways of degradation occur stmultaneously in our
populution of homeostatic COSE eells nor the hypothesis that, given the
ordered sfructure of the cell, both processes will ocour simultaneously
within the one cell. Nonetheless, it must be noted that our experimental
strategy cannet distinguish between both pathways oceurring infracel-
Inlarly or, alternatively, ocenrring intercellularly. In particular, the
transient transfection procedure will give rise to a heterogeneous pop-
ulation of cells possessing varying ratios of mKeapl and mNrf2-ex-
pressing plasmids approximately in accordance with the binomial dis-
tribution. It is therefore possible that 1o some cells mNr{2-V5 caunot be
degraded by a Eeapl-dependent process. Also, it is unlikcly that all
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Unfortunately, the low level of mNrf2-V5 in homeostatic COS1
cells has so far precluded an empirical determination of its
distribution. ’

(iv) Finally, the ulirastructure of the cell may have one final
consequence for Keapl-dependent degradation of Nrf2 in ho-
meostatic cells. As there is a constant flux of N2 through the
cell (it is constantly created and destroyed), kinetic factors
become as important as thermodynamic factors in determining
itsultimate fate. We are therefore infrigued by the observation
of Dichl and co-workers (49} that Keapl appears to colocalize
with calreticulin, an endoplasmic reticnlum (ER)-resident pro-
tein. Such a notion is nof necessarily in conflict with the idea
that Keapl is actin-bound, as there is data in the literature
suggesting an assoclation between the architecture of the ER
and the actin cytoskeleton (50-52). Protein synthesis does not
occur miformly throughout the cell but occurs primarily at the
ER. The possibility exists that at least a portion of Keapl miglt
be coincident with the eite of Nrf2 synthesis. Such a pool of
Keapl might be kinetically favored to interact with newly
transtated Nrf2. This may be important to ensure that Keapl-
dependent degradation, the most efficient pathway of Nri2
degradation, is predominant in homeostatic cells.

Although this model is specnlative, particularly with regard
to the influence of cell ultrastructure vpon the rate of degra-
dation of Nxf2, wo beliove it is both valid and uscful. It is valid
because it is sufficiently powerful to explain many of the fea-
tures of Keapl-dependent regulation of N2 that have been
reported by us and other workers in the field, and it is useful
becaunse it provides a framework for the design of further ex-
periments that in turn will cast lght on the validity or other-
wise of its basic tenets.

Coneluding Comments—In, this paper we have ascribed a
fimetion to the previcusly imcharacterized Nehé domain. This
domain appears to be specific to Nrf2 as BLAST searches have
failed to identify its comserved primary sequences in other
proteins. Of greater general inferest perhaps, we have demon-
strated that the DIDLID element is essential for the ubiquiti-
nation of Nrf2 and its rapid tum over during homeostatic
conditions. This element, can also be found in the related pro-
tein Nrfl, which also eontains the ETGE motif, suggesting that
at least some of the splice variants of this transcription factor
are regulated in a similar fashion to Nrf2. Both Nrfl and Nxf2
appear to be responsible for cellular adaptation to oxidative
stress in vertebrates from human to fish (19, 53). In the more
distantly related C. elegans, which belongs to a different meta-
zoan clade from that of the vertebrates, adaptation to such
stress relies upon the SKN-1 protein, which also contains a
DIDLID element (54). Although we are unaware of any data
pertaining to SKN-1 protein stability, this raises the intriguing
possibility that redox-regulated transcription factor turn over
is 4 mechanism of adaptation to oxidative stress that evolved
early in the evolution of the metazoan lineage.
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SPECIFIC AIMS

Molecular mechanisms of fibrosis are poorly under-
stood, although reactive oxygen species (ROS) are
thought to have an important role, The primary objec-
tive of this study was to determine whether NF-E2-
related factor 2 (NRF2), a key transcriptional regulator
for antioxidant response element (ARE) -mediated
induction of cellular antioxidants and detoxifying pro-
teins, protects against pathogenesis of pulmonary fibro-
sis. To test this hypothesis, we exposed mice with
targeted deledon of Nif2 (ICR/Sv129-Nf2™/7) and
wild-type (ICR/Sv129-Nif2*/*) mice to bleomycin and
compared pulmonary injury and fibrotic responses.

PRINCIPAL FINDINGS

1. Effects of targeted disruption of Nrf2 on lung
injury and fibrosis phenotypes

Mice (male, 6~10 wk) were anesthetized with 1.59 mg
ketamine and 0.22 mg xylozine in saline (0.1 mL, i.p.),
and a single dose (1.5 or 3.2 U/kg) of bleomycin in
saline (1.26 U/mL) was delivered by intratracheal
instillation. An equivalent volume of saline was instilled
in control mice of each genotype. A significantly
greater increase (40%) in lung/body weight ratio (a
parameter of lung edema and matrix deposition) was
found in Nrf2™/~ mice compared with Nif2*/* mice 6
days after bleomycin (3.2 U/kg). Bleomycin (3.2 U/kg)
significantly increased (33%) lung hydroxyproline con-
tent (a marker of collagen deposition) over Nyf2 ™/~
vehicle controls; no changes were found in Nyf2*/*
mice. The lower dose of bleomycin (1.5 U/kg)} was used
to investigate prefibrotic molecular and cellular events
as well as time-dependent changes in pathology. Four-
teen days after bleomycin (1.5 U/kg) instillation, a
significantly greater loss of body weight was found in
Nrf2™/~ mice, relative to Nif2*/* mice. Mean numbers
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of total cells, neutrophils, Iymphocytes, and epithelial
cells recovered in bronchoalveolar lavage fluid were
significantly higher (~2 to 3-fold) in N7f2~/~ mice than
in Nif2*/* mice 14 days after low dose (Fig. 1) and 6
days after high dose bleomycin (data not shown).
Compared with Nif2*/* mice, lung collagen accumula-
tion determined by Sirius red dye-collagen binding
assay was significantly greater in Nif2~/~ mice 3, 7, and
14 days after bleomycin treatment. Statistically signifi-
cant deposition of collagen in Nif2*/* mice was found
only at 14 days after bleomycin.

2, Effects of targeted disruption of Nif2 on
pulmonary pathology

Histological staining (Sirius red/Fast green, H&E) of
lung tissue sections indicated significant differences
in progression of pulmonary injury, inflammation,
and fibrosis between Nif2~/~ and Nrf2*/* mice (Fi/g.
2). Predominant histopathologic features of Nrf27/7
mice instilled with bleomycin (1.5 U/kg) included
alveolar inflammation (principally neutrophils and
lymphocytes), diffused fibrotic patch formation with
collagen accumulation, hyperplastic and hypertro-
phic changes of epithelium lining alveoli, small bron-
chi, and terminal bronchiocles. Fibrogenesis was ob-
served primarily in alveolar interstitium adjacent to
terminal bronchioles, and alveolar bronchiolization
was distinct in areas undergoing severe fibrotic re-
modeling. Compared with N2/~ mice, relatively
mild inflammation and only focal fibrotic lesions
were found in Nrf2"/* mice at 7 days. Persistent
inflammation and abnormal lung architecture char-
acterized by extensive fibroblast proliferation, alveo-
lar bronchioclization, and collagen-stained matrix
deposition was evident in Nrf2™/~ mice 14 days after

! Correspondence: Laboratory of Respiratory Biology,
NIEHS, NIH, Research Triangle Park, North Carolina 27709,
USA. E-mail: cho2@niehs.nih.gov
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Figure 1. Effect of targeted disruption of Nif2 on bleomycin
(1.5 U/kg)-induced increases in bronchoalveolar lavage phe-
notypes 14 days after instillation. Data are presented as
means * sEM (n=4-5/group). *Significantly different from
genotype-matched vehicle control mice (P<0.05). +Signifi-
cantly different from bleomycin-treated NyZ*/* mice
(P<0.05).

instillation. Fibrosis scoring by Ashcroft method
ranging from 0 (no fibrosis) to 8 (total fibrosis)
demonstrated that significant lung fibrosis was evi-
dent at 7 and 14 days postinstillation in both geno-
types of mice. However, average fibrotic scores were
significantly higher in Nrf2~/~ mice compared with
Nrf2*/* mice at 7 days (60%; 4.98+0.32 vs.
3.16+0.83) and 14 days (27%; 6.77+x0.46 vs.
5.31x0.45) after bleomycin.

