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The Nrf2 transcription factor is more rapidly furned
over in cells grown under homeostatic conditions than
in those experiencing oxidative stress. The variable
turnover of Nrf2 is accomplished through the use of at
least two deprons and its redox-sensitive interaction
with the Kelch-repeat protein Eeapl. In homeostatic
COS1 cells, the Neh2 degron confers on Nrf2 a half-life of
less than 10 min. Analyses of deletion mutants of a
Gal4(HA)mNeh?2 fusion protein and fudl-length mINrf2
indicate that full redox-sensitive Neh2 destabilizing nc-
tivity depends upon two separate sequences within this
N-terminal domain. The DIDLID element (amino acids
17-32) is indispensable for Neh2 activity and appears
necessary to recruit a ubiguitin ligase to the fusion pro-
tein. A second motif within Neh2, the ETGE tetrapeptide
{amino acids 79-82), allows the redox-sensitive recruit-
ment of Nrf2 to Eeapl. This interaction, which occurs
‘only in homeostatic cells, enhances the capacity of the
Neh2 degron to direct degradation by functioning down-
stream of ubiguitination mediated by the DIDLID ele-
ment. By contrast with the situation under homeostatic
conditions, the Neh2 degron is neither necessary nor
sufficient to account for the characteristic half-life of
Nrf2 in oxidatively stressed cells. Instead, the previ-
ously uncharacterized, redox-insensitive Neh6 degron
(amino acids 329-379) is essential to ensure that the
transcription factor is still appropriately turned over in
stressed cells, albeit with an increased half-life of 40
min. A model can now be proposed to explain how the
turnover of this protein adapts in response to alter-
ations in cellular redox state. .

The Nrf2 transeription factor regulates many antioxidant
and detoxification genes in response to oxidative insult (1-3).
The resulting hiochemical alferations enhance the capacity of
cells to survive the stress by detoxifying the causative agent
along with by-products of the stress, by repairing or recycling
damaged macromolecules, and ultimately, restoring redox ho-
meostasis. The pivotal role of Nrf2 in this adaptive response is
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clear from the lack of up-regulation of these genes in mice
lacking this factor (4-=7).

Induction of many genes int response to oxidative stress oc-
curs through the antioxidant-response element (ARE)! (for a
review, sece Ref. 8). This enhancer is bound by “enc” bZIP
proteins, which consists of not only Nrf2 but also the pd5
subunit of NF-E2, Nrfl, and Nrf3, and the more distantly
related members Bachl and Bach2. These proteins bind AREs
as obligate heterodimers with any one of three small Maf
proteins (MafF, MafG, and MafK), which may themselves also
bind as homodimers (for a review, see Ref. 8). Farthermore,
other bZIP proteins are reputed to bind this enhancer (9). The
transeriptional state of ARE-regulated genes is determined by
the identity of the dimer recrmited. For example, small Maf
homodimers, which lack transactivation domains, are not com-
petent to drive transcription from this elenrent (Ref. 10), and
Bachl-containing heterodixoers actively repress transcription
(11). In comparison, Nrf2 has been shown to be a strong trans-
activator, and its recruitiment to an ARE, as a heterodimer with
a small Maf partner molecule, results in transcriptional up-
regulation of the gene in question (1, 12). The existence of
functionally distinct bZIP dimers allows the cell to control
ARE-driven gene transcription by varying the quantity of spe-
cific enc and small Maf proteins in the nuclens and, therefore,
the spectrum of dimers expressed. Accordingly, cellular adap-
tation to oxidative stress involves, among other changes, a
rapid increase in the nuclear level of Nrf2 (13-15), possibly
coupled with a decrease in the amount of Baclil (16), leading in
turn to enhanced recruitment of Nrf2-containing dimers to the
promoters of ARE-regulated genes (17).

The amount of Nrf2 protein in the nuclens is conirolled by
the eytoplasmic, actin-bound protein, Keapl (Kelch-like ECII-
associated protein 1). ECH (erythroid cell-derived protein with
cne homology) is a synonym for Galfus gallus Nrf2. This Kelch-
repeat protein was originally identified beecause it can interact
with the N-termninal Neh2 (Nrf2-ECH homology 2) domain of
Nrf2. Subsequently, Keapl was found to bind directly to Nrf2
via an ETGE fetrapeptide motif within Neh2 (18-19). Initial
overexpression assays indicated that Keapl dictates the sub-
cellular localization of Nrf2. It was demonstrated to tether
Nrf2 in the eytoplasm of homeostatic cells, but during oxidative
stress this interaction was antagonized, leaving Nrf2 free fo
translocate to the nucleus (18).

! The sbbreviations used are: ARE, antioxidant response ¢lement;
BTE, Broad-complex, Tramtrack, and Bric-a-brac; CHX, cycloheximide;
cne, cap ‘n collar; ER, endoplasmic reticulum; HA, hemagglutining
Keapl, Kelch-like ECH-associated protein 1; Neh, Nrf2-ECIH homology;
Nrf, NF-E2-xclated factor; Sul, sclforaphane; Ubl, wbiquitin-like; E1,
ubiquitin-activating enzyme.

This paper is available on line at hifpy//www.jbc.org
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Recent studies (13-15, 20-21) indicate that oxidative stress
influences not only the subeellular distribution of Nxf2 but also
the total amount of Ntf2. Thus, in the nontransformed RL34
rat liver epithelial cell line, rNTf2 protein was undetectable
under homeostatic conditions, but levels of the protein in-
creased rapidly in the nucleus following treatment with sul-
foraphane (Sul), a model oxidative stressor (15). To account, for
these findings, it has been propesed that Keapl both seques-
ters Nrf2 in the cytoplasm and enhances proteasomal degra-
dation of the transcription factor in homeostatic cells (14, 15).
Consistent with this model, we have demonstrated previously
in COS1 cells that both the steady-state level of Nrf2 protein
and its halflife are redox-sensitive, when coexpressed with
Keapl. Deletion of the ETGE tetrapeptide motif from the Neh2
domain of Nrf2 demonstrated that its redox-sensitive interac-
tion with Keapl underpins its decreased stability during ho-
meostatic conditions (15). To our surprise, althongh interaction
with Keapl enhanced the rate of proteasomal degradation of
Nrf2 in homeostatie cells, the interaction did not enhance ubig-
uitination of the bZIP factor (15). Further examination of how
the Neh2 domain controls protein half-life revealed that it does
not simply contain the interaction site for Nrf2 and Keapl but
that this region is a redox-sensitive degron. Specifically, when
Neh2 was fused to Gald and coexpressed with EKeapl, the
half-life of the recombinant protein was reduced, and its
steady-state level became redox-sensitive. Deletion of the
ETGE motif from the fusion protein alse showed that the Neh2
domain could mediate proteasomal degradation independently
of its interaction with Keapl. We thus proposed that Nrf2 is
capable of being degraded proteasomally, via its Neh2 degron,
both dependently and independently of Keapl. Under homeo-
static conditions, the Neh2 degron mediates a rapid, Keapl-de-
pendent degradation of Nrf2 (15). By contrast, imder conditions
of oxidative stress, the Neh2 degron directs a less rapid, Keapl-
independent degradation of the bZIP factor.

The relationship between Keapl-dependent and -independ-
ent Neh2-medialed degradation is uncear. IL is nol known
whether Keapl simply acts to enhance the rate of the Keapl-
independent mechanism or whether several pathways for Nrf2
degradation exist.

Comparison of the amino acid sequence of SKN-1, a tran-
scription factor in Caenorhabditis elegens that responds to
oxidative stress, with that of Nrf2 has revealed the presence of
a conserved peptide called the “DIDLID element® in the nem-
atode protein (22). This element is located between residues $9
and 112 of SKN-1, whereas in mouse, rat, and human Nrf2 it
resides in the Neh2 domain between amino acids 17 and 32
(Fig. 1). In SEN-1, the DIDLID element is part of a transacti-
vation domain, although this property is also shared with other
regions of the nematode factor. The fimetion of the region in
Nrf2 homologous to the SKN-1 DIDLID element is not known,
but the striking conservation suggests it performs an essential
role. Given the fact that Neh2 helps control the turn over of
Nrf2, it is important to establish whether the Neh2 subdomain
equivalent to the SKN-1 element contributes to this process.
Besides Neh2, five additional domains, Neh!, Neh3, Nehd,
Neh5, and Neh6, have been identified in Nrf2. It is not kmown
if these regions contribute to the destabilization of the bZIP
protein,

In this paper we report for the first time that ubiquitination
of a Gal4(HA)mNeh2 fusion protein depends upon the subdo-
main equivalent to the DIDLID element in SKN-1. By deleting
amine acids 17-32 from full-lepgth mNrf2, we demonstrate
that Keap1 functions to enhance the rate of degradation of Nrf2
by acting downstream of ubiquifination directed by the
DIDLID element. Whereas the Neh2 domain is both necessary
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Fi14. 1. Btructure of Nrf2, A, schematic of the conserved domain
structure of mouse Nrf2 based on a srequence alignment of orthologous
Nrf2 proteins is presented. Conserved domains are referred to as Nel
domaips, The DIDLID element (amino acids 17-32) and the ETGE
motif (amino acids 79-52) of the Neli2 domain are highlighted, as are
two highly conserved regions of the Neht domain (amino acids 329-339
and 363-379% A complete sequence alignment of orthologous Nrf2
proteins from human to fish and a deseription of the known functions of
the Neh domains can be found in the supplemental Fig. 1. B, a com-
parison of the regions of mouse (n), rat (r), human (%}, and chicken (g}
Nrf2 proteins encompassing DIDLID elements, and the corresponding
sequence from C. elegans SKN-1 protein is presented. The sequence
defined as {he DIDLID element in SKN-1 is underlined. In the context
of mNrf2, we use the term to refer to amino acids 17-32.

and sufficient for degradation of Nrf2 in homeostatic cells, it
can be removed without altering the twmever rate of the pro-
tein in oxidatively stressed cells. Instead, degradation of the
protein in stressed cells is predonnnantly mediated by the
previously unrecognized, redox-insensitive Neh6 degron.