3. Bleomycin-lndu‘ce.d mRNA /Protein expression and
transactivation of lung NRF2

Bleomycin caused significant time-dependent induc-
tion of NRF2 mRNA expression in lungs of Nyf2*/*
mice (50% over saline controls at 14 days). Immuno-
blotting analyses detected marked bleomycin-induced
increases of cytoplasmic and nuclear NRF2 accumula-
tion in lungs of Nyf2™/" mice (14 days after instilla-
tion). Time-dependent increase of bleomycin-induced
nuclear NRF2-DNA (NF-E2) binding activity was de-
tected by gel mobility shift/supershift analysis in lungs
of Nif2*/* mice.

4. Effects of targeted disruption of Nif2 on
bleomycin-induced antioxidant enzyme expression

Bleomycin caused up-regulation of mRNA for NAD-
P(H):quinone oxidoreductase (NQO?1), glutathione-S-
transferase (GST)-Ya (w)/-Ypl (pi)/-¥bl (mu), cata-
Iytic (GLCLc) and regulatory (GLCLr) subunits of
gamma glutamylcysteine ligase, thioredoxin reductase
(TXNNRD) 1, UDP glycosyl transferase 1a6, carboxyles-
terase (Ex), heme oxygenase (HO)-1, glutathione per-
oxidase (GPx} 2, and superoxide dismutase (SOD)-3 in
Nrf2*/* mice over basal levels. Bleomycin-induced ex-
pression of all these genes was significantly higher in
Nrif2*/* mice than in Nif2™/~ mice. Among these,
mRNA levels of NQO1, TXNRD1, GLCLc, Ex, and
GPx2 were constitutively attenuated in Nrf2™/~ mice
compared with N2*/* mice, and their steady-state
expression levels were not significantly altered by bleo-
mycin instillation in Nrf2™/~ mice. Consistent with gene
expression results, bleomycin-induced protein levels of
pulmonary GST-o, GST-mu, GPx, and HO-1 were sig-
nificantly greater in Nrf2*/* mice than in Nrf2™/~ mice,
with peaks at 7 days. No statistically significant changes
were detected in Nrf2™/~ mice after bleomycin.

Figure 2. Differential progression of pulmonary injury and fibrosis in Nif2*/* (A-D) and Nif2™/~ (E-H) mice after bleomycin
(1.5 U/kg). Paraffin-embedded left lung tissue sections were processed for histological analyses and Sirius red/Fast green
staining was performed to visualize collagen deposition (red dye staining) in control lungs (4, E) or fibrotic lung interstitium
7 (B, F) or 14 days (C, G) after bleomycin. Higher magnification of H&E-stained lung tissue sections illustrates alveolar
bronchiolization in fibrotic lesions of Nrf2*/* (D) and Nrf2~/~ (H) mice 14 days after bleomycin. Arrows, bronchiolization; TB,
terminal bronchiole; BR, bronchiole; BV, blood vessel. Bar: 100 pm. :

NRF2-DEFICIENT MICE ARE SUSCEPTIBLE TO FIBROSIS
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Figure 3. A hypothetical mechanism depicts
a protective role of NRF2 in the pathogene-
sis of pulmonary fibrosis. Imbalance of cel-
lular oxidant (ROS) and of antioxidant ca-
pacity induced by injury and inflammation
causes oxidative stress in pulmeonary cells. It
may cause prefibrotic events (e.g., activation
of growth factors) leading to matrix deposi-
ton and fibroblast proliferation. Oxidative
stress may also trigger modification (e.g.,
phosphorylation} of Keapl-NRF2 sensor to
release NRF2 from the complex. NRF2 bind-
ing to ARE in association with other tran-
scription factor (e.g., small Maf, c¢Jun) can
induce transcriptional activation of antioxi-
dant/detoxifying proteins to combat against
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v
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5. Effects of targeted disruption of Nrf2 on
bleomycin-induced lung injury/fibrosis marker
expression

Greater accumulation of transeripts for several matrix
markers of fibroproliferation (type 1 collagen a 2;
Colla2, fibronectin 1; FN1, tenascin-C) and pulmonary
injury and remodeling markers (transforming growth
factor-Bs; TGF-Bs, matrix metalloproteinases; MMPs,
tissue inhibitor of metalloproteinase 1; TIMP1) was
found in Nrf2™/~ mice compared with Nif2"/* mice
after bleomycin. Transcripts of many of these genes
were constitutively higher in Nf27/" mice than in
Nrf2*/* mice, while tenascin-C and MMP7 were not
detected in control lung tissues, Consistent with gene
expression results, protein levels of lung MMP2, TGF-B,
connective tissue growth factor (CTGF}), and tenascin-C
were significantly higher in Nif2™/" mice than in
Nrf2*/* mice after instillation (7 or 14 days postinstil-
lation).

CONCLUSIONS AND SIGNIFICANCE

Results of the present study supported the hypothesis that
NRF2 is protective against fibrotic lung injury. Relative to
Nrf2"/* mice, targeted deletion of Nif2 significantly en-
hanced susceptibility to murine pulmenary inflammation
and fibrosis induced by the antineoplastic drug bleomy-
cin. Suppressed induction of NRF2-dependent antioxi-
dant/defense enzymes in lungs of N2~/ mice suggests
that these enzymes may contribute to NRF2-mediated
protection against bleomycin-induced lung fibrosis. This
is the first study to suggest an upstream regulatory mech-
anism of cellular antioxidant enzyme defense in an exper-
imental fibrosis model.
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ROS and further oxidative injury.

Antioxidative Protection

Fibrosis is an increasingly prevalent disorder, and is
an end-state process in a number of chronic diseases of
kidney, liver, and lung. In particular, idiopathic pulmo-
nary fibrosis is a progressive and usually fatal disease of
unknown etiology with no known effective therapy. A
role for oxidants in the pathogenesis of pulmonary
fibrosis has been suggested in previous studics. Protec-
tive roles of antioxidative mechanisms in pulmonary
fibrosis were demonstrated by examining the role of
enzymatic (e.g., SODs) or nonenzymatic (e.g., N-acetyl-
cysteine) antioxidants. The thiol redox system (gluta-
thione, thioredoxin) was also determined to be protec-
tive against lung fibrosis. The present study supports
this concept, and provides a novel molecular mecha-
nism through which antioxidative protection against
fibrogenesis may occur. It is, however, important to
note that antioxidative mechanism mediated by ARE-
NRF2 response was not sufficient to completely amelio-
rate inflammation and fibrotic responses to bleomycin.
Other antifibrotic mechanisms (e.g., interleukins-9 and
12) may interact for protection against fibrosis.

The present study demonstrated that bleomycin
caused increased mRNA expression, lung protein lev-
els, and nuclear DNA binding of NRF2 in advance of
the onset of pulmonary inflammation and fibrogenesis.
As depicted in Fig. 3, our findings suggest that activa-
tion of NRF2 and ARE-mediated induction of antioxi-
dant defense enzymes during pathogenesis of ROS-
mediated fibrogenesis has a key role in combating ROS
and suppression of fibrotic tissue injury. Results from
the current study may have important implications for
development of combined therapies for bleomycin-
toxicity and idiopathic pulmonary fibrosis to comple-
ment anti-inflammmation therapy, which is only effective
in subsets of fibrosis patients.

CHO ET AL,
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Abstract

Small Maf proteins play critical roles on morphogenesis and homeostasis through associating with CNC proteins. To date, three
small Maf proteins, MafF, MafG, and MafK, have been reported in vertebrates, which share redundant functions, In this study, we
tried to identify and characterize small Maf proteins in zebrafish to elucidate their conservation and diversity in the fish kingdom.
We identified homolog genes of MafG and MafK but not MafF in zebrafish, indicating the former two are conserved among
vertebrates. In addition, a novel type of small Maf protein MafT was identified. MafT protein bound MARE sequence as a
homodimer or heterodimers with zebrafish Nrf2 or p45 Nfe2. Co-overexpression of MafT and Nrf2 synergistically activated
MARE-mediated gene expression in zebrafish embryos. These results indicated that MafT is a new member of small Maf proteins

and involved in the Nrf2-dependent gene regulation in cellular defense system.

© 2004 Else_:vier Inc. All rights reserved.

Keywords: Diethylmaleate; Heterodimer; Luciferase assay, Nrf2; p45; Nfe2; Phase 2 induction; Radiation hybrid mapping; Small Maf protein;

Transcription; Zebrafish

The induction of phase 2 enzyme genes is an impor-
tant regulatory response for cytoprotection against
electrophilic insults and reactive oxygen species [1]. Ex-
pression of phase 2 detoxifying enzymes and antioxidant
proteins is strongly induced upon exposure to low levels
of electrophiles or oxidative stress. Activation of the
cellular defense system by phase 2 inducers renders cells
more resistant to the potential challenges of a sub-
sequent stress. This coordinated response is regulated
through a cis-acting element called the antioxidant re-
sponsive element (ARE) or electrophile responsive ele-
ment (EpRE) within the regulatory region of each gene.
Analysis of gene disruption in mice has revealed that the

* Abbreviations: ARE, antioxidant responsive element; bZIP, basic
region-leucine zipper; CNC, cap‘n’collar; cR, centiRays; CSKNIE,
casein kinase 1 epsilon isoform; DEM, diethylmaleate; EH, extended
homology; EMSA, electrophoretic mobility shift assays; EpRE,
electrophile responsive element; EST, expressed sequence tags; LFNG,
Iunatic fringe; LG, linkage group, MARE, Maf recognition element;
RT-PCR, reverse transcriptase-polymerase chain reaction.

" Corresponding author. Fax: +81-29-847-9195.

E-mail address: kobayash@tara. tsukuba.ac.jp (M. Kobayashi).
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transcription factor Nrf2 plays central roles in the ARE/
EpRE-mediated transcriptional induction [2,3].

Nrf2 belongs to the family of Capn’collar (CNC)-
type basic region-leucine zipper (bZIP) proteins, which
includes p45 NF-E2, Nrfl, Nrf3, Bachl, and Bach2 [4].
Activation of Nrf2 is regulated in several steps: nuclear
translocation, protein stabilization, and DNA binding
[5]. Keapl, a member of the Kelch family of proteins,
regulates the former two steps [6,7]. In the absence of
phase 2 inducers, Nrf2 associates with Keapl in the
cytoplasm and is rapidly degraded by the ubiquitin—
proteasome pathway, but upon the addition of phase 2
inducers, Nrf2 is stabilized, translocates into nuclei, and
conducts the activation of target gene transcription [6,8].
Control of DNA binding is also critical for the Nrf2
functions, since N1f2 cannot bind to the ARE/EpRE as
a monomer or a homodimer, but Nrf2 must heterodi-
merize with one of the small Maf proteins for DNA
binding and transactivation [9,10].

Seven members of Maf proteins have been identified
in vertebrates, which are divided into the large and small
Maf subfamilies [4]. The large Maf proteins include
c-Maf [11}, MafB [12], Nrl [13], and L-maf/MafA/S-maf
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[14-16], which all contain an N-terminal acidic domain
that serves as a transactivation domain. Rest of the
members, MafF, MafG, and MafK, constitute the small
Maf protein family that possesses a bZIP motif medi-
ating the DNA binding and dimer formation in com-
mon, but lack any recognizable transcriptional effector
domains [10,17]. Both large and small Maf proteins
commonly recognize a specific palindromic sequence
TGCTGA(C/G)TCAGCA, called MARE (Maf recog-
nition element) {18]. Even though the small Maf proteins
do not have a transactivation domain, they affect tran-
scription either by forming heterodimers with CNC
proteins [9,18-22] or homodimers that can displace
active MARE binding factors [18L.

MafF, MafG, and MafK were originally identified in
chicken, while mammalian homelogs of these were later
identified in both mouse and human, suggesting that
these three paralogs are conserved among vertebrates
[21,23-28]. Remarkable similarities in amino acid se-
quences among the three small Maf proteins have led us
to speculation regarding their functional redundancy.
Indeed, in vitro analyses revealed that MafF, MafG,
and MafK are functionally interchangeable [10,18] and
transgenic overexpression of MafK proteins could
compensate for the loss of MafG in gene knockout line
of mice [29].

On the other hand, null mutant mice of either mafK
or mafF [26,27,30] showed no apparent phenotype,
while mafG mutant mice displayed both mild neuro-
logical and hematological phenotypes [26]. Each small
Maf gene is expressed in overlapping but distinet tissue
distribution pattern during development [17,26,27],
which may be the reason why disruption of the single
. gene mafG showed specific phenotypes. The mafG::
mafK compound mutants displayed far more severe
phenotypes than did mutants with the mafG mutation
alone, implying a functional redundancy of small Maf
proteins and an importance of their gene dosage [31,32].
In support of the Maf dosage hypothesis, transgenic
overexpression of MafK in mice severely affected T cell
proliferation and function [33], and elevation not only
reduction of the small Maf protein abundance caused
severe defects in megakaryopoiesis [29].

Recently, we identified both Nrf2 and Keapl in
zebrafish, demonstrating that the Nrf2-Keapl system
also regulates the expression of cytoprotective genes in
fish [34]. Although there has been no report for fish
small Maf proteins, four members of the large Mafs
have been isolated in zebrafish [16,35,36] in addition to
another member of zebrafish CNC protein p45 NF-E2
[37]. These information strongly imply that small Maf
proteins may also be present in fish. Therefore, it has
been of interest to know whether fish has all three small
Maf proteins or not. In this study, we tried to isolate
small Maf proteins in zebrafish and compare their
structures with those of higher vertebrates. We identified

cDNAs for four small Maf proteins in zebrafish, one
MafK, and two MafG homologs in addition to a novel
subtype MafT, which appears to exist specifically in fish.

Interestingly, we could not find a MafF homolog in

zebrafish, suggesting that both MafK and MafG are
conserved among vertebrates, but not MafF is con-
served in fish. :

Materials and methods

Isolation of eDNAs. cDNA clones encoding zebrafish small Maf
proteins were prepared by reverse transcriptase-polymerase chain reac-
tion (RT-PCR) using tota] RNA from zebrafish day 4 larvae and specific
primers. The primers have the following sequences: mafk, GGGTCG
ACGACAGATTTITGAAGAGTTCTG and ¥-GGTCTAGAGAGC
ATCTCAGATTCAGATTC,; mafgl, 5-GGGTCGACGATTCAGAC
TGTCATCTTGTG and 5-GGTCTAGAGATGAACGACCCTGTG
CTTG; mafg2, 5-GGGTCGACGTTITTGCAGATCTGCGTGGC
and 5-GGTCTAGACTGCAGCTCTATGGTGCAC; and maft, -G
GGGATCCATGACTTCAGACGGCAGAG and 5-GGGTCGACA
AGCCTTCCAGCTCACGC. Several independent clones for each
small Maf gene were isolated and analyzed to eliminate PCR errors. For
maft,acDNA library of 15-19-h stage zebrafish [38] was screened using 2
partial cDNA fragment as a probe to isolate full-length clone. Expres-
sion of small Maf genes was analyzed by RT-PCR as described previ-
ously [34] using following primers: mafk, 5-GGGGATCCGCCAT
GACGACTCATTTTAAAGC and 5-GGTCTAGACTACGATTG
TGCTGAAAAGG; mafzl, ¥-GGGGATCCAGGTGGAGAAGCTC
GCCTCand 5-GGCTCGAGCATTATGACCGTGCTTCTG; mafg?,
5-CATGACGACCACTAATAAAGG and 5-CTACTAAGACCTG
GCGTCG; maft, 5-GGGGATCCATGACTTCAGACGGCAGAG
and 5-GGGTCGACAAGCCTTCCAGCTCACGC; and effa, 5-GCC
CCTGCCAATGTA and 5-GGGCTTGCCAGGGAC.

Fish and inducer treatment. Zebrafish embryos were obtained by
natural mating. For induction studies, fish were placed in culture
dishes or in tanks containing 100 pM diethylmaleate (DEM).