EXPERIMENTAL PROCETDURES

Plasmids—pCG-GAL(HA), which expresses a hemaggletinin (HA)
tagged GAL4 DNA-binding domain was a kind gift of Dr. William P.
Tansey (Cold Spring Harbor Laboratory, NY) and has been described in
Ref 23. pCG-GAL{HAYmNeh8, which expresses Gal4(FIAJmNeh§, a
HA-tagred Gal4d DNA-binding domsain fused to the Neh8 domain of
mNrf2, was generated by PCR amplification of the region coding amino
acids 318-401 by nsing the primer pair 5'-GACCTGTCACTGTCTA-
GAGCTTTCAACCCG-3' and B'-CATAGGAGCACTGGATCCTTGC-
TATGGTGACAGAGGCTG-3". The resulting product was digested with
Xbal and BamHI and ligated into similarly digested pCG-GAL(HA).
pCG-GAL(HA)MNeh2, which expresses Gal4(HAmNeh2, a hemagglu-
tinin (HA)}tagged GAL4 DNA-binding domain-mNeh2 fusion protein,
has been described previously, as bas peDNA3.L/V5mNr{2, which ex-
presses full-length mNrf2 tagged at the C terminuns with a V5 epiftope
(mNrf2-V5) {(15). All constructs expressing the deletion mufants of
Gald(HA)nNeh2 or mNrf2-V6 mentioned in the text were gencrated
from the sbove parental vectors by deletion mutagenesis using the
GeneRditor kit (Promega). The sequences of the mutagenic oligonucleo-
tides used are available on request. pcDNAZ.1/V5HisCmKeapl and
pcDNAS.V/mKeapl, which express mKeapl-V5-hexabistidine and un-
tagged mKeapl, respectively, have been described previously (15). The
PARE-164CAT reporter construct was & gift from Dr. Cecil B. Pickett
(Schering Plough Research Institute, Kenilworth, NJ) and has been
deseribed previously (24). pCMVf-gal {Clontech) expresses g-galacie-
sidase under the contral of a cytomegalovirus promoter and was in-
cluded in all transfections as an internal control. pHisUb, which ex-
presses hexahistidine-tagged octameric ubiquitin precurser protein
from a cytomegalovirus promoter (25}, was provided by Prof. David P,
Lane (University of Dundee). All constructs prepared for this study
were sequence-verified.

Cell Culture, Transfections, Chemical Challenge, und Reporter As-
says—ts20TGR and H38.5 cells (26) were kind gifts from Profs, Harvey
L. OQzer (University of Medicine and Dentistry of New Jersey-New
Jersey Medical School) and Christoph Borner (Albert-Ludwigs Univer-
sity, Freiburg, Germany). The ts20TG" cell line harbors a temperature-
sensitive mutant E? enzyme. The mutant enzyme permits growth at
234.5 °C but i3 inactivated by shifling cells to the nonpermissive tem-
perature of 39 *C. This ccll linc was maintained at 84.6 °C in Dulboceo's
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modified Eagle's medium (Invitrogen) supplemented with 10% (v/v)
heat-inactivated fetal calf serum (Invitrogen) and penicillin-streptomy-
cin. The H38.5 cell line was derived from the ts20TGR cell line und
contains stably integrated DNA expressing the wild-type E1 protein. It
was maintained as for the parent. cell line, but its growth medium was
supplemented with 50 pg/m] hygromycin B (Sigma} to maintain the
integrated DNA. COS1 colls were grown in Dulbecco’s medified Eagle's
medium (Invitrogen) supplemented with 10% (v/v) heat-inactivated
fetal ealf serum (Invitrogen) and penicillin-strepfomycin. RL34, non-
transformed rat Liver epithelial cells, were maintained in Dulbecco's
modified Eagle's mediumn {Invitrogen) supplemented with 10% (v/v)
hest-inactivated fotal call serum (nvitrogen), 2 mu L-glulamine, and
penicillin-streptomycin. Cells were seeded into either G-well plates or
60-mm tizsne culfure dishes at least 18 h before transfection and were
~50% (ts20TCF, H38.5, or RL34 cells) or Q0% (COS1 ¢ells) confluent at
the time of transfection. Cells were transfected using either Lipofectin
(COS1) or LipofectAMINE 2000 (ts20TG®, H38.5, or RL34 cells) (bath
products from Invitrogen) according to the manufacturer’s instructions.
Cells were challenged with chemicals not less than 40 h after plating.

. Sul was obtained from LKT Laboratories. Cycloheximide (CHX) was
from Sigmma. MG132 was from Calbiochem. The g-gnlactosidase and
chloramphenicol acetyliransferase reporter assays were carried out as
described previensly (15)

Whole-cell Extracts, In Vive Ubiquitination Assay, Immunoprecipita-
tion, and Immunoblots—For immunoblots, whole-cell lysates were pre-
pared by scraping cell monolayers into ice-cold radicimmune precipita-
tion assay buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1% (v/v) Nonidet
P-40, 0.5% (whv) deoxycholic acid, 0.1% (w/v) SDS supplemented with
complete, EDTA-free protease inbibitor mixture (Roche Applied Sci-
ence)). Lysates were clarified by centrifugation (16,000 X g. 156 min,
4 *C), The in vive ubiguitination assay was carried out, and subse-
quenlly, whole-cell lysates snd His-lagged protetog (raclions were pre-
pared as described previously (15) with the following modification: cells
were not pretreated with MG132 before preparing whole-cell and His-
tagged samples. Immunoprecipitation of HA-tagged proteins from clar-
ified, whalecell Iysates was by conventional methods. Briefly, 60 g of
mounse IgG-agarose (Sigma) was washed with radioimmnune precipita-
tion assay buffer by repeated centrifugation (5,000 > g, 2 min, 4°C),
and the resin was mixed with and used to precdear the lysate, by
engd-over-end tumbling at 4 °C for 1 h. The suspension was centrifuged
(5,000 % g, 2 min, 4 °C), and the precleared lysate was added to 50 pl of
mouse anti-HA (clone HA-Tlagarose (Sigma) and washed as described
above, This was incubated overnight at 4 °C with continuous end-over-
end mixing. The following morning. the resin was washed with 3 vol-
umes of radivimmune precipitation assay buffer by repeated centrifu-
gation (5,000 X g, 2 min, 4 °C). Material that remained bound to the
resin was elated in 50 pl of Luemml reducing sample buffer. Protein
determination, SDS-PAGE, and immunoblotting were carried out as
described previously (13). Antibodies used included a rabbit anti-mNrf2
serum (15), 1:10,000, mouse anti-V5 (Invitrogen), 1:2000, mouse an-
ti-HA (clone 12CAB5-Roche Applied Science}, 0.4 pg/ml, rabbit anti-Gal4
serum (Upstale Biolechnology, Ine), 1:2000. and 8 Goual anli-hKeapl
antibody preparation (Santa Cruz Biotechnology), 0.8 pg/ml

RESULTS

The DIDLID Element in Nrf2 Iz Essentiol for Keap1-independ-
ent, Neh2-mediated Degradution—TIn an attempt to define more
clearly the relationship between Keapl-independent and ~le-
pendent Neh2-directed degradation, a region within the N-ter-
minal domain of Nrf2 was sought that is required for its tumn-
over in a Keapl-independent fashion. Within the first 96 amino
acids, which define the Neh2 degron, two regions are highly
conserved: amino acids 1-55 and 65-85 (see supplemental Fig.
1). On the basis of this information, we generated expression
constructs for Gald(HA)YMNeh221-19, Gal4(HA)mNech2417-92,
Gald(HAIMNeh22255 and Gald(HAMNeh2455-%5 to determine
which of the four subdomains within Neh2 might be responsible
for Keapl-independent turn over of Nrf2.