Plasmid construction. The plasmids pC82mafGl, pCS2HAmafG2,
pCS2mafK, pCS2mafT, and pCS2nfe2 were constructed by subcloning
cDNAs for the open reading frame regions of zebrafish mafg!, mafe2,
mafk, maft, and nfe2 [37), respectively, into pCS2+ vector. In the case
of pCS2HAmMafG2, cDNA corresponding to HA-tag (YPYDVPDYA)
was inserted after initiation ATG sequence. Other plasmids used in this
study (pCS2nrf2 and pRBGP2) were described previously {18,34].

Luciferase assay. Luciferase assay was performed as described
previously [34] with a slight modification. Briefly, 50 pg of the circular
reporter constructs was injected alone or with synthetic capped RNAs
for overexpressing transcriptional factors into embryos at the one-cell
stage. Embryos were harvested at midgastrula and the luciferase ac-
tivity in five embryos for each condition was determined. All Tuciferase
activities were analyzed using the Dual-Luciferase Reporter Assay
System (Promega) according to the manufacturer’s instruction. Injec-
tion efficiencies were routinely normalized to the activity of a Renilla
Iuciferase expression plasmid, pRL-TK. At least thres independent
experiments, each carried out in duplicate, were performed,

Electrophoretic mobility shift assays. Proteins were prepared by in
vitro transcription and translation reactions using TNT wheat germ
extract {Promega). A single MARE containing oligonucleotide (5'-
TCGAGCTCGGAATTGCTGACTCATCATTACTC, identical to
#25 nucleotide in Kataoka et al. [10]) was prepared by annealing
synthetic oligonucleotides and *P-labeled using Rediprime IT DNA
Labelling System (Amersham Biosciences). Proteins were incubated
with 2fmol of P-labeled probe at room temperature for 30min in
20l of electrophoretic mobility shift assay (EMSA) binding buffer
[20mM Hepes—HClI (pH 7.6), 60mM KCl, 4% Ficoll (4 x 10%), 1g
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poly(d1-dC), and 0.66 mM dithiothreitol]. Complexes were resolved by
electrophoresis on a 4% polyacrylamide gel.

Radiation hybrid mapping. Radiation hybrid mapping using panel
LN54 was performed as described in Hukriede et al. [39] using specific
primers for each small Maf gene. Sequences of each primer are following:
mafk, 5'-TTGACCAAGGAAGACGTGG and 5-CTGTGATTGGC
AGACTTGACG; mafzl, 5~ GAGAGCTGAATCAGCACTTG and 5~
CAGCAACTTTGCCTGGTATG; mafg2, 5'-CCGAGTCAAGCGCG
TAACG and 5¥-AGACCTGGCGTCGGTCTTG,; maft, 5-AGGTAC
AGAAGCTGAAGCAG and 5-CTTGACTATGGTGATGACGG;
and esknle, 5- CTCTAGCAGAACAGCTGAGG and 5- CTCACC
AGACTGAGGTACAC.

Results and discussion
Isolation of four zebrafish small Maf cDNAs

We found four candidate genes for zebrafish homologs
of small Maf proteins in the zebrafish genomic DNA
(http://www.ensembl.org/Danio_rerio/) and expressed
sequence tag (EST) databases (http//www.ncbinlm.
nih.gov/dbEST/index. htmi). Based on the sequence in-
formation, full-length cDNA clones, mafk, mafgl, mafzg2,
and maft (see below for assignment and naming), were
isolated by RT-PCR using total RNA from Day 4 larvae
or by cDNA library screening. The percentage identity of
deduced amino acid sequences between zebrafish and
mouse MafK [23] was 82%, and those between zebrafish

“MafG1 or MafG2 and mouse MafG [26] were 88% and
85%, respectively. These results indicate that both MafK
and MafG are highly conserved in the fish. The high
similarity between MafG1 and MafG2 (88% identity) also
suggests that the mafg locus was duplicated in the course
of fish evolution. Fig. 1A shows multiple alignments of
vertebrate small Maf proteins. From this comparison,
four highly conserved regions emerge among vertebrate
small Maf proteins. The extended homology (EH) and
basic regions that are essential for binding to the MARE
sequences [10,13,40] are conserved among the large Maf
proteins, On the contrary, the other two conserved amino
acid stretches, N-terminal KALKVK and C-terminal
SVITIVK, were characteristic for small Maf proteins,
although their functions remain to be characterized.

Sequence comparison reveals the presence of new small
Maf protein MafT

~ An important observation was that deduced amino
acid sequences of the fourth clone showed relatively low
homology to all mouse small Mafs (MafK 58%, MafG
54%, and MafF 57%), suggesting that this small Maf
clone may belong to a novel subfamily of small Maf
proteins. While we could find a gene encoding highly
homologous protein to this new small Maf in the fugu
genomic DNA database (83% identity, clone number
MO000373 in hitp://fuge hgmp.mrc.ac.uk/Analysis/), we
could not find such gene in mouse, human or other

vertebrate databases, implying that this subfamily is
specific for teleost. We therefore named this new mem-
ber of small Maf protein as MafT (small Maf in Tele-
ost}. In reverse, we could find any homologous genes to
MafF neither in zebrafish nor in fugu databases {data
not shown). Thus, mammals and birds have only MafF,
while fish has only MafT. These results allow us to
speculate that these two small Maf subfamilies might be
derived from the common MafF/MafT ancestor, While
genetic distance of MafF and MafT was considerably
far in the phylogenetic tree (Fig. 1B), it is also possible
that these two subfamilies emerged independently,

Genetic mc‘z;vping of zebrafish small Maf genes

‘We mapped zebrafish genes for four small Mafs on
the linkage map by using LN54 hybrid panel [39]. Table 1
shows the results of gene mapping. Both mafk and
mafgl were mapped to linkage group 3 (LG3), 388.04
and 503.01 centiRays (cR) from the most terminal
markers in each linkage group, respectively. These loci
are very close to the map positions of lfrg and axin2,
zebrafish homologs of human lunatic fringe (LFNG) and
AXIN2. Since human MAFK and MAFG are localized
in close proximity of LFENG and AXIN2Z loci as is the
case for zebrafish genes, these results argue for the
presence of strong synteny between zebrafish and hu-
man genes. mafg2 was mapped to LG11, where synteny
seems not to exist with human MAFG or other small
Maf genes. The result suggests that mafg? is a second
MafG homolog that emerges from the fish-specific
evolution. maft is mapped on LG12 192.54 ¢R from the
terminal, where no adjacent gene has been mapped.
Importantly, we found a 194kb length contig of fugu
genomic DNA containing puffer fish homolog of MafT
gene (M000373) and a homolog for epsilon isoform of
human casein kinase I (CSKNI1E) gene. Human
CSKNIE localizes on 22q13.1 where MAFF is also lo-
calized. We isolated a partial cDNA for the zebrafish
CSKNIE homolog (csknle) based on information of the
EST database (DDBI/EMBL/GenBank Accession No.
CF998445) and mapped its position, As expected,
csknile was mapped to the identical position with maft
under current resohution. These results thus support
our contention that Mafl' and MafF are derived
from a common MafF/MafT ancestor, albeit their se-
quences are diverged significantly during the molecular
evolution.

Expression profiles of small Maf mRNAs in zebrafish

It has been shown that mouse mafF, mafG, and mafK
exhibited distinct temporal expression profiles in devel-
oping embryos [26,27]. They also show different tissue-
specific expression patterns in adult mice [27,31]. In
addition, the expression of small Mafs in human and
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Fig, 1. Comparison of the vertebrate small Maf proteins. (A} Sequence alignment of varicus small Maf proteins, Conserved amine acids among all
small Maf proteins are exhibited by white characters with black background, and those among only MafT, MafF, MafK, and MafG subfamilies are
highlighted in purple, pink, blue and green, respectively. Amine acids highlighted in yellow indicate those conserved among MafT and MafF
proteins, Open circles denote amino acids conserved among small Maf but not large Maf proteins. Heptad repeats of L or M indicate the leucine
zippers. Nucleotide sequence data of mafgl, mafg2, mafk, and maft have been deposited in the DDBJ/EMBL/GenBank databases with accession
numbers AB167540, AB167541, AB167542, and AB167543, respectively. (B Phylogenetic tree of small Maf proteins. ¢, chicken; f, fugu; m, mouse;

and z, zebrafish. Scale bar, genetic distance.