The steady-state expression levels of these proteins were
initially compared with that of Gal4(HA)mNeh2. Untagged
Keapl was coexpressed with all proteins, but the degradation
observed was Keapl-independent as the level of expression of
the fusion proteins was sufficiently great to saturate the capac-
ity of heterologously expressed mKeapl to affect degradation

Keapl-mediated Degradation of Nrf2

(Fig. 8 in Ref. 15, see below zlso). Steady-state levels were
measured using antibodiez against the Gal4 DNA-binding
domain, the HA Lag, and mNr{Z, All lhree reagenis guve
similar results (Fig. 24)% The amount of both the
Gal4(IIA)mNeh2“1'1° and Gal4(HAYmNeh222™22 proteins was
higher in COS1 cells than the other three fusion proteins, all of
which accumulated to similar extents (Fig. 24). The half-life
of each protein in COS1 cells was determined by CHX chase
assay (Fig. 2B). Gald(HA)mNeh?2, Gal4(HA)mNeh2%*%, and
Gal4(HA)mNeh22%5-35 all had statistically indistinguishable
half-lives of ~1 h. The fact that deleting aniino acids 65-85
(and thus the ETGE motif required for Keapl binding) did not
affect the half-life of the fusion protein demonstrated that the
observed degradation is accomplished by a Keapl-independent
mechanism. In stark contrast, deletion of amino acids 17-32
resulted in a protein of greatly enhanced stability. This protein
had a half-life of ~8 h in COS1 cells, and it was effectively
metabolically stable, This presumably accounts for the fact
that it was observed to accumulate to a much higher steady-
state level than the Gal4-wild-type Neh2 fusion protein from
which it was derived. Finally, whereas deletion of amino acids
1-18 enhance the stability of the fusion protein, its half-life
only extends from 1 to 2 h, which en its ¢wn cannot fully
account for the large increase in its protein level when com-
pared with that of the intaet Neh2 fusion pretein. This discrep-
ancy has been cbserved consistently, and we speculate that it
reflects some alteration in the rate at which conformationally
mature Gald(fTA)mNeh241-18 is generated. The stabilization
achieved by deleting amino acids 1-16 is far mwore modest
than that accomplished by deletion of amino acids 17-32. It
appears likely that the modest increase in the halflife of
Gal4(HAYmNeh2222% ocenrs beeanse the ability of amino acids
17-32 to direct degradation of the fusion protein is impaired by
deletion of amino acids 1-16.

The DIDLID Element Directs Polyubiquitination of
Gal4(HAmNeh2—Targeting of substrates to the 26 S protea- |
some generally requires prior polyubiquitination, although ex-
ceptions to this rule exist (27-29). Thus, one interprefation of
the above results is that the DIDLID element is essential for
polyubiquitination of the fusion protein, possibly by reeruiting
an ubiquitin ligase. Thus, we sought to compare, under steady-
state conditions, the fractions of Gal4{HA)mNeh2237-32 and
wild-type proteins that are conjugated to ubiquitin, ntilizing
the His-tagged ubiquitination assay of Treier ¢ ¢l. (25). COS1
cells were transfected with the plasmids indicated in Fig. 3A,
and 24 h later, both the total amount of fusion profein in a
whale-cell lysate and the ammmt. of fusion pretein recovered in
the affinity-purified His-tagged fraction were determined by
immunoblot analysis. Fusion protein recovered in the His-
tagged fraction represents the polyubiquitinated form of the
protein as no such protsin was recovered in this fraction tmless
both fusion protein and His-tagged ubiquitin were coexpressed
(Fig. 84, lanes 7-1(0.

Although the absolute amoun{: of ubiquitinated
Gald(HA)mNeh24'7 32 recovered at steady-state was effec-
tively identical to that of the wild-type Neh2-fusion protein, a
greater amount of the DIDLID deletion mutant had to be
expressed to “drive” ubiquitination {o this extent (Fig. 3A, of.
lanes 1 and 2 with lanes 5 and 6). By making serial dilutions of
the whole-cell fraction, it was estimated that the DIDLID de-
letion mufant accumulated to approximately eight times the

? The inabijlity of the rabbit anti-mNti2 antiserum to effectively react
with Gal4(HLA)mNeh2>*> 8 appears to be due to the fact that the
deleted region is immunodominant and not due to misfolding of the
Neh2 region in its absence (M. McMakon and J. D. Haye.‘s, unpublished
obscrvations).
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0. 2, The DIDLID element {3 ¢s-
sential for Keapl-independent, Neh2-
mediated degradation. COS1 cells in
60-mm tissue culture dishes were trans-
fected with 2 pg of a vector expressing
either Gald4(HA), Gald(HA)mNeh2, or
various related deletion proteins as indi-
cated in the figure. pdDNA3. VmKeap! (2
pg) was included in all transfection mixes
as was 0.8 pg of pCMVg-gal. A, whale-ecll
lysates were prepared from duplicate
monolayers 24 h later, and the steady-
state expression levels of the Gal4(HA)
and related fusion proteins were deter-
mined by imimunoblot analysis with the
antibodies indicated fo the lgff of each
panel. B, CHX was spiked into each dish
of cells to a final eoncentrafion of 40 pg/ml
CHX. Subsequently, for each of the indi-
cated fusion proteins, whale-cell lysates
were prepared from transfected cells after
the indicated CHX chase periods and
probed with a mouse anti-HA antibody.
The graph depicts the natural logarithm
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of the relative expression of each fusion
protein (gquantitated by densitometry) as
a function of CHX chase time (mean of
three independent experiments). The best
fit line and the half:life, derived from the
mean * S.E. of the best-fit-line, are indi-
cated for each fusion prolein,
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steady-state level achieved by the wild-type Neh2 fusion pro-
tein {data mof shown). This is consistent with a prediction
based on the magnitude of the increase in its halflife. Our
interpretation of these experimental data is that both the wild-
type and the DIDLID deletion fusion proteins are synthesized
and fold correctly at the same rate. Therefore, at steady-state,
both must be degraded at the same rate, and this explains the
similarity in the absolute amount of these proteins found con-

- jugated to ubiquitin. The increased lotal amount of fusion
protein lacking Neh2 residues 17-32 arises because in the
absente of the DIDLID element the rate of ubiquitination is
reduced, and a greater cellular concentration of this fusion
protein is required in order to achieve a similar ¢ellular con-
centration of ubigquitinated material.

Given the fact that Gal4(HA)mNeh241-18 js more stable than
the wild-type fusion protein, we expected to find that its frac-
tional ubiquitination was also less fthan that for
Gal4(HA)mNeh2, Surprisingly, this dees not appear to be the
case (Fig. 34, ¢f. lanes 1 and 2 with lanes 8 and 4). By serial
dilution, it was shown that the fractions of Gal4(HAYmNeh2
and Gal4(HAMNeh22+38 are essentially equivalent (supple-
mental Fig. 2). Furthermore, to check whether nbiguitination
of Gal4(HA)mNeh22*™*2 might be driven to some extent by the
region of Neh2 encompassed by amino scids 1-16, we measured
the fraction of Gal4(HA)MNeh241%? that was recovered conju-
gated to ubiquitin at steady state. The [racfion of this protein
that was ubiquitinated did not differ from the fraction meas-
ured for Gal4(HA)mNeh2317-%2 (Rig. 3B, ¢f, lanes I and 2 with
lanes 3 and 4). Thus, deletion of amino acids 1-16 in Neh2 does
not appear to compromise the capacity of the fusion protein to
be ubiquitinated. The enhanced stability of the fusion protein

50 100 150
CHX-chase time {miin}

200

attendant upon this deletion does not appear interpretable in
terms of the conventional paradigm of proteasomal degrada-
tion. Perhaps, in some currently undefined fashion, this dele-
tion affects not the rate of ubiquitination but rather the rate of
degradation by the proteasome of the ubiquitinated substrate.

We also analyzed the fractional nbiguitination of
Gal4(HANnNeh24% 3% and it was identical to that of the wild-
type fusion protein (data not shown). Unfortunately, although .
we can detect ubiquitinated fusion preteins with rabbil anti-
Nrf2 serum, we cannot do so with the rabbit anti-Gal4 or mouse
anti-FIA reagents. We presume that ubiquitination eccludes or
modifies these regions of the fusion protein. As a consequence,
this has precluded an analysis of the nbiquitin status of
Gal4(HA) and Gald(HAYmNel248%-55, ‘

The above results indicate that the DIDLID element in the
Neh2 degron is necessary to allow efficient ubiquitination
of Gal4(HAYmNeh2. Furthermore, the inverse correlation
between the stabilities of Gal4(HA)mNeh22'7-32 and
Gal4(HA)mNeh?2 and the extent to which they were ubiguiti-
nated indicated that this type of modification was functionally
important for Keapl-independent, Neh2-mediated proteaso-
mal degradation. Nonetheless, the observation that a protein
can be both proteasomally degraded and polyubiquitinated
does not prove that a causal Jink exists between the two. IFor
example, p21%7! is polyubiquitinated in vivo and is degraded
by the proteasome, but mutants Jacking lysine residnes remain
unstable (30). We therefore investigated whether polynbiquiti-
nation was necessary for degradation of Gal4(HA)mNeh2 by
using the ts20TG® cell line; these cells express a temperature-
sensitive mutant E1 (ubiquitin-activating) enzyme, and at the
nonpermissive tersperature of 39 °C the enzyme is mactivated
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Fig. 3. The DIDLID element directs polyubiquitination of
Gal4(HAYmNeh2, A and B, duplicate dishes of COS1I cells were trans-
fected with the indicated plasmids. After transfection (24 h), a whole-
cell lysate (input) and an affinity-purified His-tagged fraction {pull-
down) were prepared from each dish of transfected cells and blotted
with rabbit anti-mNrf2 serum. M, markers are indicated to the left of
each blot. Ub, ubiquitin.

resulting in faiture to covalently attach ubiquitin to proteins.
The modes of degradation of Gal4(HA)mNeh2 appear fo be
similar in ts20TG® and COS1 cells as deletion of the DIDLID
motifresulied in a large increase in the steady-state expression
level of the fusion protein in both cell lines (cf. Fig. 24 and Fig.
4A). When Gal4(HA)YmNeh2 was heterologously expressed in
ts20TGF cells, and then transferred to 39 °C, the fusion protein
did accummlate, atheit by a modest 3-fold (Fig. 48). Nonethe-
less, in the control eell line, H38.5, derived from the ts20TG®
cell line but expressing wild-type E1 enzyme which maintains
some activity at 39 °C, the Gal4(HA)mNeh2 protein failed to
increase upon transfer to the nonpermissive temperature (Fig.
4B). It is therefore concluded that a fimctional ubiquitin-
conjugating system is essential for efficient proteasomal deg-
radation of Gal4(HAYmNeh2.