Table 1

Genetic mapping and conserved syntenies of small Maf genes
Zebrafish Map Human Map
genes positions genes positions
mafk 1.G3-388.04 cR MAFK Tp22
Ifng " LG3-379.07 cR LFNG p22
mafgl LG3-503.01 cR MAFG 17q25
axin2 LG3-501.1 cR AXIN2 17q23-q24
mafg? LG11473.32 cR
maft . LG12-192.54 cR MAFF 22q13.1
csnkle 1G12-192.54 cR | CSNKIE 22q13.1

Map positions for zebrafish Ifig and axin2 were cited from ZFIN
Genetic Maps (http://zfin.org/cgi-bin/mapper_select.cgi), and those for
human genes from NCBI human genome resources (httpdf
www.ncbi.nlm, nih. gov/mapview/).

chicken was also demonstrated to be tissue-specific
[17,21,24,25,28]. The difference in small Maf gene ex-
pression profiles led us to speculate the presence of
significant variations in the regulatory mechanisms be-
tween the known small Maf genes and that of MafT.
Thus, it is of interest to analyze the expression profiles of
small Maf genes in zebrafish.

We therefore investigated tissue distribution of the
small Maf mRNAs in adult fish. Total RNA fractions
were prepared from various tissues in 7-month-old
zebrafish and analyzed by RT-PCR (Fig. 2A). Amount
of cDNA was standardized with the expression level of
efla, 2 gene encoding a widely expressed translational
elongation factor. While maft was expressed ubiqui-
tously, its expression was relatively abundant in the
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Fig. 2. Expression of small Maf mRNAs in zebrafish. Total RNA isolated from 7-month-old adult tissues (A} or whole body of embryos or larvae at
the indicated developmental stages (B) was analyzed by RT-PCR using specific primers for each small Maf gene. Expression of ef7ax was used to
standardize amount of cDNA. The numbers indicate reaction cycles (Cyc) performed in the PCR. E, eve; Br, brain; Gi, gill; Bl, bladder; H, heart; L,

liver; Gu, gut; 8, spleen; and T, testis.

brain but scarce in the gill, heart, and gut. Expression
profiles of mafk and mafg2 were similar to maf?, excepta
weak expression in the bladder in the case of mafg2.
mafgl was also expressed ubiquitously, but of relatively
high level in the heart and gut, and low level in the liver
and testis in comparison with other small Maf genes.
We also examined the expression of zebrafish small
Maf genes at embryonic and larval stages. RT-PCR
analyses demonstrated that all Maf genes were expressed
in every tested stage, but only at low level before
hatching (48-72 h) during early embryogenesis (Fig. 2B).

Inducible expression of small Maf genes by DEM

In human cells or mouse tissues, the expression of
small Maf genes is induced by the treatment of cells with
phase 2 inducers or electrophiles [41,42]. To examine.
whether these inducers can also activate the expression
of zebrafish small Maf genes, we analyzed expression
of the small Maf genes in adult gill and whole body of
larvae after treatment with DEM, a potent inducer of
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Fig. 3. Induction of small Maf genes after DEM treatment. Total RNA
from adult gill (A) or whole body of larvae (B) was prepared after
treatment with 100uM DEM for 6h and analyzed by RT-PCR using

specific primers for small Maf genes.

phase 2 enzyme genes not only in mammals but also in
zebrafish [34]. Fig. 3 shows that the expression of maft
and mafgl was induced by the DEM treatment. This
result indicates that regulatory mechanisms of small
Maf genes are conserved among vertebrate. It is also
consistent with the previous report, in that the induction
fevel of each small Maf gene was varied among human
cell lines [42]). While we could not find a significant dif-
ference in responsiveness to DEM between adult and
larvae, maft in zebrafish showed highest induction level
among small Maf genes. This observation shows very
good agreement with that of MAFF in human cells [42].

Activity of MafT protein to heterodimerize with CNC
proteins and bind to DNA

We then carried out to assess the ability of MafT and
other zebrafish small Maf proteins forming homodimers
or heterodimers with the known members of the zeb-
rafish CNC proteins, i.e., Nrf2 and p45 Nfe2 [34,37],
exploiting a single MARE containing oligonucleotide
[10] as a probe (Fig. 4). Formation of homodimers was
observed in the case of MafT and MafK, but it was not
obvious for MafG! nor MafG2 (Fig. 4, lanes 4, 7, 10,
and 13, arrow), The weakened activity of MafG!l and
MafG2 to form homodimers may be due to insolubility
of homotypic full-length proteins under the conditions
used for EMSA, since this was also observed when we
examined mouse or chicken MafG proteins (data not
shown) [10]. When we tested heterodimer formation of
zebrafish small Maf proteins with CNC proteins, ap-
pearance of slower migrating bands was found upon the
addition of Ntf2 to the reaction mixture (Fig. 4, closed
arrowheads). These bands correspond to Nrf2-small
Maf heterodimers, since specific antibodies for Nrf2 and
small Mafs abolished the bands (data not shown).
Similarly, an additional band to the homodimer band
was observed after combining p45 Nfe2 to the reaction
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Fig. 4. DNA binding and interaction with CNC proteins of zebrafish
small Maf proteins. Autoradiographic image of EMSA with the single
MARE containing probe. Binding reactions were carried out with in
vitro translated proteins as indicated. Arrow and arrowheads indicate
complexes containing small Maf homodimers and small Maf-CNC
protein heterodimers, respectively.

mixture (Fig. 4, open arrowheads). We confirmed that
this additional band corresponded to the complex con-
taining small Maf-p45 Nfe2 heterodimers by super-shift
analyses using FLAG-tagged protein of p45 Nfe2 and
antibodies against FLAG and small Maf proteins (data
not shown). These results thus indicate that the prop-
erties of MafT are similar to those of other small Mafs,

MafT and other small Maf proteins of zebrafish enhance

transactivation activity of Nrf2

MafF, MafK, and MafG have been shown to act as
transcriptional repressors, when each of them was force
expressed in cultured cells [10,18,23]. The repression was
brought about by the lack of transactivation domains in
the small Maf proteins, so that homodimers of smalt
Maf proteins tend to inhibit binding of CNC transacti-
vators to the MARE sequences. In order to elucidate

* whether MafT has any hidden transactivation domains,

we analyzed transregulation activity of MafT in zebra-
fish embryos by reporter gene assays. To this end,
luciferase gene fused to Ix MARE sequences of chicken
p-globin enhancers was used as a reporter (pRBGP2Y
[18L After co-injection of the reporter construct with
MafT mRNA into zebrafish embryos at the one-cell
stage, Iuciferase activity of the whole cell extract was
measured at mid-gastrula. As shown in Fig. 5A, over-
expression of MafT shows no increase of the luciferase
activity. Similar results were obtained when amount of
injecting mRNA was elevated to 50 pg (data not shown).
These results thus indicate that MafT does not contam
any canomnical transactivation domains.

We next examined the effect of MafT on transacti-
vation activity of Nrf2. Overexpression of NrfZ alone
strongly activated the expression of the reporter gene
(Fig. 5A), as we previcusly described [34]. When MafT
was co-expressed with Nrf2, the luciferase activity was
further activated by nearly 10-fold (Fig. 5B). To eluci-
date whether this activity was MafT specific, we also
examined the effect of MafK, MafGI, and MafG2 on .
the NrfZ transactivation activity and found that all these
proteins can activate the Nrf2 activity (Fig. 5C).

When amount of co-injecting MafT mRNA was m-
creased to 250 pg, relative activity of luciferase reduced to
approximately 1/15 of that it embryos injected with Nrf2
mRNA alone. The high expression level of MafT may
suppress MARE-dependent transcription, probably due
to forming non-transactive MafT-MafT homodimers
and competing with heterodimeric transactivators’ bind-
ing to MARE. These results strongly support our notion
that the balance between small Maf proteins and Nrf2 or
other CNC proteins determines the output of transcrip-
tion [29].