Subsequent experiments indicated that the modest increase
in the level of the fusion protein was likely to be a consequence
of a nonproteasemal mode of degradation of the fusion protein
in ts20TGP cells maintained at 39 °C, To test this hypothesis,
Gal(HAYmNeh2 was heterologously expressed in both the
1320TG® and the H38.5 cell lines. The two cell lines were
shifted to 39 °C for 15 bk, and duplicate dishes of cells were
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Galt(HAymNeip? 1732

H388.. ...
DMS0. - CHX . MG132 DMSQ . CIIX - ;‘-M(‘dsz._::

FiG. 4. Polyublqultmation is essential for proteaeomal degra-
dation of Gald(HA)mNeah2. A, duplicate dishes of ts20TG* cells were
transfeeted with 2 pg ofpcDNAS 1/mKeapl, 0.8 pg of pCMVj-gal. and
2 pg of an expression vector for either Gal4(HA)nNeh2 or
Gal4(HAMNeh28 7% as indicated. After transfection (24 h), whole-
cell lysates were prepared from each dish of cells and probed with
mouse anti-HA. B and C, dishes of either ts20TQ" (1) or H38.5 (H) cells
were transfected with 2 ug of pecDNAZ. I/mKeapl, 0.8 pg of pCMV S-gal,
and 2 pg of an expression vector for Gald(HA)nNeh2, B, dishes of cells
were maintained at 34.5 °C and shifted to the nonpermissive tempera-
ture of 39 *C at such times that approximately 40 h after transfection
they had been exposed to the nonpermissive temperature for the indi-
cated times. At this point, whole-cell lysates were prepared from each
dish of cells und blotled with rabbit anti-mNr(2. C, ~16 b aller trans-
fection, all dishes were shifted to the nonpermissive temperature of
39 °C for 15 h. Subsequently, duplicate dishes were Lreated with either
0.1% (v/¥) Me, 50 (DMSO, vehicle), 40 pg/ml CHX, or 10 pM MG132 for
3 h, before whole-cell Iysates were prepu'red from each dish of cells and
probed with rabbit anti-mNrf2.

treated with either vehicle (1\’[@280), translation inhibitor CHX,
or the proteasomal inhibitor MG132 for a further 3 h. In the
ts20TG® cell line, treatment with MG132 did not lead to any
accurmulation of Gal4(HA)mNeh2 beyond that of Me,S0-
treated cells, suggesting that the inactivation of E1 was com-
plete and no proteasomal degradation of Gal4(HA)mNeh2 oc-
curred in this cell line at 39 °C (Fig. 4C). In comparison,
accummnlation of the fusion protein was evident in H38.5 cells
upon treatment with MG132 (Fig. 4C). Despite the absence of
detectable proteasomal degradation of Gal4(HA)mNeh2 in
t520TGR cells at 39 °C, the 3-h CHX chase clearly resulied in a
diminution in the amount of the protein. We attribute this to an
vnidentified, nonproteasomal degradation pathway.

The data presented above demonstrate that ubiquitination is
essential for Keapl-independent, Neh2-mediated proteasomal
degradation and that its DIDLID element is critical to ensure
efficient ubiquitination.

Both the DIDLID Element and the ETGE Motif in Neh2 Are
Essentiad to Confer Redox Sensitivity and Keupl Dependence
Upon the Half-life of Nrf2—Deletion of the DIDLID element
from the Neh?2 domain does not affect its capacity to interact
with Keapl because, by coimmunoprecipitation assay, we could
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I"iG. 5. The DIDLID element does not influence the interaction
of Nrf2 with Keapl. A, COS1 cells in 80-mm dishes were either
mock-transfected or transfected with vectors expressing the indicated
fusion proteins, and 24 h later whole-cell Iysates were prepared. To each
of these lysates was added an equal volume of lysate from COS1 cells
transfected with peDNA3,1/V5HisCmKeapl. A portion of the lysate was
kept as an input sample. HA-tagged material was immunoprecipitated
from the remaining portion of each lysate. Both these pull-down frae-
tions and input samples were probed by iimmunoblot with either rabbit
anti-mNrf2, to detect the Neh2-fusion proteins, or with goat anti-
hKeapl te detect mKeapl-V5-hexahistidine. B, COS1 cells in 60-mm
dishes were transfected with 2 pg of pcDNA3.VmKeapl, 0.5 pg of
pCMVpB-gal, and 2 pg of vector expressing either mNrf2-V5,
mNrf24FICE S or mNrf2PIPP V5, 24 h after transfection, duplicate
dishes of cells were treated with either 0.1% (v/v) Me,SO (=) or 15 pM
Sul (+) for 1 h, at which point whele-cell lysates were prepared and
probed with mouse anti-V5 by immunoblot.

demonstrate that Gald(HA)mNeh221?2 can interact with
mKeapt in cell lysates (Fig. 5A). It was therefore possible to
determine whether Keapl required not only the ETGE metifin
Neh2 but also ithe DIDLID element in order for it Lo destabilize
Nrf2 in homeostatic cells.

We coexpressed mNrf24PTPHDYE (mNrf2 lacking amine ae-
ids 1732 and tagged at the C terminus with the V5 epitope)
with untagged mKeapl in COS1 cells, which were subse-
quently treated with vehicle or Sul for 1 h before preparing
whole-cell lysates, The Jevel of mNrf24PPHP. V5 expressed at
steady-state was invariant between the homeostatic and
stressed cells (Fig. 5B), suggesting that the DTDLID element is
essentigl for Keapl to enhance the twrnover rate of Nrf2 in
homeostatic eells and, by implication, that Keapl functions as
part of the same pathway operative for Keapl-independent,
Neh2-mediated degradation. Under the same conditions,
mNr{2-V5 was expressed at lower levels in homeostatic cells
than in stressed cells, and as expected, this was Keapl-depend-
ent as deletion ofthe ETGE motif, to generate mNrf22FTCEy5,
resulted in a protein whose expression level was elevated com-
pared with its wild-type counterpart in homeostatic cells; its
expression level was not affected by treatment with Sul

To verify that Keapl cannot enhance the turnover of
mNTf2APIDLIR Y5 iy COS1 cells, we determined its halfilife in
the presence and absence of heterologous mKeapl, both under
homeostatic conditions and in cells that had been treated with
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Sul for 21 (Fig. 6, E and F). It is evident that the half-life of this
protein was similar under all conditions tested. In particular,
when enexpressed with mKeapl, mNrf22PILIDVE had g half
Life in homeostatic COS1 cells of 38 min and a hali-life of 41
rain in cells pretreated with Sul for 2 h (Fig. 6F).

As expected, the halflife of mNri2*ETCE V5 was also inde-
pendent of whether mEeapl was coexpressed or absent and
whether the cells were homeostatic or stressed. This protein
had a halfJife of ~80 min under all tested conditions (Fig. 6, C
and D).

Keapl was only able to destabilize mNrf2-V5 protein con-
taining both the ETGE motif and the DIDLID element in
homeostatic COS1 cells. In stressed COS1 cells heterologously
expressing mNrf2-V5 enly, the half-life of the bZIP protein was
30 min, statistically indistmguishable from that of
mNrf22#¢E Y5 (Tig. 6, A and C). In homeostatic COS1 cells,
however, the half-life of mNr{2-V5 was only 24 min (Fig. 64).
The reduced stability of mNrf2-V5, int the shsence of heterolo-
gous mKeapl, in homeostatic COS1 cells is in agreement with
our previous observation that the level of expression of tagged
mNTf2 is enhanced by oxidative stress, even in the absence of
heterologous mKeapl (Ref. 15, Fig. 5B). It presumably reflects
the presence of endogenous Keapl in COS1 eells. Coexpression
of mKeapl with mNrf2-V5 further reduced the stability of the
transeription factor in homeostatic cells. Under these condi-
tions, mNrf2-V5 had a half-life of <7 min in homeostatic cells
and a half-life of 38 min in stressed cells (Fig. 6B).