Some previous reports using the culture cell-trans-
fection sysfems showed that the addition of small Maf
proteins provokes only repression of the Nrf2 activity
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Fig. 5. MafT and other small Maf proteins enhance transactivation activity of Nrt2. (A) Fifty picograms of reporter constructs was co-injected with
12.5pg MafT or 50pg NrfZ mRNAS into-embryos at the one-cell stage and laciferase (Luc)y activity was analyzed at midgastrula. Luciferase activity
in the absence of MafT or NrfZ (denoted as ~J was sct at 1. (B) Effect of co-overexpression of MafT on the NrfZ? activity. Indicated amount of MafT
mRNA was co-injected with S0pg Nif2 mRNA and reporter constructs into zebrafish embryos. Lvciferase activity in the embryos overexpressing
only NrfZ was set at . (C) Effect of co-overexpression of MafK, MafGT or MafG2 on the Nif? activity. Five picograms each of small Maf mRNA
was co-injected with 50pg Nrf2 mRNA and reporter constructs info zebrafish embryos. The sesults of more than three independent experiments are
shown, each carried out ir duplicate. Standard deviation values are shown by bars.
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[24,4345). In contrast, this study explicitly demon-
strates the activation phase of Nrf2 activity by small
Maf proteins. One plausible explanation for the differ-
ence is to assume the distinct abundance of small Maf
and Nrf2 in the nucleus of culture cells and zebrafish
embryos. Whereas small Maf proteins translocate
quickly into the nucleus [4], Nrf2 localizes in cytoplasm
with binding to Keapl [6,7] and is degraded rapidly by
proteasome [8] without stimuli of electrophiles. Thus,
the expression level of small Maf proteins in nuclei of
conventional culture cells may be relatively abundant
compared to Nrf2, so that further addition of small
Mafs to the cells does not activate the reporter gene
transcription. In contrast, in early zebrafish embryos the
expression level of all small Maf proteins is quite low
compared with later stages (see Fig. 2B). Therefore, the
expression of small Maf proteins effectively supplied
partner molecules for Nrf2 and the effect of small Mafs
was detectable. The experimental system utilizing the
zebrafish embryos thus provides an excellent model
system to assess the transregulatory activity of small
Maf proteins in vivo. Zebrafish system provides a
powerful tool for the analysis of gene regulation, such as
external fertilization, transparent embryos, and appli-
cation of random mutagenesis and screening techniques.
New aspects of Maf and CNC proteins may emerge
from future zebrafish analyses.

Concluding remarks

In this report, we identified MafT as a new member of
small Maf proteins. This study also suggests that small
Maf proteins are important intrinsic partners for Nrf2.
Among many other questions still unanswered, the fol-
lowing question is intriguing as to why does fish develop
its original subtype MafT? Searching for small Maf
genes in the fugu genomic DNA database demonstrates
that fugu also has MafG and MafK in addition to
MafT, but not MafF, suggesting the conservation of
MafG and MafK, but not MafF and MafT among the
vertebrate (data not shown). As the mouse mafF gene is
strongly expressed in the lung, a tissue which fish does
not have [27], one simple hypothesis is that MafT was
specialized for water-living organism. However, ex-
pression of zebrafish maft in the gill or bladder was
relatively weak compared to those of other tissues.
Thus, the question remains to be elucidated.
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Transcription factor Nrf2 is a major regulator of genes encoding phase 2 detoxifying enzymes and antiox-
tdant stress proteins in response fo electrophilic agents and oxidative stress. In the absence of such stimuli,
Nrf2 is inactive owing to its cytoplasmic retention by Keapl and rapid degradation through the proteasome
system. We examined the contribution of Keapl to the rapid tarnover of Nrf2 (half-life of less than 20 min) and -
found that a direct association between Keapl and Nrf2 is required for Nrf2 degradation. In a series of domain
function analyses of Keapl, we found that both the BTB and intervening-region (IVR) domains are crucial for
Nrif2 degradation, implying that these two domains act to recruit ubiquitin-proteasome factors. Indeed, Cullin
3 (Cul3), a subunit of the E3 ligase complex, was found to interact specifically with Keapl in vivo, Keapl
associates with the N-terminal region of Cui3 through the IVR domain and promotes the ubiquitination of Nrf2
in cooperation with the Cul3-Rocl complex. These results thus provide solid evidence that Keapl functions as
an adaptor of Cul3-based E3 ligase, To our knowledge, Nrf2 and Keapl are the first reported mammalian
substrate and adaptor, respectively, of the Cul3-based E3 ligase system.

Biological responses to toxic environmental stresses are reg-
ulated by several coordinated functions of cellular factors, pro-
viding animals with a means of cellular protection. The cellular
factors usually involve a component that senses a stress and
transmits the information as a cellular signal to transcription
factors. Transcription factors then induce or regulate the ex-
pression of genes encoding cytoprotective enzymes and pro-
teins (16, 23). It has been shown that repression of stress-
responsive transcription factors is crucial for the maintenance
of cellular homeostasis. This repression is especially important
for avoiding unnecessary gene activation -in the absence of
stress stimuli. Several prototype mechanisms of such inhibitory
action have been identified. For instance, von Hippel-Lindau
protein {(pVHL) acts as a repressor of transcription factor
Hif-1a by accelerating protein degradation under conditions of
normoxia (23). pVHL works to ubiquitinate Hif-1q, leading to
degradation of the protein in a proteasome-dependent man-

ner. The transcriptional activity of Hif-1a is thus repressed

during normeoxia (11).

Oxidative and xenobiotic stresses are known to cause many
diseases, such as cancer, diabetes, and arteriosclerosis. Recent
progress in this field has provided solid evidence for the con-
tention that these stresses are sensed by the Nrf2-Keapl sys-

tem, which in response achieves cytoprotection by regulating

the expression of phase 2 drug-metabolizing enzymes and an-
tioxidant response proteins (6, 10, 16). In the absence of stress
stimuli, the cytoplasmic protein Keapl binds Nrf2 and prevents

* Corresponding author. Mailing address: Center for TARA, Uni-
versity of Tsukuba, 1-1-1 Tennoudai, Tsukuba, 305-8575, Japan. Phone:
81-29-853-6158. Fax: 81-29-853-7318, E-mail: masi@tara.tsukuba.ac.jp.

its translocation to the nucleus (10). This cytoplasmic seques-
tration of Nrf2 requires at least two cysteine residues in the
intervening region (IVR) of Keapl. In experiments conducted
in vitro, four cysteine residues in the IVR appeared to be
modified by electrophiles (3, 14, 27), suggesting that Keapl
functions as a sensor for oxidative and xenobiotic stimuli
through these cysteines.

Extensive studies have been executed to elucidate the mo-
lecular mechanisms governing Nrf2 activity. These studies re-
vealed that Nrf2 is degraded rapidly by the ubiquitin-protea-
some pathway (9, 15, 17, 25, 31). The rapid turnover of Nrf2
was reproducible throughout these studies and proven in vivo
in experiments with a gene-manipulated mouse (9). However,
the molecular mechanisms regarding Nrf2 degradation are still
controversial. One group reported that ubiquitination of Nrf2
is carried out in a Keapl-independent manner, whereas an-
other group claimed Keapl-dependent degradation of Nrf2
(15, 31). We also found that Nrf2 is degraded through two
distinct pathways: a proteasome-dependent rapid turnover and
a relatively slow turnover in the nucleus (9).

The ubiquitin-dependent proteolysis system regulates the
abundance of proteins and serves a central regulatory function
in many biological processes, including cell cycle progression,
signal transduction, and transcription (7). Ubiquitin conjuga-
tion to substrate proteins is carried out by the sequential re-
action of three enzymes (19): the ubiquitin-activating enzymes
(E1), the ubiquitin-conjugating enzymes (E2), and the ubig-
uitin ligases (E3). E3 ligases provide two distinct functions; one
is to target substrate protein, and the other is to catalyze
isopeptide bond formation between the substrate protein and
ubiquitin.
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It has been shown that there are several types of E3 ligase.
Culiin (Cul)-based E3 ligases regulate the turnover of impor-
tant transcription factors and are composed of several sub-
units. Cul is a scaffold protein in the E3 ligase complex and
forms a catalytic core complex with Rocl/Rbx1/Hrtl, with
Rocl recruiting a cognate E2 enzyme. Six Cul protein mem-
bers have been identified in mammals: Cull, Cul2, Cul3,
Cul4A, Cul4B, and Cul5 (29). To target substrate proteins
specifically, the Cul-Rocl complex requires an adaptor mole-
cule. Cull preferentially binds the adaptor molecules Skp1 and
F-box protein, while Cul2 binds pVHL and elongin C. These
complexes are referred to as the SCF (Skp1-Cull-F-box) and
ECS (elongin-Cul2-SOCS) E3 ligases, respectively. Recently,
in Caenorhabditis elegans and Schizosaccharomyces pombe, a
subset of proteins containing a BTB domain was reported to
function as a distinct group of substrate-specific adaptors
which preferentially bind to Cul3. The BTB proteins seem to
target certain substrates into the E3 ligase complex by virtue of
their protein-interaction domains, the Kelch motifs and
MATH domain (4, 5, 21, 30). However, a specific substrate for
the mammalian Cul3 system has not yet been identified.

Two distinct molecular mechanisms for the contribution of
Keapl to the rapid turnover of Nrf2 have been assumed (9).
Keapl may contribute to the turnover of Nrf2 by merely re-
taining Nrf2 in the cytoplasm such that Nrf2 is kept in close
proximity to the proteasome system. Alternatively, Keapl may
promote N1f2 degradation more effectively through the active
recruitment of E3 ligase and proteasome subunits. To examine
which case is actually operating, we established a system that
analyzes Nirf2 degradation in vivo. This paper describes the
molecular mechanisms of Nrf2 degradation involving the ubig-
uitin-proteasome system. Our results provide conclusive evi-
dence that Keapl is a stress sensor protein that functions
directly as an adaptor molecule in the Cul3-based E3 ligase
system in the rapid degradation of Nrf2. Thus, Keapl plays
essential roles in the Nrf2-Keapl stress response system, not
only as a sensor of oxidative and electrophilic stresses but also
as a regulator of Nrf2 degradation.

MATERIALS AND METHODS

Chemical reagents. MG132 and the calpain inhibitor E64 were purchased
from Peptide Institute Inc. Clasto-lactacystin B-lactone was from Calbiochem.

Plasmid construction. Cull, Cul2, Cul4A, and Cul5 cDNAs were cloned by
reverse transcription-PCR using mouse brain and testis cDNAs and inserted into
the Asp718 and Xhol sites of pcDNA3-Myc (Invitrogen). Cul3 cDNA was cloned
by simitar reverse transcription-PCR and inserted into the EcoRI and Xbal sites
of p3XFLAG-CMV-10 (Sigma). Primers used for the amplification are available
on request. pPCMVNM{2AETGE was generated by substituting the Kpnl-EcoRV
fragment of pCMVmNTE2 with two pieces of PCR fragments digested with Kpnl
and EcoRI and with EcoRI and EcoRV, respectively. pCMVNrfaAC and
pCMVNrfaAC/ETGE were constructed by inserting the Xbal linker {amber
mutation} into the blunt-ended HindIIl sites of pCMVNrf2 and
pCMVNtf2AETGE, respectively. Expression plasmids of Cul3 deletion mutants,
p3Xflag Cul3N280 and p3Xflag Cul3 ANZ80, were generated by inserting PCR
products into the EcoRI and Xbal sites of p3XFLAG-CMYV-10 (Sigma). Primers
used for the amplification are available on request. Keapl deletion mutants and
Cys mutants in the IVR were generated as described previously (12, 27). All
constructs were verified by sequencing,

Cell culture and transfection. Cos7 cells and 293T cells were cultured in
Dulbecco modified Eagle medium (Sigma) supplemented with 10% fetal calf
serum {Gibco), 4500 mg of glucose per liter, 40 pg of streptomycin per ml, and
40 U of penicillin per ml. The DNA transfection was performed with Fugen6
(Roche) and Lipofectamine Plus (Invitrogen),

UBIQUITINATION OF Ni2 BY Keapl-Cul3 COMPLEX 7131

Turnover of Nrf2 in the presence of Keap! and mutants. Full-length Keapl or
Keapl mutants were expressed in Cos7 cells along with enhanced green fluores-.
cent protein (EGFP). At 36 h after transfection, the cells were treated with
cyclohexamide (final concentration, 10 kM) to stop de novo protein synthesis
and harvested by scraping. The cells were boiled in Laemmli sample buffer
supplemented with B-mercaptoethanol (final concentration, 2%) {Wako Chem-
icals) at several time points, as described in the legend to Fig. 1. Cell extracts -
were subjected to immuncblot analysis with an anti-Ntf2 antibody (C4) against
the C-terminal end of Nrf2 and anti-EGFP antibody (Santa Cruz). Experiments
were performed twice in duplicate. .

Immunochistochemical staining, Cos7 cells expressing Nrf2 and deletion mu-
tants were grown on cultured dishes. At 36 h after transfection, the cells were
fixed with 4% paraformaldehyde and acetone, blocked with 2% goat serum and
5% skim milk for 1 h, and incubated with an anti-Nrf2 antibody (100-fold
dilution). The cells were incubated with anti-rabbit antibody conjugated with
fluorescein isothiocyanate (100-fold dilution) (Zymed) and washed with plos-
phate-buffered saline. Nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI). The cells were visualized by fluoreseence microscopy (Leica DMIRB).

In vivo ubiquitination assay. 293T cells were transfected with several combi-
nations of plasmids as described in the legend to Fig. 6, along with His-tagged Ub
vector (26), At 24 h following transfection, the cells were treated with MG132
(fina! concentration, 2 pM) for 12 h to inhibit the proteasome function. Whote-
cell extracts were prepared in lysis buffer I (20 mM Tris-HCI [pH 7.5], 05 M
NaCl, 8 M urea, 5 mM imidazole) and incubated overnight with Ni** affinity
beads (Probond resin; Invitrogen). After being washed three times with lysis
buffer, the beads were boiled in the sample buffer and the eluate was subjected
to immunoblot analysis with an anti-Nrf2 antibody recognizing the Neh2 domain,

Immunoprecipitation. To determine the interaction of endogenous Keapl
with Cul3 in culture cells, an immunoprecipitation experiment using anti-Keapl
antibody was performed, Whole—cell extracts of 293T cells were prepared in lysis
buffer 11 (10 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM
dithicthreitol, 0.1% Nonidet P-40, protease inhibitor cocktail [Roche Diagnos-
tic], 10 pM MG132) and treated overnight with anti-Keapl antibody against the
N-terminal peptide (12). Immunocomplexes were precipitated with protein G
(Pierce), washed three times with lysis buffer II, and subjected to immunoblot
analysis using anti-Cul3 antibody (Santa Cruz), the ABC kit (Vector Labosa-
tory), and the ECL kit (Amersham).

To analyze the interaction between Keap! and several Cul proteins, expressicn
plasmids for these factors were transfected into 293T cells by using Lipo-
fectamine Plus. At 36 h after transfection, cytoplasmic extracts were prepared in
buffer A (10 mM HEPES-KOH [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 1 mM
MgCl,, 0.5 M dithiothreitol, protease inhibitor cocktail), and NaCl was added
to a final concentration of 70 mM. Cell extracts were incubated with anti-Flag M2
beads {Sigma) by generous rocking at 4°C for 4 h. The immunocomplexes were
washed three times with buffer (10 mM Tris-HC! [pH 7.5], 100 mM NaCl, 0.1
mM EDTA, 1 mM MgCly, 0.1% Nonidet P-40) and subjected to immunablot
analysis with anti-Myc, anti-HA (Santa Cruz), and anti-Keapl antibodies, sepa-
rately. '

RESULTS

Degradation of Nrf2 requires association with Keapl. To
examine the contribution of Keapl, we established a system
enabling analysis of the mechanisms involved in Nrf2 degra-
dation. In this system, Nrf2 was transiently expressed in Cos7
cells by transfection in the presence or absence of Keap!, and
a whole-cell extract was prepared to determine the stability of
Nrf2 by immunoblot analysis with an anti-Nrf2 antibody. As
shown in Fig. 1A, Nrf2 accumulated in Cos7 cells after trans-
fection (lanes 1 and 2). The accumulation of NriZ was aug-
mented by the addition of a proteasome inhibitor, MG132
(lane 3), indicating that Nrf2 is otherwise rapidly degraded
through the proteasome pathway. Important observations are
that coexpression of Keapl significantly reduced the amounts
of Nrf2 (lanes 4, 6, and 8) and that this Keapl-dependent
reduction of Nrf2 was inhibited by the addition of MG132
(lanes 5, 7, and 9).