Two aspects of the data in Fig. 6 warrant further comment.
First, the degradation of mNrf2-V5, when coexpressed with
mKeapl, in homeostatic COS1 cells does not follow first-order
kinetics. The quoted half-life was determined from an approx-
imation of the initial rate of degradation at ¢ = 0 min. As we
could not model the curve using any common mathematical
function, an initial “half.life” of 7 min was estimated from the
slope of a line through the £ = 0 and £ = 15 min data points. A
potential explanation for the observed kinetics of degradation
is offered under “Discussion.”

Second, the data suggest that not only does mKeapl desta-
bilize mNrf2-V5 in homeostatic COS1 cells, it mipght actually
stabilize mNrf2-V5 in stressed cells. Thus, mNrf2-V5 ex-
pressed in stressed COSI. cells that lack heterologous mKeapl
has a half-life of 30 min. However, when mKeapl is coex-
pressed with mNrf2-V5 in such cells, the half-life of the bZIP
protein rises to 38 min (Fig. 6, A and B). No corresponding
enhancement in half-life is observable for the mutant protein
mNrf22ETCEV5 (Fig. 6, € and D). This effect of mKeap1 on the
stability of mNrf2-V5 in stressed cells was found to be repro-
ducible, although it is modest. This observation may not be of
broad physiclogical relevance but may be related to limitations
of the model system being investigated.

Collectively, these data support a model in which Keapl de-
stabilizes Nrf2 in homeostatic cells by direcily interacting with
the transcription factor through the ETGE motif, and thereby
enlrancing the rate of degradation mediated by the DIDLID ele-
ment. Taken with cur previous observation that mKeapl does
not influence the ubiquitination status of mNrf2-V5 under con-
ditions where it does reduce its half-life (15), this suggests that
Keapl enhances the rate of Nel2-toediated degradation in ho-
meostatic COS1 cells by acting downstream of ubiquitination
mediated by the DIDLID element. :

The Neh8 Domain Is a Redox-insensitive Degron, Which Is
Essential for Degradation of mNrf2 in Oxidatively Stressed
Cells—The fact that deletion of the DIDLID element only in-
creased the halflife of mNrf2-V5 ~~6-fold (from <7 min to ~40
min) was unexpected because deletion of this region from
Gal4(HA)mNeh2 resulted in a fusion protein that was almost
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F1c. G, Both the DIDLID and the ETGE motifs of Nrf2 are essential to confer redox sensitivity upon Nrf2. COS1 cells in 60-mm dishes
were transfected with 2 g of vector expressing either mNTf2-V5, mNrf22579E.y5, or mNrf22PIPLD.V3, Cells were cotransfected with 2 g of either
empty veclor (—mEeapl) or vector expressing untagged mKeapl (+mKeapl). pCMV3-gal was included in gl transfection mixes (0.8 pg) as an
internal control. This gave six populations of cells differing in the proteins that they heterologously expressed (A-F). 24 b after transfection. cells
were treated with either 0.1% (v/v} Me,SO (homeostatic) or 15 M Sul for 2 b before CHX was spiked into each dish to a final concentration of 40
pe/inl. Subsequently, whole-cell lysates were prepared at different lime points and probed with mouse anti-V3. Each graph depicts the natural
logarithm of the relative expression of V5-tagged protein as a function of CHX chase time in both homeostatic and stressed COS1 eells {mean of
between two to four independent experiments), The best fit line and halflife, derived from the mean = S.E. of the slope of the best fit line, are

presented.

complefely stable in COS1 cells. Furthermore, deletion of es-
sentially the entire Neh2 domain from mNrf2-V5, to generate
mNrf243-#8.V5, vielded & protein that had a half-life of only 37
min (Fig. 7A4). These results suggested that Neh2 is not the sole
degron in mNrf2, and two further points were evident. First,
the second degron(s) was redox-insensitive as the half-life of
mNrf22PIPLID VE was not altered by treatment of COS1 cells
with Sul (Fig. 6, ¢f. E and F). Second, the sole presence of the
second degron(sy was sufficient to dictate the turnover rate of
the transeription factor in oxidatively stressed COS1 colls.
Thus while the Neb2 degron confers instability on the protein
in homeostatic cells, if could be inactivated without impacting
on the halflife of the protein in stressed cells. For example,
mNrf2-V5, coexpressed with mKeapl in stressed COS1 cells,

had a half-life of 38 min, nearly identical to the halflife
of mNrf2APIPLID VS yunder similar conditions (Fig. 6, of. B
with ). :

To delineate the region of Nrf2 required for its instability
in stressed cells, we initially focused on Nehd4 and Neh5
(amino acids 116-131 and 177-193, respectively, see supple-
mental Fig. 1) becanse they have been reported as fransac
tivation domains (31), and such regions are oceasionally co-
incident with degrons (23). To nvestigate Neh4 and Neh5,
constructs expressing mNrfgaPIPLID.AII6-13LyE and
mNr{24PIPLIDA1TT-298 5 were generated. Furthermore, the
Neh$ domain was examined similarly, becanse it is a region
of the protein that has had no function ascribed to it to
date. As two particular regions within the Neh6 domain
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FiG. 7. The Neh6 domaln is a redox-insensitive degron. A, COS1 cells in 60-mm dishes were transfected with 2 ug of a vector expressing
mNrf28*3.Y5 2 ua of pcDNA3.1/mKeapl, and 0.8 pug of pCMVg-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-V5, The graph depicts the natural logarithm of the
relative expression of mNrf23%-%2.V5 as a function of CHX chase tine (mean of two independent experiments), The best fit line and the derived
half-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 peDNAZ. LrnKeapl, and 0.8 pgr of pCMVA-gal. 24 h laler, cells were treated with either 0,19 (v/v) Me,SO (=) or 40 pg/ml CHX (+) for 3 h
before wholecell lysates were prepared and probed with monse anti-v5, € and D, COSL cells in 60-mmm dishes were transfected with 2 pg of -
. peDNA3Z.VmKeapl, 0.8 pg of pCMVB-gal, and 2 pg of vector expressing either one of the two indicated Vi-tagged proteins (C) or Gal4(HAMMNehé
protein (D), 24 hlater, CIX was added to a final concentration of 40 pg/ml, and whole-cell Iysates were prepared at different time points and probed
with mouse anti-V5 (C} or rabbit anti-mNrf2 (D). The graphs depict the natural logarithm of the relative expression of the V3-tagged proteins (C)
or Gal4(HAYmNeh6 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 acids 329-339 and 363-379),
construets  expressing  mNrfgaDIDLIDA328-338 y5
mNerADlDLID,ASSG—B'TB_Vs and mNrmdDIDLlD,AS29-379_V5
were generated.

Initially, we compared the fractions of mNrf2aPPHPVs,
mNrmADlDLID,AI 16-1a 1_V5 , mNrmADIDLm’A177_1M-V5, and
mNyfaPIPLIDA320-338. 5 remaining after & 8-h CHX chase
(Fig. 7B). Deletion of the Neh4 or the Neh5 domains from
mNrf22P LD VE protein had no obvious effect on the sta-
bility of the protein in COS1 cells. In contrast,
mNpf2aDIPLID,AS28-898 y5  apheared  more  stable  than
mNrf2APPHD s although it was still subject to degradation
(Fig. 7B). A half.life for mNrf240PLIDAS22-839, 5 of 9 h was
caleulated compared with a half-life for mNrf24PIPHID VS of 40
min (Fig. 7C). We initially suspected that the residual insta-
bility might stem from the remaining regions of the Nehé
domain. However, whereas mNrfoAPIPLIDA383-378 y5 and
mNpf2sPIDLID,A329-379 v were  mare  stable  than
mNrf28PIPLDy5  they were both of equal but not greater
stability than DaNrf22PIPLIDA320-383 75 (data not shown).
These results suggested that the Neh6 domain constitutes a
degron and that deletion of either amino acids 329-339 or
amino acids 363 -379 was sufficient to inactivate completely

this degron. To formally demonstrale Lhis, we generaled a
construct expressing a Gal(HA)mNeh6 fusion protein. The
fusion protein was imnnmoreactive with rabbit anti-Gal4d se-
ram, mouse anti-HA, and rabbit anti-mNrf2 serum (data not
shown). Its half-life was considerably shorter than Gal4(HA),
being ~45 min (Fig. 7D). Taken in total, these findings dem-
onstrate that in stressed COS31 cells, the Neh6 domain on its
own is sufficient to account for the degradation rate of the
transcription facfor. 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 Neh6
degron does mnot compromise the functionality of
mNrf2sP1PLP.Ys5 in g transactivation assay (supplemental
Fig. 3) A trivial explanation invoking misfolding of the deletion
proteins, for example, would therefure appear to be insufficient
to explain the residual turnover of the transcription factor.
This turnover is mediated by the proteasome (data not shown),
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 turnover of Nrf2 in
oxidatively stressed COS1 cells. We generated a construct
expressing mNrf2-V5 lacking amino acids 329 -339
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Ftc. 8. The Neh8 domain is esaential for maximal turnover of
Nrf2 in stressed cells. COSI cells in 60-mm dishes were {ransfected
with 2 pg of & vector expressing either mNtf2-V5 or mNrf24920-350.y75,
2 pg of peDNA3.1/mKeapl, and 0.8 jg of pPCMVS-gal. A. 24 hlater, cells
in duplicate dishes were treated with either 15 pM 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 whalecell lysates were prepared at different
time points and probed with mouse anti-V5. The graph depicts the
natural Jogarithm of the relative expression of V5-tagged protein as &
function of CHX-chase time {mean of two independent experiments),
The best fit, lines and derived half-lives are shown.

(mNrf24328-9%8_y5), When coexpressed with mKeapl, 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 enhanced by treatment with Sul (Fig.
8A). However, when its half-life and the half-life of mNrf2-V5
were compared in COS1 cells after a 2-h exposure to Sul, ifs
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 turnover of Nrf2 in oxidatively stressed COS1 cells, the
Neh6 domain is essential for its efficient furnover.

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 Ntf2. 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. Furthermore, we report also for
the first time that the Neh6 domain makes the major contri-
bution to the turn over of the transcription factor under eondi-
tions of oxidative stress. Hence, it is now proposed that at least
two domains in Nrf2, the redox-sensitlive Neh2 and redox-
insensitive Neh6 degrons, contribute to its degradation. Based
on the experimental findings reported here and those else-
where, a model involving both these degrons that accounts for
the redox-regulated turn-over of Nrf2 profein is depicted in Fig.
9. The model is justified and ontlined below.

Rale of the DIDLID Element—Evidence from three different
eell lines indicates that the DIDLID element is eritical for the
destabilizing activity of the Neh2 degron. Figs. 2 and 4 dem-
onstrate that removal of this element enhances the stability of
the Gal4(HANnNeh2 fusion protein in both the COS1. and
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F1a. 9. Degradation of Nrf2, This schematic depicts the flux of Nrf2
throughout the cell. It is contimuously synthesized in the cytosol by
ribosomes at the ER. from where it is distributed, probably by both
active and passive processes, to different regions of the cell. Continn-
ousty synthesized. it is also continuously degraded by mechanisms that
vary with subcellular location. We liypothesize that at least three
ditferent spatially restricted pathways of degradation of Nrf2 may oecur
in cells. A, Keapl-dependent, DIDLID-directed degradation of Nrf2
occure at the actin cytoskeleton, This is the most efficient mechanism
for removing Nrf2, but only occurs in homeostatic cells as oxidative
‘gtress antagonizes the Nrf2-Keapl interaction. B, Kevapl-independent,
DIDLID-directed degradation of Nrf2 eceurs in the cytosol away from
the actin eytoskeleton. C, Keapl-independent, Neh§-mediated degrada-
tiom of Ntf2 oceurs in the nucleus. Although less efficient than A, this is
the predominant mode of degradation in oxidatively stressed cells. See
text for further details. I8 X, ubiquitin ligase recruited by the DIDLID
element (shown in green); UBl Y, ubiquitin ligase recruited by the Neh&
domain; pUb, polyubiquitin chain, The ETGE motif is shown in pink

ts20TGR-transformed cell lines. Most important, this phenom-
enon is not restricted to transformed cell lines as it is alse
observed in the nontransformed rat liver RL34 epithelial cell
line (supplemental Fig. 4). We propose Lhat this element desia-
bilizes the fusion protein by recruiting & currently unidentified
ubjquitin ligase to it. The supporting evidence for this mecha-
nistic interpretation is compelling. First, the necessity to re-
cruit a nbiquitin Tigase activity to the fusion protein is indi-
cated by the observation 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
iz ubiquitinated at steady state (Fig. 8). This reduction cannot
be explained as a consequence of removal of & ubiquitin attach-
ment site, as this region does not contain a lysine residune.
Also, alterations inn the subcellular 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 no observable differences exist
between the subcellnlar distribution of Gal4(HA)mNeh2 and
CGal4(HA)mNeh227-%2, Both are predominantly nuclear pro-
teins but with a minor albeit significant fraction evident in the
eytosol (data not shown). Thus, the only reasonable explanation
for these findings is that the DIDLID elerent recruits a ubig-
uitin ligase activity. Formal proof, however, awaits the purifi-
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cation and identification of the DIDLID-binding ubiquitin -
gase activity. We propose that this ability to recruit a ligase
aclivily underlies Neh2-medialed, Keapl-independent protea-
somal degradation, and like this mode of degradation (15), it
may ocenr constitutively and independently of the redox state
of the eell.

Funetional Significance of the Inferaction between Neh2 and.
Keapl—We have demonstrated previously that the redox-sen-
sitive protein turnover mediated by the Neh2 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
Gald(HANNNeh? 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 dees not result in an
enhanced rate of degradation of Nrf2 (Figs. 5 and 6). We believe
this is a consequence of the fact that Keapl operates upon the
DIDLID-directed degradation pathwsy and can only function
in conjunction with the ubiquitin ligase activity.

In theory, Keapl could influence the rate of Neh2-mediated
degradation by enhancing the rate of ubiquitination, mediated
by the DIDLID element, of the protein. This possibility secms
unlikely as onr previous experiments have indicated that the
nbiguitination status of full-length, tagged mNrf2 in COS1
cells is ot inflnenced by either the presence or absence of
heterologous mKeapl, the deletion of the ETGE tetrapeptide,
or treatment with Sul all under conditions where mKeap1 does
influence its halflife (15). Alternatively, as pointed out by
Pickart (33), the in vivo concentration of ubigquitinated profein
can be sufficiently high that transfer of ubiquitinated sub-
strates to the proteasome may be rate-limiting, and therefore
altering the rate of transfer of a specific ubiquitinated sub-
strate to the proteasome, relative to generic substirates, is an-
other way of controlling its turnover rate. Although it is con-
ceivable that recruitment by Keapl of Nxf? to the cytoskeleton
suffices to enhance the transfer of the transcription factor to
the proteasome, a biologically 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 proteasorne in order to modulate the
rate at which specific substrates are transforred to it (reviewed
in Ref. 34). These inclnde proteins such as {TbY1Tha (ubiqnitin.
associated)-containing proteins, and ubiquitin ligases (34~36).
Of grester relevance to this discussion is a group of miscella-
neous proteins with no obvious connection to the nbiquitination
system but that affect the degradation of specific proteins by
interacting with the proteasome. The yeast protein Cicl was
originally identified in a yeast two-hybrid screen for proteins
interacting with the w4 subumit of the yeast proteasome (37). It
has no effect on the global rate of proteasomal degradation, bat
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 proposed to act as an adaptor between the relevant SCF
complexes and the proteasome, thereby ensuring the preferen-
tial degradation of important regulatery proteins over the gen-
eral population of ubiquitinated substrates (37). Gankyrin and
Homer3A11 bind the $6 and S8 ATPase subunits, respectively,
ofthe base of the 19 S regulator of the 26 S proteasome. As with
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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 metahotropic 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 ubignitinated Nrf2 to the
proteasome ahove 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 ¢DNA library by yeast two-hybrid
analysis by using 30 26 S proteasome subunits as bait. One
¢cDNA isolated, W02G3.2, encodes a member of the Kelch-
repeat family and was found to interact with the « 2, 4, 5, and
6 proteasome subunits in independent screens, Like Keapl,
this protein confains an N-terminal BTB domain and 6 Kelch
mofifs, These proteins are 28% identical and 44% similar. Of
the 16 Kelch-repeat proteins encoded by the C. elegans genome
(42), W02G9.2 is the second-most similar to Keapl. This se-
quence similarity suggests that both proteins may mediate
similar protein-protein interactions.

Keapl may destabilize Nrf2 by mechanisimns other than that
evident in COSL cells. Although we find no evidence that
Eeapl influences the nbiquitination 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 least in
certain cellular contexts. They have propesed that Keapl acts
as a ubiquitin ligase (43). This is in agreement with the recent
ohservation by others that BTB domains recruit 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
proteome expressed, or its subeellular disposition, in our re-
spective mode] systems. It will be of interest fo determine
whether Keapl can function both to enhanee the rate of deg-
radalion medialed by Lhe DIDLID element and ilsell recruit a
ubicquitin ligase under physiological conditions or whether one
or the other predominates in different organ/cell types.

The Nehf 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 turn over of Nrf2. We hypothesized that there
must be another degron that controlled the rate of degradation
of N1f2 in stressed cells, The Nel6 demain was shown to be
such & degron (Fig. 7). It should be noted that other regions slso
contribute to proteasomal degradation of Nrf2 as inactivation
of both the Nch2 degron and the Neh6 degron still left a protein
with a half-life of 2 h. Although little is known about Neh§ at
present, our data support the following two observations.
First, Keapl is ncapable of enhancing the rate of degradation
mediated by this degron. Thus mKeapl can interact with
mNrf2®"%.V5, but canmot influence its half-life in homso-
static cells (Fig. 6). Second, the presence of the Neh® degren is
essential for maximal tornover of the transcription factor in
oxidatively stressed COB1 cells (Fig. 8). This is despite the fact
{hat, 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 Neh# domain (of. Fig. 2 with
Fig. 7). .