We also challenged a couple of other protease inhibitors. Of
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FIG. 1. Assay system to examine the degradation mechanism of Nrf2. (A} Keapl promotes Nrf2 degradation in the in vivo degradation system.
An Nrf2 expression vector (2 pg) was transfected into Cos7 cells (90% confluent) with or without the Keapl expression vector (1.5 pg). At 24 h
after transfection, the cells were treated with dimethy! sulfoxide (DMSO) (lanes 1, 2, 4, 6, and 8) and 2 pM MG132 (lanes 3, 5, 7, and9) for 12 h
and directly lysed in sodium dodecy! sulfate sample buffer. (Upper panel) Whole-cell extracts were subjected to immunoblot analysis with an
anti-Nrf2 antibody. (Lower panel). The expression level of cotransfected EGFP was used as an internal control. (B) Proteasome-specific inhibitors
stabilize the Nrf2 protein. Transfected cells were treated with DMSO (lane 4), 2 pM MG132 (lane 5), 2 pM clasto-lactacystin B-lactone (lane 6), and

E64 (tane 7) for 12 h. Immiunoblot analysis was performed as described above. (C and D) The Nrf2 expressed in this system was rapidly degraded in a
Keapl-dependent manner. Nrf2 and AETGE mutant were transfected into cells along with Keapl. At 36 h after transfection, the cells were treated with
- 10 pM cyclobeximide (CFIX) per ml for the periods indicated. {Upper panel) Whole-cell extracts were subjected to immunoblot analysis with 2n anti-Nrf2
antibody. (Lower panel). The expression level of EGFP was used as an internal control. The averages of the relative band intensities of Nrf2 {cpen
squares) and AETGE mutant (closed circles) represent two independent experiments performed in duplicate. ' :

the protease inhibitors, clasto-lactacystin B-lactone (B-lactone)
is known to be more specific to the proteasome pathway than
MG132 whereas E64 is a specific inhibitor of calpain proteases.
As shown in Fig. 1B, degradation of Nrf2 was inhibited by
B-lactone and MG132 but not by E64 (lanes 5 to 7). These
results indicate that Nrf2 is degraded in this Cos7 system in a
proteasome-dependent manner.

To further examine how closely this system recapitulates the

endogenous Nrf2 degradation machinery, we determined the -

half-life of Nrf2 in this system and compared it with that of
endogenous Nrf2 (Fig. 1C and D). The half-life of Nrf2 was
determined by cotransfecting Nrf2 and Keapl expression plas-
mids into Cos7 cells and then treating them with cycloheximide
for specific periods to inhibit de novo protein synthesis. Whole-
cell extracts were then prepared from these cells and subjected
to immunoblot analysis, The half-life of Nif2 was determined
to be 7.5 min in the present Cos7 system (Fig. 1D). This is in
very good agreement with the haif-life of 18.5 min determined
for endogenous Nrf2 in our previous analysis using peritoneal
macrophages (9). '
The ETGE motif of Nrf2 is indispensable in the association
of Nrf2 with Keap1 (13); therefore, our ETGE deletion mutant
will not interact with Keapl1 (data not shown). Thus, we would

expect significant stabilization of this Nrf2 mutant if Keap! is
truly involved in the active degradation of Nrf2 in vivo. We
measured the half-life of the AETGE mutant of Nrf2 and
found that it was indeed stabilized markedly (Fig. 1D, t;, =70
min). These results thus demonstrate that Nrf2 is degraded in
a Keapl-dependent manner in this system. Collectively, these
data support our contention that the present degradation sys-
tem of Nrf2 mimics the endogenous degradation of Nrf2 fairly
well. i ;

Keapl directly promotes degradation of Nrf2. To address
the question whether Keapl actively contributes to the rapid
degradation of Nrf2, we measured the turnover of Nrf2 local-
ized exclusively in the cytoplasm. To this end, we generated
two deletion mutants of Nrf2. One is a AC mutant, which lacks
the C-terminat region including the nuclear localization signal,
while the other is a AC/ETGE mutant, which lacks the ETGE
motif as well as the C-terminal region (Fig. 2A, AC and AC/
ETGE, respectively). Keapl associated with the AC mutant,
but not with the AC/ETGE mutant (data not shown). Impor-
tantly, immunohistochemical analysis showed that both mu-
tants were localized in the cytoplasm, even in the absence of
Keapl (Fig. 2B). . '

Exploiting the Cos? system, we again examined the half-life
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FIG. 2. Rapid turnover of Nrf2 requires its association with Keapl. (A) Schematic presentation of Nrf2 deletion mutants. AC lacks the C
terminus including the NLS of wild-type Nrf2. AC/ETGE lacks both this C terminus and the ETGE motif, which is crucial for association with
Keapl. (B) Cytoplasmic localization of AC and AC/ETGE mutants in Cos7 cells (b and ¢). These mutant proteins were stained by an immuno-
histochemical method with anti-Nrf2 (C4) antibody. Nuclei were stained with DAPI (d to f). (C and D) Deletion of the ETGE motif abolished
the degradation of Nrf2 by Keapl. This suggests that Keapl positively regulates the degradation of Nrf2 through its association. The experimental
procedure was described in the legend to Fig, 1. The averages of the band intensities of AC and ACG/ETGE mutants represent two independent

experiments done in duplicate.

of Nrf2. The hypothesis behind this study is that if rapid deg-
radation of Nif2 requires a physical interaction with Keapl,
the AC mutant should degrade more rapidly than the AC/
ETGE mutant. After cotransfection of expression plasmids of
these Nrf2 mutants and Keapl into Cos7 cells, the cells were
treated with cycloheximide for 36 h and harvested at several
time points (Fig. 2C and D). We determined the half-life of
these Nrf2 mutants by normalizing the amount of Nrf2 protein
with that of coexpressed EGFP. Deletion of the C-terminal
- region slightly stabilized Nrf2 (t,, = 25 min) compared to
full-length Nrf2. In contrast, simultaneous deletion of the
ETGE motif with the C-terminal region significantly stabilized
Nrf2 (t,,, = 150 min). These data suggest that Keapl actively
promotes Nrf2 degradation whereas the mere presence of Nrf2
in the cytoplasm does not lead to its active degradation, .
BTB and IVR domains of Keapl contribute to the Nri2
degradation. The next important study was to decipher the
molecular mechanisms of how Keapl regulates Nrf2 degrada-
tion. We executed a series of domain functional analyses of
Keapl to identify the domains in Keapl crucial for Nif2 deg-
radation. Keapl consists mainly of the BTB/POZ, IVR, and
DGR domains (Fig. 3A). We therefore expressed deletion
mutants of each of these domains in Cos7 cells together with

Nrf2 and monitored the stability of Nrf2 by immunoblot anal-
ysis using whole-cell extracts (Fig. 3B). Deletion of the DGR
domain completely abolished the Nrf2 degradation activity of
Keap1 since the DGR domain is essential for the association of
Keapl with Nrf2 (lane 6). Surprisingly, deletion of either the
BTB or IVR domain also impaired the Keapl activity that
leads to Nrf2 degradation (lanes 4 and 5). The expression
levels of the deletion mutants were verified to be comparable
by immunoblot analysis using anti-Keap1 antibodies (Fig. 3C).
The BTB and IVR domain mutants could interact with Nrf2
and localize the Nrf2 reporter protein (Neh2-GFP) exclusively
in the cytoplasm (12). Taken together, these results suggest
that Keapl promotes Nrf2 degradation through interaction
between certain regulatory factors with the BTB or IVR do-
main. .

Keapl associates with Cul3 in vivo. To identify regulatory
factors associated with the degradation property of Keapl, we
performed several rounds of yeast two-hybrid screens using
full-length Xeap] or the BTB domain as bait. However, in spite
of these extensive analyses, we could not isolate factors regu-
lating Nrf2 degradation (data not shown). Switching to a can-
didate approach showed that a subset of BTE proteins function
as an adaptor for the Cul3-type E3 ligase complex (4, 5, 21, 30).