Degradation of the Nrf2 Transcription Factor—We now pres-
ent the broad outlines of a mode] accounting for the degrada-
tien of the Nrf2 transcription factor (Fig. 9). This model accom-
modates the following facts: Keapl does not influence the rate
of degradation directed by the Neh6 degron, the DIDLID ele-
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ment does not make a major contribution to the degradation of
Nrf2 in oxidatively stressed cells, and finally that the degra-
dation of Nef2 in homeostatic cells does nol follow first-order
kinetics. The salient features of this model are as follows.

(i) Keapl contains reactive cysteine residues, snd in oxida-
tively stressed cells these are modified leading to a conforma-
tional change that prevemts its interaction with Nrf2 (48).
TUnder such conditions, Keapl cannot bind to and enhance the
transfer of ubiquitinated Nxf2 (directed by the DIDLID ele-
ment) to the proteasome. Nor can the modified Keapl passively
bind to nonubiquitinated Nrf2. In: fact, in stressed cells Nrf2 is
exclusively nuclear (15). Such a location reduces the opportu-
nity for DIDLID-directed ubiquitination of Nrf2 (see point ii,
below). As a result, in stressed eells N1f2 is subjected primarily
to Neh6-mediated degradation. We hypothesize that the Nehé
degron is functional only in the nudleus probably due to the fact
that the proteins required for this function (presumably & ubig-
uitin ligase activity) are restricted to this compartinent. As
Keapl is restricted fo the cytoplasm, this provides a simple
explanation for the observation that Keapl cannot enhance
degradation mediated by the Neh6 domain.

(i) In homeostatic eells, KEeapl enhances the rate of DIDLID-
directed degradation of N1f2 by enhancing the rate of transfer of
its polyubiquitinated form to a subset of proteasomes defined by
the presenee of an associated Keapl protein(s). In some ccll
types, Keapl may also enhance the rate of nbiquitination of Nrf2
in homeostatic cells via an associated ubiquitin ligase activity,
most likely 8 Cul3-based ligase, recruited via the BTB domain.
As Keapl is restricted to the actin cytoskeleton, we infer that the
putative nbiquitin ligase recruited by the DIDLID element must
have access to this region of the cell. Although it is not necessary
that the ubiquitin ligase is exclusively associated with the cy-
toskeleton, we suggest that it is excluded from the nuclens. Given
that Nrf2 is predominantly muclear in stressed cells, this wonld
explain why the DIDLID element plays no major role in the
furmover of Nrf2 in stressed cells. : ’

(iii) As Keapl is spatially restricted to the actin cytoskeleten,
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 oceur simulta-
neously in different regions of homeostatic cells. The results
presented in Fig. 6B suggests that degradation of aNrf2-V5 in
homeostatic cells follows biphasic kinetics. The second phase of
degradation is slower than the first and is indistinguishable
from Keap!-independent degradation kinetics. We do not be-
lieve that this is coincidental. We propose that the biphasic
degradation results from fhe superimposition of simulta-
neously operative Eeapl-lependent and Keapl-independent
degradation pathways in homeostatic cells, both pathways fol-
lowing frst-order kineties. 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, Eeapl-independent degrada-
tion of Nrf2 out with the environs of Keapl predominates.?

* We do not doubt the observation that both Keapl-dependent and
-independent pathways of degradation occur simultaneously in our
population of homeostatic COS1 cells nor the hypothesis that, given the
ordered structure of the cell, both processes will ocenr simultancously
within the one cell. Nonetheless, it must be noted that our experimental
strategy cannot distinguish between both pathways occurring intracel-
hilarly or, slternatively, occurring intercellularly. In particular, the
transient transfection procedure will give tise to 2 heterogencous 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 in some cells mNrf2-V5 eannot be
degraded by a Xcapl-dependent process. Also, it is unlikely that all
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Unfortunately, the low level of mNr{2-V5 in homeostatic COS1
cells has so far precluded an empirical determination of its
distribution. '

(iv) Finally, the ultrastructure of the cell may have one final
eonsequence for Keapl-dependent degradation of Nrf2 in ho-
meostatic cells. As there is 2 constant flux of N1f2 through the
cell (it is constantly created and destroyed), kinetic factors
become as important as thermodynamic factors in determining
its ultimate fate. We are therefore intrigued by the observation
of Diehl and co-workers (49) that Keapl appears fo colocalize
with calreticulin, an endoplasmic reticulun (ER)}-resident pro-
tein. Such a notion is nof necessarily in eonflict with the idea
that Keapl is actin-bound, as there is data in the literature
suggesting an association between the architecture of the ER
and the actin cytoskeleton (50-52). Protein synthesis does not
occur umiformly throughout the cell but occurs primarily at the
ER. The possibility exists that at least a portion of Keapl might
be coincident with the site of Nrf2 synthesis. Such a pooel of
Keapl might be kinetically favored to inferact with newly
translated Nrf2. This may be important to ensure that Keapl-
dependent degradation, the most efficient pathway of Nrf2
degradation, is predominant in honeostatic cells.

Although this model is speculative, particularly with regard
to the influence of cell nltrastructure upon the rate of degra-
dation of N2, we belicve it is both valid and nscful, Bt is valid
because it is sulficiently powerfid to explain many of the fea-
tures of Keapl-dependent regulation of Nrf2 that have been
reported by us and other werkers in the field, and it is useful
because it provides a framework for the design of further ex-
periments that in turn will cast light on the validity or other-
wise of its basi¢ tenets.

Concluding Comments—In this paper we have ascribed a
function to the previcosly uncharacterized Neh6 domain. This
domain appears to be specific to Nrf2 as BLAST searches have
failed to identify its conserved primary sequences in other
proteins, Of greater general interest perhaps, we have demon-
strated that the DIDLID element is essential for the ubiquiti-
nation of Nrf2 and its rapid turmn over during homeostatic
conditions. This element can also be found in the related pro-
tein Nrfl, which alse contains the ETGE motif, suggesting that
at least some of the splice variants of this transcription factor
are regulated in a similar fashion to Nrf2. Botly Nrfl and Nzf2
appear to be responsible for cellular adaptation to exidative
sfress in vertebrates from human fo 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 confains a
DIDLID element (54). Although we are unaware of any data
pertaining to SKN-1 protein stability, this raises the intriguing
pessibility that redox-regulated transcription factor turn over
is a mechanism of adaptation to oxidative stress that evelved
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 deletion of Nrf2 (ICR/Sv129-Ny =~y and
wild-type (ICR/Sv129-Nrf2*/*) mice to bleomycin and
compared pulmonary injury and fibrotic responses.

PRINCIPAL FINDINGS

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

Mice (male, 6-10 wk) were anesthetized with 1.39 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 Jung/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 Nif2™/~
vehicle controls; no changes were found in Npf2*/*
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, lymphocytes, and epithelial
cells recovered in bronchoalveolar lavage fluid were
significantly higher (~2 to 3-fold) in Nif2™/~ mice than
in Nyf2*/* 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 Nyf2*/* mice was found
only at 14 days after bleomycin.

2. Effects of targeted disruption of Nrf2 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 Ny7f2*/* mice (Fig.
2). Predominant histopathologic features of Ny e
mice instilled with bleomycin (1.5 U/kg) included
alveolar inflammation (principally neutrophils and
Iymphocytes), diffused fibrotic patch formation with
collagen accumulation, hyperplastic and hypertro-
phic changes of epithelium lining alveoli, small bron-
chi, and terminal bronchioles. Fibrogenesis was ob-
served primarily in alveolar interstitium adjacent to
terminal bronchioles, and alveclar bronchiolization
was distinct in areas undergoing severe fibrotic re-
modeling. Compared with Nrf2™/~ mice, relatively
mild inflammation and only focal fibrotic lesions
were found in Nyf2*/* mice at 7 days. Persistent
inflammation and abnormal lung architecture char-
acterized by extensive fibroblast proliferation, alveo-
lar bronchiolization, and collagen-stained matrix
deposition was evident in N7f2™/" 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 Nrf2 on bleomycin
(1.5 U/kg)-induced increases in bronchoealveolar 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 Ny2*/* 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+0.33) and 14 days (27%; 6.7720.46 vs.
5.31x0.45) after bleomycin.

3. Bleomycin-Induced mRNA/Protein expression and
transactivation of lung NRF2

Bleomycin caused significant time-dependent induc-
tion of NRF2 mRNA expression in lungs of Njf2*/*
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 Nrf2*/* 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 Nrf2*/* mice.

4. Effects of targeted disruption of Nrf2 on
bleomycin-induced antioxidant enzyme expression

Bleomycin caused up-regulation of mRNA for NAD-
P(H):quinone oxidoreductase (NQO1), glutathione-5-
transferase (GST)-Ya (a)/-Ypl (pi)/¥bl (mu), cata-
Iytic (GLCLc) and regulatory (GLCLr} subunits of
gamma glutamylcysteine ligase, thioredoxin reductase
(TXNRD) 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
Nif2*/* mice than in Nrf2™" mice. Among these,
mRNA levels of NQO1, TXNRD1, GLCLe, Ex, and
GPx2 were constitutively attenuated in Nrf2™/~ mice
compared with Nrf2*/* mice, and their steady-state
expression levels were not significantly altered by bleo-
mycin instillation in Nif2™/~ mice. Consistent with gene
expression results, bleomycin-induced protein levels of
pulmonary GST-«, GST-mu, GPx, and HO-1 were sig-
nificantly greater in N7f2*/* mice than in Ny2™/™ mice,
with peaks at 7 days. No statistically significant changes
were detected in NifZ~/~ 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 interstiium
7 (B. B or 14 days (G, G} after bleomycin. Higher magnification of H&E-stained lung tissue sections illustrates alveolar
bronchiolization in fibrotic lesions of ij?"" * (D) and N:j‘Z_/ ~ (H) mice 14 days after bleomycin. Arrows, bronchiolizaton; TB,
terminal bronchiole; BR, bronchiole; BV, blood vessel. Bar: 100 pm., :

NRF2-DEFICIENT MICE ARE SUSCEPTIBLE TO FIBROSIS
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5. Effects of targeted disruption of Nif2 on
bleomycin-induced lung injury/fibrosis marker
expression

Greater accumulation of transcripts for several matrix
markers of fibroproliferation (type 1 collagen a 2;
Colla?2, 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 Nif2™/" mice compared with Nrf2*/* mice
after bleomycin. Transcripts of many of these genes
were constitutively higher in Nrf2~/~ 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-,
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
Nif2*/* ‘mice, targeted deleton of Nif2 significantly en-
hanced susceptibility to murine pulmonary inflammation
and fibrosis induced by the anti-neoplastic drug bleomy-
cin. Suppressed induction of NRF2-dependent antioxi-
dant/defense enzymes in lungs of Nrf2~/~ mice suggests
that these enzymes may contribute to NRF2-mediated
protection against bleomycin-dinduced 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.

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 studies. 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-inflammation 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 Elsevier Inc. All rights reserved.
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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 I epsilon isoform; DEM, diethylmaleate; EH, extended
homology; EMSA, electrophoretic mobility shift assays; EpRE,
electrophile responsive element; EST, expressed sequence tags; LFNG,
lunatic fringe; LG, linkage group; MARE, Maf recognition element;
RT-PCR, reverss transcriptase-polymerase chain reaction.

* Corresponding author. Fax: +81-29-847-9195,

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

Nrf2 belongs to the family of Cap'n’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, Ntf2 is stabilized, translocates into nuclet, 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], Nzl {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 transcripticnal 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 [18].

MafF, MafG, and MafK were originally identified in
chicken, while mammalian homologs 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 distinct 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 mgfG 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 cDNAs. ¢cDNA clones encoding zebrafish smalt Maf
proteins were prepared by reverse transcriptase-polymerase chain reac-
tion (RT-PCR) using total RNA from zebrafish day 4 larvae and specific
primers. The primers have the following sequences: mafk, GGGTCG
ACGACAGATTTTTGAAGAGTTCTG and 5'-GGTCTAGAGAGC
ATCTCAGATTCAGATTC; mafgl, ¥-GGGTCGACGATTCAGAC
TGTCATCTITGTG and §-GGTCTAGAGATGAACGACCCTGTG
CTTG; mafe2, 5-GGGTCGACGTTITIGCAGATCTGCGTGGC
and 5-GGTCTAGACTGCAGCTCTATGGTGCAC; and maft, 5'-G
GGGATCCATGACTTCAGACGGCAGAG and 5-GGGTCGACA
AGCCTTCCAGCTCACGC, Several independent clones for each
small Maf gene were isolated and analyzed to eliminate PCR errors. For
maft,a cDNA library of 15-19-h stage zebrafish [38] was screened usinga
partial cDNA fragment as 2 probe to isolate full-length clone. Expres-
sion of smali Maf genes was analyzed by RT-PCR as described previ-
ously [34] using following primers: mafk, 5-GGGGATCCGCCAT
GACGACTCATTTTAAAGC and 5-GGTCTAGACTACGATTG
TGCTGAAAAGG; mafgl, ¥-GGGGATCCAGGTGGAGAAGCIC
GCCTCand ¥-GGCTCGAGCATTATGACCGTGCTTCTG; mafg2,
5'-CATGACGACCACTAATAAAGG and ¥-CTACTAAGACCTG
GCGTCG; maft, §-GGGGATCCATGACTTCAGACGGCAGAG
and 5-GGGTCGACAAGCCTTCCAGCTCACGC; and efla, 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 M diethylmaleate (DEM).

Plasmid construction. The plasmids pCS2mafGl, pCS2HAmafG2,
pC82mafK, pCS2mafT, and pC82nfe2 were constructed by subcloning
cDNAs for the open reading frame regions of zebrafish mafgl, mafg2,
mafk, maft, and nfe2 [37], respectively, into pCS2+ vector. In the case
of pCS2ZHAmMafG2, 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 Juciferase ac-
tivity in five embryos for each condition was determined. All luciferase
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
luciferase expression plasmid, pRL-TK., At least three independent
experiments, each carried out in duplicate, were performed.

Electrophoretic mobility shift assays. Proteins were prepared by in
vitro tramscription and translation reactions using TNT wheat germ
extract (Promega). A single MARE containing oligonacleotide (5'-
TCGAGCTCGGAATIGCTGACTCATCATTACTC, identical to
#25 nucleotide in Kataoka et al.. [10]) was prepared by annecaling
synthetic oligonucleotides and *?P-labeled using Rediprime II DNA
Labelling System {Amersham Biosciences). Proteins were incubated
with 2fmol of *P-labeled probe at room temperature for 30min in
20 pl of electrophoretic mobility shift assay (EMSA) binding buffer
[20mM Hepes-HCl (pH 7.6), 60mM KCl, 4% Ficoll (4 x 16%), 1pg
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poly(dI-dC), and (.66 mM dithiothreitol]. Complexes were resolved by
electrophoresis on a 4% polyacrylamide gel.

Radiation hybrid mapping. Radiation hybrid mapping using panel
LN354 was performed as described in Hukriede et al. [39] using specific
primers for each small Maf gene. Sequences of each primer are following:
mafk, §-TTGACCAAGGAAGACGTGG and ¥-CTGTGATTGGC
AGACTTGAC; mafg!, 5- GAGAGCTGAATCAGCACTTG and 5'-
CAGCAACTTTGCCTGGTATG; mafg2, ¥-CCGAGTCAAGCGCG
TAACG and 5-AGACCTGGCGTCGGTCTTG; maft, ¥-AGGTAC
AGAAGCTGAAGCAG and 5'-CTTGACTATGGTGATGACGG;
and csknle, 5'- CICTAGCAGAACAGCTGAGG 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:/fwww.ensembl.org/Danio_reriof) and expressed
sequence tag (EST) databases (http://www.ncbi.nlm.
nih.gov/dbEST/index html). Based on the sequence in-
formation, full-length cDNA clones, mafk, mafgl, mafg2,
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
5%, 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 http:/fugn.hgmp.mre.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 mcivpz‘ng of zebrafish small Maf genes

We mapped zebrafish genes for four small Mafs on
the linkage map by using LN 54 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 Ifng and axin2,
zebrafish homologs of human lunatic fringe (LFNG) and
AXIN2. Since buman MAFK and MAFG are localized
in close proximity of LFNG and AXIN2 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 LGI11, where synteny
seems not to exist with human MAFG or other small
Maf genes. The resuit suggests that mafg2 is a second
MafG homolog that emerges from the fish-specific
evolution. maft is mapped on LG12 192.54 cR 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 (CSKNIE) gene. Human
CSKNIE localizes on 22ql3.1 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,
csknle was mapped to the identical position with maft
under current resolution. These results thus support
our contention that MafT 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 various small Maf proteins. Conserved amino 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. Amino acids highlighted in vellow 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 DDBI/EMBL/GenBank databases with accession
numbers AB167540, ABI67541, AB167542, and AB167543, respectively. (B) Phylogenetic tree of small Maf proteins. ¢, chicken,; f, fugu; m, mouse;

and gz, 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 1G3-388.04 cR MAFK Tp22
Ifng " LG3-379.07 R LFNG Tp22
mafgl LG3-503.01 ¢cR MAFG 17925
axin2 LG3-501.1 cR AXIN2 17923-q24
mafg2 LG11-473.32 ¢cR
maft LG12-192.54 cR - MAFF 22q13.1
csmkle LG12-192.54 cR CSNKIE 22q13.1

Map positions for zebrafish ifng and axin2 were cited from ZFIN
Genetic Maps (http:/zfin.org/egi-bin/mapper_select.cgi), and those for
human genes from NCBI human genome resources (http://
www.ncbi.nim, nih. govimapview/).

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
eflo, a 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 effa was used to
standardize amount of cDNA. The numbers indicate reaction cycles (Cyc) performed in the PCR. E, eye; Br, brain; Gi, gill; Bl, bladder; I, 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 maft, except a
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 100 M DEM for 6 h 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 maf:
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
level 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 10 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 MafGl nor MafG2 (Fig. 4, lanes 4, 7, 10,
and 13, arrow). The weakened activity of MafGl and
MafG2 to form homodimers may be due te 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 Nrf2 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



